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Abstract

Malaria remains a major global health burden, and immune responses during the blood
stage are essential for both parasite control and disease pathogenesis. Conventional den-
dritic cells (cDCs) occupy a central position at the interface between innate and adaptive
immunity, yet their diverse roles during blood-stage malaria remain incompletely un-
derstood. This review summarizes current knowledge of ¢cDC biology in malaria, with
particular emphasis on findings from murine models. Blood-stage Plasmodium infection al-
ters splenic cDC populations and activates cDCs through parasite-derived and host-derived
signals, including glycosylphosphatidylinositols, nucleic acids, hemozoin, and uric acid.
Activated c¢DCs regulate CD4* T-cell differentiation, including Th1, Th2, Tth, and Th17
responses, and cDC1-mediated cross-presentation contributes to pathogenic CD8* T-cell
responses in experimental cerebral malaria. ¢cDCs also interact with macrophages, y6 T
cells, NK cells, and other innate lymphoid populations, thereby shaping both protective
immunity and immunopathology. Important unresolved questions include the roles of
cDCs in immunity to gametocytes, placental malaria, repeated malaria exposure, trained
immunity, and vaccine responsiveness. Further characterization of ¢cDC subset-specific
functions may improve understanding of malaria immunity and identify new strategies for
vaccines and immunomodulatory interventions.
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1. Introduction

Malaria is an infectious disease caused by protozoan parasites of the genus Plasmod-
ium [1]. In humans, P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi are known
to cause malaria (for details, see [2]). It remains one of the most serious public health
challenges in tropical and subtropical regions, particularly in developing countries, where
it continues to threaten millions of lives. According to the World Malaria Report 2025,
an estimated 282 million malaria cases and approximately 610,000 malaria-related deaths
occurred worldwide in 2024, highlighting the substantial global burden of this disease [3].

The life cycle of Plasmodium alternates between the vertebrate host and the Anopheles
mosquito vector. During a blood meal, infected mosquitoes inoculate sporozoites into
the skin of the host. These sporozoites rapidly enter the bloodstream and migrate to
the liver, where they invade hepatocytes and undergo extensive replication during the
liver stage of infection. Mature liver-stage parasites are subsequently released into the
circulation as merozoites, which invade erythrocytes and initiate the blood stage of infection.
Within erythrocytes, parasites sequentially develop through the ring, trophozoite, and
schizont stages before releasing newly formed merozoites that invade additional red blood

Parasitologia 2026, 6, 60

https://doi.org/10.3390/parasitologia6050060


https://crossmark.crossref.org/dialog?doi=10.3390/parasitologia6050060&domain=pdf&date_stamp=2026-10-19
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/parasitologia
https://www.mdpi.com
https://orcid.org/0000-0003-2869-9901
https://doi.org/10.3390/parasitologia6050060

Parasitologia 2026, 6, 60

2 0f 23

cells. A small proportion of blood-stage parasites commit to sexual differentiation and
develop into male and female gametocytes rather than continuing asexual replication.
Following ingestion by an Anopheles mosquito, gametocytes undergo fertilization in the
mosquito midgut, develop into ookinetes, and subsequently form oocysts with meiosis.
After sporogony, sporozoites migrate to the mosquito salivary glands, where they become
ready for transmission to a new vertebrate host. Comprehensive descriptions of the
Plasmodium life cycle and its developmental stages are provided by reviews elsewhere [4].

The clinical manifestations of malaria arise almost exclusively during the erythrocytic
stage of infection. Although liver-stage parasites induce relatively limited immune acti-
vation, blood-stage infection elicits vigorous innate and adaptive immune responses. It
has been suggested that the inflammatory response induced by malaria is rather modest
considering the enormous parasite burden in blood compared with many bacterial infec-
tions [5]. Nevertheless, blood-stage malaria triggers robust inflammatory responses that
are responsible for both parasite control and disease pathogenesis. In P. falciparum infec-
tion, excessive inflammatory responses contribute to severe malaria syndromes, including
cerebral malaria, which represents one of the major causes of malaria-associated mortal-
ity. Furthermore, P. falciparum infection during pregnancy frequently results in placental
malaria, leading to adverse outcomes such as fetal growth restriction, preterm birth, and
fetal loss. Consequently, among the Plasmodium species infecting humans, P. falciparum is
responsible for the vast majority of severe disease and malaria-related deaths, followed by
P. vivax [4].

The immune response to malaria parasites consists of two major components, innate
and adaptive immunity. Upon Plasmodium infection, innate immune cells rapidly detect
invading parasites and initiate the early immune response during the liver and blood stages
in mammalian hosts. This is followed by the activation of adaptive immune cells, which act
in concert with innate immune cells to eliminate the parasites. Conventional dendritic cells
(cDCs), occupy a central position at the interface between innate and adaptive immunity.
By integrating innate immune sensing with antigen presentation and T-cell priming, cDCs
are key regulators of the magnitude and quality of the immune responses induced during
malaria infection.

As described above, the Plasmodium life cycle consists of distinct developmental
stages in the mosquito vector, the liver, and erythrocytes, including the sexual gametocyte
stage. Experimental mouse models have become indispensable tools for investigating
host-parasite interactions and the immune responses elicited during malaria infection
(reviewed in [6,7]). In particular, rodent malaria parasites have provided fundamental
insights into the immunobiology of malaria that are highly relevant to understanding
human disease. Among these models, infection with P. berghei ANKA(PbA) induces
experimental cerebral malaria (ECM), a syndrome that reproduces several pathological and
immunological features of human cerebral malaria caused by P. falciparum [7]. However, an
important difference is that the PPEMP1-mediated cytoadhesion of infected erythrocytes
to endothelial receptors such as EPCR and ICAM-1, which is a characteristic feature of
human P. falciparum cerebral malaria, is not directly reproduced in the PbA ECM model [8].
Although mouse models cannot fully recapitulate malaria infection in humans and have
several limitations [9], they remain valuable for elucidating the mechanisms underlying
host immunity and disease pathogenesis.

In this review, we summarize current knowledge regarding the roles of cDCs in im-
mune responses induced during the erythrocytic stage of malaria, with particular emphasis
on findings obtained from mouse models. Where available, findings from human studies
are also discussed, with particular attention to differences between murine and human
systems and to the potential relevance and applicability of findings from mouse models to
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human malaria. Understanding how cDCs regulate innate and adaptive immunity during
blood-stage infection will provide important insights into malaria immunopathogenesis
and may facilitate the development of improved therapeutic and vaccine strategies.

2. Dendritic Cells

Dendritic cells (DCs) are widely distributed throughout both lymphoid and non-
lymphoid tissues [10]. As professional antigen-presenting cells, cDCs constitute a crucial
link between innate and adaptive immunity. They efficiently capture and process anti-
gens and are the most potent activators of naive T cells. cDCs express a wide array of
pattern recognition receptors (PRRs), including multiple pattern-recognition molecules
that recognize pathogen-associated molecular patterns (PAMPs). Recognition of these
signals induces cDC maturation, accompanied by the production of numerous cytokines
and costimulatory molecules. Consequently, cDCs regulate innate immune responses while
simultaneously orchestrating T-cell activation and differentiation. In this regard, cDCs
can be regarded as central coordinators of the immune response during malaria infection.
Although plasmacytoid dendritic cells (pDCs) are conventionally included within the den-
dritic cell family, they differ substantially from cDCs in terms of ontogeny, phenotype, and
function. Their classification remains under debate, with some investigators proposing that
pDCs be considered a distinct innate lymphoid population, whereas others argue that they
remain an integral component of the dendritic cell lineage [11,12]. In this review, I focus
primarily on c¢DCs.

cDCs comprise a highly heterogeneous population, and their classification varies
depending on the tissue of origin and developmental lineage. During blood-stage malaria,
the spleen serves as the principal secondary lymphoid organ responsible for initiating and
regulating immune responses against infected erythrocytes. Indeed, the spleen has been
described as the “epicenter” of malaria immunity [13]. The spleen is a highly specialized
blood-filtering and secondary lymphoid organ composed of white pulp, marginal zones,
and red pulp. In the red pulp, the unique open microcirculation exposes circulating
erythrocytes to mechanical filtration, allowing poorly deformable infected erythrocytes
to be retained and removed. The spleen can also pit intraerythrocytic malaria parasites
from infected erythrocytes without destroying the host cell, while splenic phagocytes and
antigen-presenting cells contribute to parasite clearance and the initiation of adaptive
immune responses [13]. Importantly, however, the structure of the human spleen differs
from that of the mouse spleen. For example, whereas the mouse spleen contains a clearly
defined marginal zone, the corresponding region in the human spleen is anatomically
distinct and is more appropriately described as a perifollicular zone rather than a direct
equivalent of the murine marginal zone [14,15]. These anatomical differences indicate that
immune responses mediated by the spleen in murine malaria models may not necessarily
apply directly to human malaria and should therefore be interpreted with caution. Recent
advances have further refined our understanding of splenic ¢cDC biology under both
homeostatic and inflammatory conditions [16]. In this review, we focus primarily on cDCs
in the murine spleen.

¢DCs can be broadly classified into tissue-resident and migratory populations [17,18].
Unlike lymph nodes, the spleen lacks afferent lymphatic vessels and therefore does not
receive migratory cDCs from peripheral tissues under steady-state conditions. Conse-
quently, splenic cDCs are considered to consist almost exclusively of tissue-resident cells.
In mice, splenic cDCs are generally identified as Lin"CD11c*MHC class II* cells. Splenic
cDCs have traditionally been divided into two major subsets, cDC1 and ¢cDC2. ¢cDC1 are
characterized by the expression of XCR1, and the absence of CD11b (XCR1*CD11b"),
whereas cDC2 are defined as CD11b*SIRPo* cells. Compared with cDC1, which represent
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a relatively homogeneous population, cDC2 have long been recognized as phenotypically
and functionally heterogeneous.

Recent advances in single-cell transcriptomic and immunophenotypic analyses have
substantially refined the classification of cDC2 subsets [19]. In mice, cDC2 can be broadly
subdivided into cDC2A and cDC2B populations. cDC2A development depends on Notch2
signaling and is characterized by the expression of T-bet and ESAM. In contrast, cDC2B
differentiation is KLF4 dependent and is associated with the expression of CLEC12A in
the absence of T-bet. Phenotypically, cDC2B share several surface markers with monocytes
and macrophages, suggesting a closer relationship to mononuclear phagocytes than previ-
ously appreciated. Although the functional specialization of these subsets has not yet been
fully elucidated, accumulating evidence indicates that they make distinct contributions
to immune regulation. In particular, the respective roles of cDC1, cDC2A, and ¢cDC2B in
directing CD4* T-cell activation and helper T-cell differentiation are becoming increasingly
clear. Elucidating the functions of these cDC subsets during malaria infection will there-
fore be essential for understanding how protective immunity and immunopathology are
orchestrated during blood-stage malaria.

During blood-stage malaria, the intense inflammatory environment profoundly alters
the composition of splenic cDC populations. Several studies have reported the appearance
of inflammatory DCs, particularly monocyte-derived dendritic cells (moDCs), in the spleen
during infection [20]. These cells are thought to arise from circulating monocytes in
response to inflammatory cytokines and growth factors, including FIt3 ligand (FIt3L) and
granulocyte-macrophage colony-stimulating factor (GM-CSF). Phenotypically, moDCs have
been reported to share several characteristics with cDC2 [21], making their discrimination
from conventional cDC2 challenging in some experimental settings. In addition to the
emergence of inflammatory DCs, blood-stage malaria infection has been shown to induce
a marked reduction in the number of splenic cDCs through an interferon-dependent
mechanism [22]. Thus, malaria infection not only alters the development, maintenance,
and composition of splenic DC populations but is also likely to influence their functional
properties. These dynamic changes are expected to have a profound impact on the initiation
and regulation of immune responses during blood-stage malaria infection.

Although human and murine DC systems share several conserved features in terms of
developmental origin and function, the classification of DC subsets based on surface marker
expression is not fully equivalent between the two species. Detailed comparisons of human
and murine DC subsets have been described in previous reviews [19,23]. Therefore, findings
obtained from murine DCs, particularly those based on genetic manipulation of specific
molecules, should be extrapolated to human DCs with caution when the corresponding
molecule does not have a comparable expression pattern or functional role in humans.
Thus, although mouse models provide major advantages for dissecting the mechanisms
and functions of DCs, species differences in DC development, phenotype, and function
remain an important consideration in translating these findings to human disease.

3. Activation of cDCs During Blood-Stage Malaria

During blood-stage malaria infection, Plasmodium merozoites invade erythrocytes and
develop sequentially through the ring, trophozoite, and schizont stages. At the end of each
erythrocytic cycle, mature schizonts rupture, releasing newly formed merozoites into the
circulation together with a variety of soluble and particulate parasite-derived products,
including hemozoin. Components derived from disrupted parasites and infected erythro-
cytes can subsequently be detected by pattern-recognition receptors (PRRs) expressed
by innate immune cells [24]. These receptors include Toll-like receptors (TLRs), as well
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as cytosolic nucleic acid sensors and NOD-like receptors that promote the assembly of
inflammasomes [25,26].

Infected erythrocytes are also phagocytosed by macrophages and c¢DCs [27]. In ad-
dition, parasite-derived components may reach cDCs through alternative mechanisms,
including membrane transfer processes such as trogocytosis and extracellular vesicles.
Following their uptake and degradation within intracellular vesicular compartments,
parasite-derived molecules, including nucleic acids, become accessible to PRRs located in
endosomes or the cytosol. cDCs express a broad range of PRRs and can therefore respond
to both pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) generated during blood-stage malaria infection. Recognition of these
molecules induces cDCs activation, cytokine production, and changes in antigen-presenting
capacity, thereby influencing the subsequent innate and adaptive immune responses.

3.1. Parasite-Derived PAMPs

Several Plasmodium-derived molecules have been identified as PAMPs, among which
glycosylphosphatidylinositols (GPIs), DNA, and RNA have been studied most exten-
sively [25]. Many Plasmodium surface proteins, which could be involved in invasion into
erythrocytes, are attached to the parasite plasma membrane through GPI anchors. A con-
siderable amount of GPl is present on the Plasmodium surface in non-protein-linked form,
which is thought to contribute to its recognition by innate immune cells. GPIs derived
from P. falciparum can activate macrophages, predominantly through TLR2-dependent
signaling [28]. GPIs were also shown to activate mouse bone marrow-derived DCs and
promote the production of inflammatory cytokines, including TNF-o and IL-12p40 [29].

Plasmodium-derived nucleic acids can be sensed by multiple innate immune receptors,
including endosomal TLR7 and TLR9, as well as cytosolic sensors such as MDA5 and cGAS,
leading to the induction of inflammatory cytokines. A detailed description of nucleic acid
sensing and its downstream signaling pathways has been reviewed elsewhere [5,25]. The
P. falciparum genome is characterized by an exceptionally high adenine-thymine content.
AT-rich stem-loop DNA motifs derived from the parasite genome have been shown to
activate splenic DCs and stimulate IFN-f3 production through a signaling pathway involv-
ing STING, TBK1, and IRF3 [30]. Parasite nucleic acids can also activate inflammasome
pathways. Genomic DNA and RNA derived from P. yoelii have been reported to induce
IL-1p production in LPS-primed DCs and macrophages. Parasite DNA is primarily de-
tected through the AIM2 inflammasome, whereas parasite RNA and particulate parasite
products can promote activation of the NLRP3 inflammasome [31]. These observations
demonstrate that nucleic acids derived from Plasmodium parasites can stimulate distinct
cytosolic sensing pathways in addition to endosomal TLR signaling.

3.2. Hemozoin and Danger-Associated Signals

Hemozoin is generated from heme originally contained within host erythrocyte
hemoglobin [32]. During intraerythrocytic development, malaria parasites internalize
large amounts of host hemoglobin into their acidic digestive vacuole and degrade it to
obtain amino acids required for parasite growth and protein synthesis. This process re-
leases free heme, which is highly cytotoxic because of its redox activity and its ability to
promote oxidative damage. To avoid heme-mediated toxicity, the parasite converts free
heme into the insoluble crystalline pigment hemozoin through a biocrystallization process
that remains incompletely understood.

When infected erythrocytes rupture, hemozoin is released into the circulation and
can subsequently be internalized by macrophages and DCs. Naturally derived hemozoin
is associated with parasite-derived DNA, proteins, and lipids [25]. Consequently, some
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of the immunostimulatory activity attributed to hemozoin may arise not only from the
physicochemical properties of the crystal itself but also from parasite molecules carried on
or within the hemozoin particles. Hemozoin can facilitate the delivery of parasite DNA
to intracellular nucleic acid sensors, while its crystalline structure may promote NLRP3
inflammasome activation.

Hemozoin has been reported to affect DC activation through several PRRs. However,
its effects on DC function appear to be complex. Some studies have shown that hemozoin in-
duces DC maturation and inflammatory cytokine production, whereas others have reported
impaired DC maturation, cytokine production, antigen presentation, or T-cell-stimulatory
capacity [33,34]. These apparently conflicting findings may reflect differences in the ori-
gin and purity of hemozoin preparations, the amount and duration of exposure, the DC
population examined, and the presence of associated parasite-derived molecules [35-37].
Further studies will therefore be required to define precisely how hemozoin modulates
¢DC functions during malaria infection.

Uric acid represents another danger-associated molecule implicated in malaria-
induced inflammation [25,38,39]. Crystalline monosodium urate is recognized through the
NLRP3 inflammasome and is a major cause of the inflammatory response observed in gout.
Uric acid precipitates have also been observed within P. falciparum-infected erythrocytes
and accumulate during intraerythrocytic parasite development. These precipitates can be
released into the extracellular environment when mature infected erythrocytes rupture.

P. falciparum-derived uric acid precipitates have been shown to promote the matura-
tion of human DCs, including increased expression of the costimulatory molecules CD80
and CD86 [40]. These findings suggest that uric acid precipitates released from infected
erythrocytes function as endogenous danger signals that enhance cDC activation during
blood-stage malaria.

Much of the mechanistic evidence regarding DC responses to PAMPs and DAMPs
during malaria infection has been obtained using murine DCs. However, the expression
and distribution of TLRs and other pattern-recognition receptors differ between mice
and humans [41,42]. Therefore, it is important to consider that, in human malaria, cell
populations other than cDCs may contribute to the recognition of parasite-derived PAMPs
and host-derived DAMPs.

4. Interactions Between ¢cDCs and T Cells

Interactions between cDCs and T cells are particularly important during blood-stage
malaria. ¢cDCs can process and present blood-stage malaria antigens to both CD4" and
CD8* T cells, thereby inducing antigen-specific T-cell activation. In our previous study
using mice infected with green fluorescent protein (GFP)-expressing PbA, GFP fluorescence
was detected in splenic cDCs, indicating that infected erythrocytes or parasite-derived
material had been taken up by these cells in vivo [43]. Moreover, cDCs isolated from PbA-
infected mice exhibited increased expression of the costimulatory molecules CD80, CD86,
and CD40, consistent with phenotypic maturation and retained T-cell-stimulatory capacity,
as similarly shown in P. yoelii infection [22,44,45]. These observations support a role for
¢DCs in priming malaria-specific effector T-cell responses during blood-stage infection.
However, the functional state of cDCs may vary depending on the stage and context of
infection, and ¢cDCs may exhibit impaired activation and T-cell-stimulatory capacity under
certain conditions [46]. Even so, regulation of T-cell activation and differentiation is one of
the most important functions of cDCs in malaria, because T-cell responses are central to
both parasite control and malaria-associated immunopathology. cDCs play particularly
important roles in directing the differentiation of CD4* T cells into distinct helper T-cell
subsets [18,21]. The cDC subsets and signals required for individual T-helper-cell programs
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are being increasingly defined. Blood-stage malaria induces several CD4" T-cell subsets,
among which T helper 1 (Thl) and T follicular helper (Tfh) cells have been most clearly
linked to parasite control, humoral immunity, and disease pathogenesis [47,48].

Some cDC-dependent T-cell responses contribute to protection against blood-stage
parasites [48,49]. cDC-mediated activation of CD4* T cells and their differentiation into
Th1 cells promotes the production of interferon-y (IFN-y), which activates macrophages
and can enhance the phagocytic clearance of infected erythrocytes. cDCs may also facilitate
Tth-cell differentiation and thereby promote the production of parasite-specific antibodies
by B cells. Such antibodies can inhibit merozoite invasion of erythrocytes and promote
parasite clearance through opsonic phagocytosis, complement activation, and other Fc-
dependent effector mechanisms. These processes are directly relevant to the development
of effective malaria vaccines. Conversely, cDC-driven T-cell responses can also contribute
to host-damaging immunopathology, of which cerebral malaria is a prominent example.
Although pDCs are known to become activated during malaria infection, pDC depletion
has been reported to have little effect on T-cell activation, ECM, or parasitemia in P. berghei
and P. chabaudi infections [50,51]. Therefore, the role of pDCs is not discussed here.

4.1. Induction of Th1 Responses

Blood-stage malaria generally induces a strong Thl-polarized response [48]. IFN-
v produced by Thl cells contributes to parasite control by activating macrophages and
other innate effector cells, and the importance of Thl immunity in controlling blood-stage
parasite replication is well established. However, an excessive or prolonged Thl response
is also associated with severe inflammatory manifestations of malaria. In addition, high
levels of IFN-y and Thl-biased inflammation may compromise humoral immunity by
promoting dysfunctional or atypical B-cell phenotypes [52,53] and by constraining Tfh-cell
and germinal-center responses [54].

Studies using experimental models mainly in mice have demonstrated an important
role for ¢cDC1 in Thl-cell differentiation [18,21]. Following activation, cDC1 constitute
an important source of IL-12, which promotes T-bet expression and Thl polarization
in responding CD4* T cells. Functional impairment of cDC1 markedly reduces malaria-
induced Th1 responses in P. berghei infection [55,56]. In P. chabaudi infection, cDC1, not cDC2,
expressed IL-12 [57] as shown in other parasitic infections [58]. Thus, cDC1-dependent
IL-12 production would represent an important pathway through which innate recognition
of blood-stage parasites is translated into Th1 type adaptive immunity. IFN-y produced
by CD4" T cells promotes the development of ECM by enhancing the accumulation and
effector differentiation of CD8* T cells in the brain in PbA infection model [59]. A more
comprehensive understanding of the mechanisms by which ¢cDC1s become activated and
subsequently induce Thl responses during blood stage malaria infection may help to
reduce the detrimental aspects of Thl responses observed in malaria.

4.2. Induction of Th2 Responses

The importance of cDC2 in promoting Th2 differentiation has been demonstrated
in a variety of experimental systems [18,21,60]. In particular, KLF4-dependent cDC2B
populations have been implicated in the induction of Th2-type immunity in an allergic and
helminth infection model. IL-4-producing CD4* T cells are also generated during blood-
stage malaria [61]. In P. chabaudi infection, the immune response evolves from an early
Thl-dominated phase, characterized by IFN-y production and control of acute parasitemia,
to a later Th2-type and antibody-associated response that contributes to more complete
parasite clearance [62]. However, in P. chabaudi infection models, IL-4 deficiency has little
effect on the course of blood-stage infection, although this does not necessarily exclude a
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role of Tth cells or other cell populations for infection control [48]. The P. chabaudi model
has been particularly informative in demonstrating this temporal transition; however, the
classical Th1/Th2 framework does not fully account for the contribution of Tth cells and
other CD4* T-cell populations to humoral immunity [61].

Th2 responses initially attracted considerable attention because of their association
with antibody production. More recent studies, however, have established Tth cells as
the principal CD4" T-cell subset supporting germinal-center reactions and high-affinity
antibody responses [61]. Consequently, the specific contribution of conventional Th2 cells
to protective antibody production during blood-stage malaria remains incompletely de-
fined. Although cDCs are generally required for efficient Th2 priming, they are not usually
regarded as a major source of IL-4 [60]. Nevertheless, certain Plasmodium-derived compo-
nents have been reported to induce IL-4 production by DCs under particular experimental
conditions [63]. The physiological relevance of DC-derived IL-4 during malaria infection
therefore requires further investigation. Overall, conventional Th2 responses appear to
make a context-dependent contribution to parasite control during blood-stage malaria,
whereas Tth cells have a more clearly established role in germinal-center formation and
protective antibody responses. The extent to which cDC-mediated Th2 priming contributes
to parasite control, humoral immunity, or other functional outcomes during blood-stage
malaria remains poorly defined.

4.3. Induction of Tfh Responses

Tth cells are essential for humoral immunity [21]. Within secondary lymphoid or-
gans, they support germinal-center formation, affinity maturation, immunoglobulin class
switching, and the differentiation of B cells into memory B cells and long-lived plasma cells.
Tfh-cell development is a multistep process. During the initial phase, antigen-presenting
cells such as cDCs prime naive CD4" T cells and initiate the expression of molecules asso-
ciated with the Tth program, including BCL6, CXCR5, ICOS, and PD-1. The developing
Tth cells subsequently migrate toward B-cell follicles, where sustained interactions with
cognate B cells stabilize and further refine their differentiation. In several non-malarial
models of splenic immune responses, Notch2-dependent ESAMMgh cDC2, broadly corre-
sponding to a cDC2A-like population, are required for efficient Tth-cell and germinal-center
responses [18,21,60]. Loss of this cDC2 population results in impaired splenic Tth-cell dif-
ferentiation and antibody production. Whether the same cDC2 subset has an equivalent
role during blood-stage malaria has not yet been established.

Tth cells are clearly important for the development of protective humoral immunity
against malaria [64]. However, the requirement for cDCs in malaria-induced Tth differen-
tiation remains controversial. One study demonstrated that B cells, not cDCs, were both
necessary and sufficient to prime the dominant Tth response during the early phase of P.
yoelii infection [65]. Nevertheless, cDCs could still influence the magnitude and quality of
Tth- and B-cell responses through early antigen presentation, cytokine production, or indi-
rect regulation of the splenic microenvironment. B-cell-activating factor (BAFF), which can
be produced by DCs as well as other myeloid and stromal cells, may also modulate B-cell
survival and differentiation and could indirectly affect Tth responses during malaria [66,67].
In addition, DCs have been proposed to contribute directly to B-cell activation by capturing
intact antigen and facilitating its presentation or transfer to antigen-specific B cells [68,69].
Thus, although the importance of Tfh cells during blood-stage malaria is increasingly well
established, the precise and potentially stage-dependent contribution of individual cDC
subsets to their induction remains unresolved. Defining these subset-specific pathways
may provide opportunities to modulate cDC-Tth interactions to enhance durable protective
humoral immunity and improve malaria vaccine efficacy.
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4.4. Induction of Th17 Responses

Th17 cells are particularly important for host defense against extracellular bacte-
ria and fungi at barrier sites, including the intestinal and respiratory mucosa, and they
also contribute to the pathogenesis of several autoimmune and inflammatory diseases.
Notch2-dependent cDC2A populations have been shown to promote Th17 differentiation
in mucosal tissues such as the intestine and lung [18,21,60].

The importance of Th17 responses during blood-stage malaria has not been firmly
established. Th17 cells and IL-17 production have been detected during P. berghei and P.
yoelii infection, although their magnitude is generally modest compared with that of Thl
responses [70]. IL-17 deficiency had no significant effect on the development of ECM or
parasitemia following PbA infection [71]. Studies of human P. vivax infection have also
associated Th17-related responses with particular clinical or protective immune pheno-
types [72], but their causal contribution to parasite control remains uncertain. Collectively,
there is still limited evidence of the anti-parasitic or pathogenic roles of Th17 cells. As the
functions of Th17 cells in blood-stage malaria become better defined, it should also become
possible to determine which cDC subsets and signals are responsible for their induction.

4.5. Induction of Regulatory CD4* T Cells Responses

Regulatory CD4* T-cell populations may contribute to the regulation of immune
responses during malaria infection. Foxp3* regulatory T cells (Tregs) comprise thymus-
derived Tregs (tTregs) and peripherally induced Tregs (pTregs) [49,73]. These populations
are difficult to distinguish definitively based on surface markers or transcription factor
expression alone to date. Although pTregs may be relevant to this review, their specific
contribution to the regulation of immune responses during malaria remains poorly defined.
Several studies have used anti-CD25 antibodies to deplete Tregs in P. yoelii and P. berghei
models [74,75]; however, these approaches generally do not distinguish the functional
contributions of tTregs and pTregs to immune responses during malaria infection. Recent
genetic approaches have enabled selective impairment of tTreg or pTreg development,
providing new opportunities to investigate their distinct functions [76]. Applying such
approaches to malaria models may help clarify how ¢DCs in the spleen and other secondary
lymphoid tissues regulate the induction and function of pTregs during malaria infection,
and how these cells influence parasite control and immunopathology.

In addition to Foxp3™ Tregs, Foxp3™~ IL-10-producing regulatory CD4* T cells, com-
monly referred to as type 1 regulatory T (Tr1) cells, have also been described (reviewed
in [47-49]). These cells are thought to arise, at least in part, from Thl cells under in-
flammatory conditions. DC-derived IL-10 has been shown to promote the induction of
IL-10-producing CD4* Tr1 cells in P. yoelii-infected mice [77]. The contribution of specific
cDCs subsets to the induction and regulation of pTregs and Tr1 cells during malaria remains
poorly defined. Both pTregs and Tr1 cells have been reported in human malaria [78,79].
Elucidating their precise functional roles and their regulation in both mouse and human
malaria may provide a basis for developing strategies to improve parasite control while
limiting malaria-associated immunopathology.

4.6. Activation of CD8* T Cells

CD8" T cells play a central role in immunity to intracellular pathogens and are particu-
larly important for eliminating Plasmodium-infected hepatocytes during the liver stage [80].
Their role in blood-stage malaria is more complex. Mature erythrocytes do not express
MHC class I molecules and therefore cannot ordinarily present parasite-derived peptides
directly to cytotoxic CD8" T cells. Consequently, direct killing of infected mature erythro-
cytes is not generally considered a major mechanism of blood-stage parasite clearance.
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There are, however, important exceptions to this conventional view. Reticulocytes, not
mature erythrocytes, retain MHC class I expression. P. vivax-infected human reticulocytes
have been shown to express HLA class I, present parasite-derived antigens, and undergo
antigen-specific killing by cytotoxic CD8" T cells [81].

CD8* T cells have a prominent role in cerebral malaria pathogenesis [82]. ECM is
considered a valuable animal model for human cerebral malaria, and the mechanisms
underlying ECM pathogenesis have been extensively investigated. Disruption of the
blood-brain barrier is a central event in ECM, and cytotoxic CD8" T cells are critical
mediators of cerebral vascular injury. ¢DC1 are essential for the development of this
response. As previously described, cDC1 prompt Th1 response, in which IFN-y is critical
to pathogenesis of ECM. In addition, cDC1 efficiently acquire malaria antigens and cross-
present them on MHC class I molecules in the spleen, thereby priming and expanding
parasite-specific cytotoxic CD8* T cells. Consistent with this role, BATF3 deficient mice
lacking cDC1 are strongly protected from ECM and exhibit impaired cytotoxic T-cell
responses [56,83].

Activated parasite-specific CD8" T cells subsequently migrate to the brain. This recruit-
ment is mediated in part by CXCR3 and its ligands, particularly CXCL9 and CXCL10, whose
expression is enhanced by IFN-y-driven inflammation. During PbA infection, infected ery-
throcytes and parasite-derived material accumulate within the cerebral microvasculature.
In ECM, brain microvascular endothelial cells, rather than brain-resident cDCs or micoglia,
are well-established local cross-presenting cells that provide cognate antigenic stimulation
to parasite-specific CD8* T cells [84]. IFN-y-activated brain endothelial cells can acquire
and cross-present malaria antigens through MHC class I, making them susceptible to
recognition by parasite-specific CD8" T cells. Cytotoxic attack on the cerebral endothelium,
involving perforin- and granzyme-dependent mechanisms, promotes vascular dysfunction
and breakdown of the blood-brain barrier, culminating in ECM. This cDC1-CD8* T-cell-
brain endothelial-cell axis is therefore a central mechanism of immunopathology in the
murine ECM model, although the extent to which the same pathway contributes to human
cerebral malaria remains under investigation. A major challenge for future research is to
determine how the mechanisms identified in murine ECM translate to human cerebral
malaria and whether these pathways can be therapeutically targeted.

5. Interactions Between ¢DCs and Other Innate Immune Cells

In addition to their well-established interactions with adaptive immune cells, par-
ticularly T cells, cDCs communicate extensively with cells of the innate immune system.
Through cytokine production, antigen presentation, and cell—cell interactions, cDCs can
regulate the activation and effector functions of macrophages, natural killer (NK) cells, and
other innate lymphoid populations. Importantly, these interactions are often bidirectional,
because signals derived from innate immune cells can, in turn, modulate the maturation
and functional properties of cDCs. Thus, cDCs participate in a complex cellular network
that coordinates both innate and adaptive immune responses during blood-stage malaria.

5.1. Interactions Between cDCs and Myeloid Cells

Monocytes and macrophages possess potent phagocytic activity and play impor-
tant roles in the clearance of blood-stage malaria parasites. During malaria infection,
hemozoin frequently accumulates in circulating monocytes and tissue macrophages, re-
flecting their uptake of parasite-derived material, including hemozoin released from rup-
tured infected erythrocytes as well as material acquired through phagocytosis of infected
erythrocytes [85-87]. Macrophages can remove both merozoites and infected erythrocytes
through opsonic and non-opsonic mechanisms [14,88]. In non-opsonic phagocytosis, sev-
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eral scavenger and pattern-recognition receptors are involved. CD36, in particular, has been
implicated in the recognition and phagocytosis of P. falciparum-infected erythrocytes [89]. In
opsonic phagocytosis, parasite-specific antibodies bind to merozoites or antigens exposed
on infected erythrocytes, allowing their recognition through Fc receptors expressed by
macrophages and thereby enhancing their phagocytic clearance.

c¢DCs may promote these macrophage-mediated effector mechanisms through several
pathways. First, cDCs activated during the early phase of infection produce inflammatory
cytokines, including IL-12 and TNEF, which contribute to the activation of macrophages [90].
Second, as described in Section 4.1, cDC-derived IL-12 promotes the activation and dif-
ferentiation of malaria-specific Thl cells. IFN-y produced by these cells further enhances
macrophage antimicrobial and phagocytic functions. Third, cDCs contribute indirectly to
antibody-mediated parasite clearance by promoting T-cell-dependent humoral immune
responses. Parasite-specific antibodies generated through these responses opsonize mero-
zoites and infected erythrocytes and facilitate their uptake by Fc receptor-expressing
macrophages. A recent study suggests that depletion of ¢cDCs alters the abundance of
splenic macrophage subpopulations and their cytokine production profiles during P. yoelii
infection [91]. Thus, interactions among cDCs, T cells, B cells, and macrophages form an
integrated cellular network contributing to parasite control during blood-stage malaria.
Determining how cDC-dependent regulation of macrophage populations and functions
contributes to parasite clearance and disease outcome, and whether similar interactions
occur in human malaria, may provide important insights into the regulation of protective
immunity during blood-stage infection.

5.2. Interactions Between cDCs and Innate Lymphocyte Populations

¢DCs also interact with several lymphocyte populations other than conventional B and
T cells. For the purposes of this review, these populations can broadly be considered in two
groups. The first comprises innate-like T cells, including y6 T cells, invariant natural killer
T (iNKT) cells, and mucosal-associated invariant T (MAIT) cells. These cells express T-cell
receptors generated by somatic gene rearrangement but have restricted or strongly biased
antigen receptor repertoires and often recognize non-classical antigens. They can therefore
respond rapidly to infection and exhibit several functional characteristics more typically
associated with innate immune cells. The second group comprises innate lymphoid cells
(ILCs), including NK cells and the helper-like ILC1, ILC2, and ILC3 populations. Like B
and T cells, ILCs arise from lymphoid progenitors, but they do not express somatically
rearranged antigen receptors such as TCRs or BCRs. Increasing evidence has demon-
strated important roles for ILCs in immunity to a wide range of infectious agents, and
reciprocal interactions between ILCs and DCs have emerged as an important mechanism
regulating tissue immune responses. However, with the notable exception of NK cells,
the functions of ILCs during blood-stage malaria and their interactions with cDCs remain
poorly understood.

5.2.1. Innate-like T Cells

Innate-like T cells express rearranged TCRs but differ from conventional a3 T cells in
their antigen recognition and response characteristics. Their TCR repertoires are generally
restricted or biased, and many innate-like T-cell populations recognize conserved micro-
bial metabolites or non-peptide antigens presented by non-classical antigen-presenting
molecules. These properties with the memory-like features often observed in these cells
allow them to respond rapidly during infection [92].

Among these populations, v5 T cells have been investigated in malaria [93]. During
blood-stage infection, v& T cells become activated and can expand substantially and pro-
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duce multiple cytokines, including IFN-y. In humans, the Vy9V$2 T-cell subset responds
strongly to phosphoantigens generated by blood-stage P. falciparum [94], providing a mech-
anism for rapid recognition of malaria infection. V51 T cells were shown to expand in
the peripheral blood of individuals from endemic regions [95]. In mice, there is no direct
counterpart of the human Vy9V$2 T-cell subset [93]. Nevertheless, y5 T cells are also
activated and expand during blood-stage infection with rodent malaria parasites, including
P. chabaudi, P. berghei, and P. yoelii, and can contribute to early IFN-y production and control
of parasitemia [94]. Importantly, v6 T cells can interact functionally with ¢cDCs during
blood-stage malaria. Recent evidence indicates that yd T cells promote the activation and
maturation of cDC1 and thereby enhance cDC1-dependent Th1 responses during P. chabaudi
infection. Thus, rather than functioning independently, y5 T cells and cDC1 can partici-
pate in a reciprocal network that promotes Th1 immunity [57]. Cooperative interactions
between y5 T cells and cDCs have also attracted attention in pre-erythrocytic malaria,
where they may contribute to the generation of effective CD8* T-cell responses against
liver-stage P. berghei parasites [96,97]. In humans, activated Vy9V$2 T cells can promote
the maturation and IL-12 production of monocyte-derived DCs in vitro [98,99]. However,
whether a similar 6 T-cell-DC interaction occurs in humans during malaria infection
remains unclear. Although Vy9Vo2 T cells are strongly activated by P. falciparum infection,
direct evidence that these cells modulate DC function during the course of malaria infection
is currently limited.

5.2.2. Innate Lymphoid Cells

Innate lymphoid cells are lymphoid-lineage cells that lack rearranged antigen-specific
receptors. Helper-like ILCs are conventionally classified into ILC1, ILC2, and ILC3 accord-
ing to their transcriptional programs and cytokine profiles. NK cells and ILC1 are both
classified as group 1 ILCs because they share several functional and phenotypic properties,
including expression of T-bet and production of IFN-y. However, NK cells and helper-like
ILC1 are now recognized as developmentally and functionally distinct populations.

Interest in the roles of ILCs during infectious diseases, including protozoan infections,
has increased [100-102]. Nevertheless, relatively little is known about helper-like ILCs
during blood-stage malaria. The spleen is a central organ in immunity to blood-stage
parasites, whereas ILC2 and ILC3 are particularly enriched at barrier sites such as the
intestine, lung, and skin. Although these cells can also be detected in lymphoid organs,
including the spleen, their abundance is relatively low under steady-state conditions. This
anatomical distribution may partly explain why their contributions to blood-stage malaria
have received less attention. Despite their relatively small numbers, several observations
suggest that helper-like ILCs may influence malaria immunity. At present, however, their
quantitative contribution to parasite control or malaria-associated immunopathology has
not been firmly established, and interactions between helper-like ILC populations and
cDCs during blood-stage infection remain largely unexplored.

Group 1ILCs and NK Cells

ILC1 respond predominantly to intracellular pathogens and are characterized by
their capacity to produce IFN-y. NK cells share this type 1 cytokine program but, un-
like helper-like ILC1, possess potent cytotoxic activity and generally represent a distinct
developmental lineage.

The roles of NK cells in malaria have been extensively reviewed elsewhere [103]. NK
cells become activated during blood-stage malaria and can contribute to immunity through
cytokine production and cytotoxic effector mechanisms. NK cells can recognize Plasmod-
ium-infected erythrocytes under certain experimental conditions and produce IFN-y and
cytotoxic granules following interaction with infected cells [104]. More recently, parasite-
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specific antibodies have been shown to promote NK-cell responses against P. falciparum
merozoites through Fc receptor-dependent mechanisms [105]. Antibody-opsonized mero-
zoites induce NK-cell degranulation and IFN-y production, and this antibody-dependent
NK-cell activity can inhibit subsequent erythrocyte invasion.

Reciprocal interactions between NK cells and DCs have also been demonstrated
during blood-stage P. chabaudi and P. berghei infection [106,107]. Cytokines produced by
activated DCs, particularly IL-12, contribute to NK-cell activation and IFN-y production.
In turn, NK-cell-derived IFN-y can promote DC activation and support the development
of type 1 adaptive immune responses. Thus, DC-NK-cell cross-talk provides an impor-
tant mechanism linking early innate recognition of blood-stage parasites to subsequent
cellular immunity.

The possible contribution of helper-like ILC1 to blood-stage malaria is much less clear.
Because malaria induces a pronounced type 1 inflammatory response, an involvement of
IFN-y-producing ILC1 is biologically plausible. However, NK cells and ILC1 share several
surface markers and transcription factors, which historically made these populations
difficult to distinguish [108,109]. For example, in C57BL/6 mice, NK1.1 is expressed by
both conventional NK cells and subsets of ILC1. Consequently, some cells classified as
“NK cells” in earlier malaria studies, particularly studies relying on a limited number of
surface markers, may represent heterogeneous group 1 ILC populations. Re-evaluation of
these responses using contemporary markers that distinguish NK cells from tissue-resident
ILC1 may therefore provide new insights into type 1 innate lymphocyte responses during
blood-stage malaria.

ILC2

ILC2 are best known for their roles in type 2 immunity against helminths, allergic
inflammation, and tissue repair. They respond strongly to epithelial-derived cytokines
such as IL-33, IL-25, and thymic stromal lymphopoietin and characteristically produce IL-5
and IL-13.

A potential contribution of ILC2 to malaria immunopathology has been demonstrated
in the PbA model of ECM [110,111]. Administration of IL-33 protects mice from ECM
and is associated with expansion and activation of ILC2, together with polarization of
macrophages toward an alternatively activated phenotype and expansion of regulatory
T cells [111]. These observations suggest that enhancement of the ILC2-associated type 2
immune environment can counterbalance the pathogenic type 1 inflammatory response
that drives ECM. However, whether endogenous ILC2 make a major contribution to the
immune response during natural blood-stage infection in the absence of exogenous IL-33
remains unclear.

ILC3

ILC3 are particularly abundant at mucosal surfaces and contribute to immunity against
extracellular bacteria and fungi, principally through the production of IL-17 and IL-22.
Although IL-17 production has been reported during blood-stage malaria infection, whether
and to what extent ILC3s are involved remains unclear [101]. Similarly, while IL-22 has
been reported to contribute to protection from tissue damage during blood-stage P. chabaudi
infection [112], the involvement of ILC3 in this context also remains unclear.

An additional reason to consider ILC3 in the context of splenic malaria immunity is
their ability to regulate DC homeostasis. Under steady-state conditions, splenic ILC3
have been shown to control the differentiation and maintenance of cDC populations
through lymphotoxin-dependent mechanisms [113]. Thus, ILC3 could potentially influence
malaria immunity indirectly by altering the composition or functional state of splenic
¢DC populations. Whether this homeostatic ILC3—cDC axis is maintained, enhanced, or
disrupted during blood-stage Plasmodium infection has not yet been determined.
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Taken together, current evidence suggests that ILC2 and ILC3 have the potential to
modulate immune responses during blood-stage malaria, either directly through cytokine
production or indirectly through their effects on other immune populations. However, in
contrast to the relatively well-characterized DC-NK-cell interaction, the functional rela-
tionships between cDCs and helper-like ILC1, ILC2, and ILC3 during blood-stage malaria
remain poorly elucidated. Defining these interactions, particularly within the spleen, repre-
sents an important area for future investigation and may reveal previously unrecognized
mechanisms regulating the balance between protective immunity and immunopathology
during malaria.

6. Future Perspectives
6.1. cDCs and Immunity Against Sexual-Stage Parasites

Although the roles of cDCs in immune responses against asexual blood-stage parasites
have been extensively investigated, their contribution to host immunity against the sexual
stages of Plasmodium remains poorly understood. Gametocytes represent the sexual-stage
parasites that develop within the vertebrate host and are ultimately responsible for trans-
mission to the mosquito. Gametocyte-infected erythrocytes can themselves become targets
of host immune responses [114,115]. In particular, macrophages have been shown to phago-
cytose erythrocytes containing immature gametocytes [116], suggesting that phagocytic
clearance may contribute to the elimination of sexual-stage parasites before they reach
full maturity. It is therefore conceivable that modulation of cDC activity could indirectly
enhance macrophage-mediated clearance of immature gametocyte-infected erythrocytes
through cytokine-mediated activation of phagocytes or through the induction of adap-
tive immune responses. Antibodies recognizing antigens associated with gametocytes or
gametocyte-infected erythrocytes are also generated during natural malaria infection [117].
However, the extent to which ¢DCs contribute to the induction and maintenance of these
antibody responses remains largely unknown. Similarly, although ¢cDCs phagocytose in-
fected erythrocytes and parasite-derived material during asexual blood-stage infection,
whether they directly capture gametocyte-infected erythrocytes and subsequently present
gametocyte-derived antigens has not been well characterized.

Immature P. falciparum gametocytes preferentially accumulate in extravascular niches
of the bone marrow, where they undergo maturation before mature stage V gametocytes
re-enter the peripheral circulation [118]. The molecular mechanisms responsible for this
sequestration and tissue localization remain incompletely understood. If gametocyte
or host-cell molecules involved in bone marrow localization could be identified, these
molecules might represent potential targets for transmission-blocking immunity. For
example, efficient delivery of such antigens to cDCs might enhance the production of
antibodies capable of interfering with the localization or retention of immature gametocytes
in the bone marrow. In principle, disruption of this process could expose immature
gametocyte-infected erythrocytes to circulating or splenic phagocytes, thereby promoting
their premature clearance and reducing the number of mature gametocytes available for
transmission to mosquitoes. This possibility remains highly speculative but represents an
interesting direction for future studies examining the contribution of cDCs to transmission-
blocking immunity.

6.2. ¢cDCs in Placental Malaria

Placental malaria is one of the most serious complications of P. falciparum infection,
particularly because of its adverse consequences for both the mother and fetus [1,119-121].
Infected erythrocytes expressing var2CSA accumulate within the placental intervillous
space, where they induce local inflammatory responses. Increasing evidence indicates that
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innate immune responses make important contributions to the pathogenesis of placen-
tal malaria [122,123]. Murine models using P. berghei and P. chabaudi have been used to
investigate placental pathology and adverse pregnancy outcomes during malaria infec-
tion [121,124,125]. However, rodent malaria parasites lack orthologs of the P. falciparum var
gene family, including var2CSA, which plays a central role in parasite sequestration in the
human placenta. Although these murine models recapitulate certain aspects of placental
malaria, no currently available murine models fully reproduce the characteristic features of
human placental malaria. Therefore, findings obtained from these murine models should
be interpreted with caution when extrapolating them to human placental malaria.

In addition to the prominent accumulation of monocytes and macrophages, alterations
in placental DC populations have also been reported during P. berghei infection [126]. The
expression of Mgl2 (CD301b), a marker associated with cDCs, was increased in the placenta
following P. berghei infection. However, it remains unclear whether this increase reflects
an increased abundance of Mgl2-expressing cDCs or upregulation of Mgl2 expression on
individual cells. More fundamentally, the specific functions of cDCs within the infected
placenta remain poorly defined. cDCs could potentially influence placental pathology
through several mechanisms, including cytokine production, antigen presentation to T
cells, modulation of macrophage activity, and regulation of local inflammatory responses.
Conversely, changes in the placental inflammatory environment may alter the phenotype
and function of resident or recruited DC populations. A better understanding of the roles of
individual ¢cDC subsets in placental malaria may therefore reveal previously unrecognized
mechanisms underlying placental inflammation and tissue damage. Such information could
ultimately contribute to the development of approaches aimed at preventing placental
immunopathology or reducing the severity of placental malaria.

6.3. cDCs, Repeated Malaria Exposure, and Clinical Immunity

The contribution of cDCs to the development of clinical immunity following repeated
malaria exposure also remains incompletely understood. A single malaria infection gener-
ally fails to induce complete and durable protective immunity. However, individuals living
in malaria-endemic areas gradually acquire partial immunity after repeated exposure [127].
This state, commonly referred to as clinical immunity, does not necessarily prevent infection
but enables individuals to control parasite densities more effectively and markedly reduces
the risk of severe manifestations of malaria.

Traditionally, the gradual acquisition of clinical immunity has been discussed mainly
in the context of adaptive immunity, particularly the development and maintenance of
parasite-specific antibody and T-cell responses [52,128,129]. More recently, however, it
has become clear that innate immune cells can also undergo long-lasting functional re-
programming following infection or other inflammatory stimuli [130]. This phenomenon,
generally referred to as trained immunity, can alter the magnitude or quality of innate
immune responses upon subsequent exposure to the same or unrelated pathogens.

Evidence is emerging that malaria infection can induce persistent alterations (e.g.,
in TLR2 responsiveness in human adherent PBMCs exposed to P. falciparum-infected ery-
throcytes) in innate immune cells that resemble features of trained immunity or, under
some conditions, innate immune tolerance [131,132]. Moreover, experimental models of
repeated malaria infection have demonstrated long-lasting alterations in the composition
and functional properties of cDC populations [133,134]. In splenic cDCs from mice with
repeated PbA infection—cure cycles, reduced cytokine production after TLR stimulation,
a reduction in the proportion of cDC1, and enhanced phagocytic capacity of the cDC2
subset were demonstrated. These observations raise the possibility that repeated exposure
to Plasmodium not only reshapes adaptive immunity but also modifies the developmental
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and functional state of cDCs and other innate immune cells. Detailed characterization
of changes in cDC subset composition, cytokine production, pattern-recognition recep-
tor responsiveness, antigen uptake, and T-cell-stimulatory capacity following repeated
malaria infection in murine models may provide a mechanistic framework for generating
hypotheses about the effects of repeated Plasmodium exposure on cDC function. Whether
comparable changes occur in repeatedly exposed humans, and how such changes relate
to parasite control, malaria-associated inflammation, and the development of naturally
acquired clinical immunity, remain to be clarified for future investigation. An important
question is whether these changes represent beneficial adaptation that limits excessive
inflammation while maintaining parasite control, or whether they contribute to immune
dysfunction and impaired responses to unrelated antigens. These possibilities are not
mutually exclusive and may depend on the number and timing of previous infections,
parasite burden, host age, and other environmental factors.

6.4. Implications for Vaccination in Malaria-Endemic Areas

Understanding malaria-induced modulation of cDC function may also have important
implications beyond immunity to malaria itself. Reduced immunogenicity or efficacy
of several vaccines has been reported in some malaria-endemic populations [135-138],
although this phenomenon is likely to be multifactorial and cannot be attributed solely to
malaria infection. In this context, chronic or repeated exposure to malaria parasites may
influence subsequent vaccine responses by modifying the function of innate and adaptive
immune cells. Many vaccine adjuvants exert their effects, at least in part, by activating
innate immune pathways in cDCs and thereby enhancing antigen presentation, cytokine
production, and the subsequent differentiation of antigen-specific T and B cells [139,140].
Consequently, persistent alterations in cDC development or responsiveness induced by
repeated malaria infection could potentially modify the efficacy of vaccination by affecting
adjuvant properties.

Hemozoin may be particularly relevant in this context. This malaria pigment can
persist in phagocytic cells and tissues after the resolution of acute parasitemia, and previous
exposure to hemozoin has been reported to interfere with subsequent immune responses,
including responses to vaccination in experimental settings [141]. Because hemozoin can
affect cDC maturation, cytokine production, and antigen-presenting functions, persistent
hemozoin exposure could also influence the generation, differentiation, or functional state
of cDC populations in the bone marrow and spleen. Thus, understanding how previous
and repeated malaria infections reshape cDC biology may have practical implications for
the design of vaccines intended for use in malaria-endemic regions. Future studies should
determine whether particular cDC subsets become persistently activated, tolerized, or
otherwise functionally reprogrammed following repeated malaria exposure, and whether
these alterations influence responses to malaria vaccines as well as vaccines against unre-
lated pathogens. Such studies may ultimately contribute to the development of vaccination
strategies and adjuvants that remain effective in populations repeatedly exposed to malaria.
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