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Abstract Malaria remains one of the main infectious diseases in intertropical

regions. The malaria parasite has a complex life cycle in its mammalian host,

switching between variable forms as it traverses through different tissues and

anatomic locations, either intra- or intercellularly. During its journey, the parasite

encounters and interacts with the host immune system, which functions to prevent

infections and limit ensuing pathologies. One important component of the host

immune system is the dendritic cells (DC) network. DC form a heterogeneous group

of pathogen-sensing and antigen-presenting cells that play a crucial role in the

initiation of adaptive immunity. Here, we review the known and unknown inter-

actions between the malaria parasites and the DC system, starting from the inocu-

lation of the parasite in the skin up to its exit from the liver, also known as the pre-

erythrocytic stage of the infection, and discuss how deciphering these interactions

may contribute to our understanding of the Plasmodium parasite biology as well as

to the induction of immune protection via vaccination.
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Introduction

The malaria parasite

Malaria is one of the oldest infectious diseases of mankind

[1], which still exert a high burden on human health and

society. This disease is induced by a unicellular protozoan

parasite of the genus Plasmodium. Five different species,

P. falciparum, P. vivax, P. malariae, P. ovale and

P. knowlesi, are known to infect humans, inducing a wide

range of pathologies.

The parasite has 2 different life-cycle phases in the

insect versus mammalian host. Infection in the mammalian

host begins when an infected female Anopheles mosquito

takes a blood meal, thus injecting few dozen sporozoites

(spz) present in the salivary glands of the insect vector into

the dermis of the mammalian host [2–4] (Fig. 1). As spz

are motile, they traverse through the skin, and most of them

will reach a skin capillary where after entering into the

vessel lumen, the spz are carried away by the blood flow,

ultimately ending up in the liver or the spleen [5]. In the

liver sinus, spz are arrested through specific interactions
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Fig. 1 Interaction between Plasmodium and host dendritic cells

during the pre-erythrocytic phase of malaria infection in mice.

Sporozoites (spz) are injected into the skin by an infected Anopheles
mosquito. They migrate in the tissue via extracellular gliding and by

crossing skin cells. Langerhans cells (LC) lying in the outer epidermis

(1) and resident dermal CD103? and CD11b? dendritic cells (DC) (2)

can capture parasitic antigen(s) present at this initial infection site and

migrate to the skin draining lymph node (dLN) where they

subsequently prime specific T-cell responses. The source of parasite

antigen can be the whole spz (live or dead) and/or parasite-derived

vesicles (V) that are released during locomotion and covered with

GPI-anchored surface proteins. Presence of salivary components (SC)

left by the mosquito may modulate the local immune response and

influence skin DC functions. Some spz enter the lymphatics (L) and

end up in the skin dLN, providing a direct source of antigen to the

resident DC there (3). Moreover, a few spz can differentiate into

exoerythrocytic forms (EEF) inside cutaneous keratinocytes or

endothelial cells in the dLN, thus expanding the set of parasitic

antigens that may potentially be recognized by the host DC. We

hypothesize that CD103? dermal DC and CD8? DC in the dLN

would be more likely to cross-present parasitic antigens to CD8? T

cells, while CD11b? dermal DC (migratory or resident) would

preferentially induce CD4? T cells. Inflammatory monocyte (Mo)-

derived dendritic cells (MoDC) may also be recruited to the site of

infection (4). Most of the spz cross the endothelial wall of a blood

capillary (BC) and are carried away by the blood flow. Some are

trapped in the spleen, where resident conventional DC (CD8?, CD4?,

CD8-CD4-) and plasmacytoid DC (pDC) can take up parasitic

antigens(s) and induce T-cell responses locally (5). Based on

homology with DC subsets in non-lymphoid organs, we hypothesize

that spleen CD8? and CD4? DC can preferentially activate CD8? and

CD4? T-cell responses, respectively. The role of splenic pDC and

CD8-CD4- cDC is unknown. When spz reach the liver, they leave

the sinus lumen (SL) by squeezing in between liver sinusoidal

endothelial cells (LSEC) or migrating through Kupffer cells (KC) and

DC lying in the sinusoidal barrier (6). Once in the liver parenchyma,

the spz traverses several hepatocytes (He) before invading one by

forming a parasitophorous vacuole (PV), within which it differenti-

ates into EEFs. After extensive multiplication, the early trophozoite

(T) form differentiates into an exoerythrocytic schizont (Sc) filled

with merozoites (Mz). The relative contribution of resident liver

versus inflammatory recruited DC is unknown at this stage (7), but

liver CD8? DC have been shown to be capable of priming a liver-

stage antigen-specific CD8? T-cell response [100]. CD11b? liver DC

(migratory or resident) can potentially capture parasitic antigens and

migrate to the liver dLN to activate CD4? T-cell responses (8). The

role of the NK1.1? DC subset in this process is still under debate. The

source of parasitic antigens for liver DC can be the infected

hepatocyte or parasite-derived vesicles that are shed during migration.

After maturation, parasites escape the liver in merosomes (Me) in

order to avoid phagocytosis (9); these hepatocyte-derived structures

enter the blood stream where they mainly disintegrate in the lung

microvasculature, releasing infective Mz. This marks the transition

from the pre-erythrocytic to the erythrocytic stage of infection, where

Mz invade and multiply within red blood cells (RBC)
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with liver proteoglycans that protrude into the capillary

lumen through the space of Disse [6]. To penetrate the liver

parenchyma and reach their definitive liver target cell—the

hepatocyte—spz cross the sinusoidal barrier, made up of a

continuous layer of endothelial cells with large fenestrae

interspersed with Kupffer cells (resident liver macrophages),

Ito cells and dendritic cells (DC). Once this barrier is passed,

spz continue to glide through several hepatocytes before they

finally settle definitively in one, forming a parasitophorous

vacuole [7]. Inside this vacuole, each spz differentiates and

multiplies extensively to generate an exoerythrocytic

schizont, containing thousands of liver merozoites. In mouse

models of infection, it has been shown that mature liver

merozoites are concentrated in vesicles, called merosomes

that are released into the blood stream [8] and mainly dis-

integrate in the pulmonary capillaries of the lungs [9]. The

released merozoites infect red blood cells (RBC), ending the

pre-erythrocytic stage while initiating the erythrocytic stage

of the infection. The invading merozoite forms a parasi-

tophorous vacuole inside the infected RBC where it first

develops into a uninucleated ring form. The parasite then

further matures and divides into a multinucleated blood-

stage schizont that will subsequently rupture, releasing 4–20

merozoites, depending on the parasite species, into the

bloodstream where they can now infect new RBC. During

the blood stage of infection, a subpopulation of merozoites

will develop into gametocytes that may be taken up by

mosquitoes during a blood meal, thus completing the life-

cycle phase of the parasite within the mammalian host.

These parasites will subsequently undergo a new develop-

mental phase in the insect vector to produce de novo spz.

In the mammalian host, the pre-erythrocytic stage of

infection is asymptomatic while it is the blood phase that is

responsible for the clinical manifestations and pathologies

associated with this disease. Symptoms of malaria usually

develop 10–15 days after being first bitten by an infected

mosquito and include high fever, muscle aches and chills

[10]. Most patients successfully clear the infection upon the

start of appropriate medical treatment, but in some indi-

viduals, severe pathologies such as anemia and cerebral

malaria can develop, leading to death [10].

The fight against malaria has for many years consisted

of two approaches. The first being mosquito control

through the use of insecticides such as dichlorodiphenyl-

trichloroethane (DDT) or impregnated mosquito bed nets

and the second being patient treatment through the use of

potent antimalarial drugs such as chloroquine [11]. How-

ever, there has been clear evidence that mosquitoes have

developed resistance against a wide range of insecticides

[12] while the parasites are also fast gaining resistance

against most available antimalarial drugs [13]. As with

many diseases, a vaccine would present a potent tool to

control and potentially even eliminate malaria. However,

despite many years of effort, researchers have yet to

develop an effective vaccine that is capable of conferring

protection in more than 50% of vaccinated individuals. On

the other hand, sterile immunity, defined as the absence of

blood-stage parasites after a spz challenge, has been suc-

cessfully induced experimentally in humans via repeated

immunization with radiation-attenuated spz or with live spz

under drug prophylaxis [14, 15]. These high levels of

protection have never been obtained with any subunit

vaccines tested so far. This could potentially be due to the

use of inappropriate antigen(s) in these subunit vaccines.

This is compounded by the fact that there is still a lack of

validated correlates of protection in human populations,

thus hindering the rational development and improvement

of existing vaccines.

The absence of correlates of protection results from an

incomplete understanding of host immunity against

malaria. For many years, researchers have focused on the

study of adaptive immunity in an attempt to define the

immune mechanisms that should be either induced in order

to confer protection or inhibited to prevent pathology such

as cerebral malaria [16]. However, in recent years, with the

emergence of new concepts and the development of novel

tools, the role of innate immunity against malaria has been

progressively uncovered [17]. Among them, dendritic cells

have been discovered to interact closely with the malaria

parasite during infection, in particular during blood infec-

tion. However, much remains to be done in order to fully

delineate the role of dendritic cells in the antimalarial

response. This new knowledge is likely to facilitate the

development of new molecular targets for immunotherapy

and vaccine development.

The dendritic cell system: classification of DC subsets

Dendritic cells (DC) are a heterogeneous population of rare

hematopoietic cells found in virtually all non-lymphoid and

lymphoid tissues, where they form a network of pathogen-

sensing and antigen-presenting cells [18, 19]. DC are at the

crossroads of innate and adaptive immunity and are

therefore crucial for the development of protective and/or

immunopathological responses. The main role of DC is to

induce specific immunity against invading pathogens while

maintaining tolerance to self-antigens [18]. Phenotypically,

DC are identified by the constitutive expression of the

CD11c integrin as well as major histocompatibility class II

(MHCII) molecules. However, it is now established that

this definition is too broad and that there are many different

subsets of DC, each with their own unique phenotype,

homeostasis and immune functions.

Several subsets of DC have been described in mice and

humans. Anatomically, DC can be divided into those that

reside in lymphoid versus non-lymphoid tissues (Fig. 2).
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In mice, lymphoid tissues DC are further categorized

into two groups: the plasmacytoid DC (pDC) and the

conventional DC (cDC), with the latter encompassing both

the CD8? and CD8- DC populations. The CD8- DC

population can be further subdivided into the CD4? and

CD4- DC subsets [20].

Non-lymphoid organs DC are found in all peripheral

tissues at steady state. DC that populate the outer epidermal

layer of stratified epithelia are called Langerhans cells

(LCs) while DC in connective tissues are called interstitial

DC [21]. These tissue-resident DC are also named migra-

tory DC due to their ability to migrate to the draining

lymph node (dLN) both at steady state and under inflam-

matory conditions. In analogy to the conventional DC

present in lymphoid tissues, two interstitial DC subsets also

coexist in the steady state but can be distinguished via their

surface expression of the integrins CD103 (alphaE-beta7

integrin) and CD11b [22]. More importantly, although non-

lymphoid organ CD103? DC and lymphoid organ CD8a?

DC express different phenotypic markers, recent studies

have shown that they are actually functionally homologous

subsets, thus indicating that a homogenous DC lineage may

exist across all lymphoid and non-lymphoid tissues [23]. In

contrast, although non-lymphoid organ CD11b? DC and

lymphoid organ CD4? DC express similar phenotypic

markers, they appear to be functionally heterogeneous and

may actually comprise of multiple cellular subsets,

including contaminating monocytes and macrophages.

During inflammation, the composition of resident DC

population changes. Depending on the type and degree of

inflammation, tissue-resident DC are either absent or

reduced from injured sites, due to their death or migration to

the LNs, and are replaced by newly recruited blood-derived

DC. In addition, in response to microbial or inflammatory

stimuli, two additional DC subsets can be found in inflamed

tissues: pDC and blood monocytes–derived inflammatory

DC (mo-DC). Both serve to amplify the innate immune

response to infection and act as antigen-presenting cells to

contribute to adaptive responses [24, 25].

Investigations on human DC have largely been con-

ducted on in vitro generated DC derived from peripheral

blood monocytes or hematopoietic stem cell precursors.

Very little is known about human DC, especially those

present in non-lymphoid tissues. Nevertheless, phenotypic

subsets of human DC have been described in several tis-

sues including the blood, skin and lungs [26]. In blood,

there are plasmacytoid DC (pDC) and at least two subsets

of DC that are defined by their expression of CD1c

(BDCA-1) and CD141 (BDCA-3) (Fig. 2). CD16? cells

define another subset [27], although it is often considered

Fig. 2 Dendritic cell subsets in lymphoid and non-lymphoid organs

of mouse (black box) and their human equivalents (red box). In mouse

lymphoid organs, 4 different DC subsets are found. They are pDC,

CD8?, CD4? and CD4- DC. While in murine non-lymphoid organs,

3 subsets are present—CD103?, CD11b? DC and Langerhans cells.

In human tissues, the presence of pDC, CD141?, CD1c?/CD1a?,

CD14? DC and Langerhans cells have been reported. Monocytes can

also differentiate into DC during inflammation (mo-DC). It has been

demonstrated that murine CD8? and CD103? DC are phenotypically

and functionally homologous to human CD141? DC. On the other

hand, the relationship between murine CD4?/CD4-/CD11b? DC and

human CD1c?/CD14? DC is still unclear
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as a minor monocyte population. In tissues, DC that are

similar to the blood DC subsets have been characterized,

with the exception of Langerhans cells that are uniquely

present in the epidermis ([26], and Haniffa and Ginhoux,

unpublished data). However, cutaneous CD1c? DC often

are identified as CD1a? DC, a marker not expressed by

blood CD1c? DC. It is also known that an additional subset

of CD14? DC that shares more features with monocytes or

macrophages exists in tissues [28]. Finally, in line with

what has been observed in murine models, it is only under

inflammatory conditions that subpopulations of pDC and

blood monocytes-derived DC are recruited to the periphe-

ral tissues [29].

Comparative transcriptomics between murine and

human DC subsets have allowed the identification of

murine and human DC subsets that are phenotypically and

functionally homologous to each other. For instance, there

are phenotypic and gene expression similarities between

human CD141 (BDCA-3)? blood DC with murine LN

resident CD8? DC and non-lymphoid tissue CD103? DC.

CD141? blood DC have also been determined to be

homologues of the murine CD8?/CD103? LN DC [30].

Through this work, a unifying framework of DC subtypes

has begun to be revealed [31, 32]. Moreover, there is also

preliminary evidence suggesting that both human blood

and tissue CD141? DC are homologous to the murine

CD8?/CD103? DC lineage (Ginhoux et al., unpublished

data) (Fig. 2).

The dendritic cell system: immune functions of DC

subsets

Several reports have suggested that the different DC sub-

sets can be associated with distinct or potentially overlap-

ping functions in both tolerance and immunity [33]. Each

DC subset expresses overlapping but distinct profiles of

extracellular and intracellular pathogens recognition

receptors such as toll-like receptors, lectin receptors and

phagocytic receptors. For example, the homologous

CD103? and CD8? murine DC subsets share similar gene

expression profiles, expressing a unique repertoire of

immune and chemokine receptors such as DEC205 [34],

TLR3 [35], CLEC9A [36], langerin [22] and XCR1 [30].

These subset specific expression profiles are even partially

conserved across species as human CD141? DC also

uniquely express TLR3, CLEC9A and XCR1 [31, 37–39].

More importantly, these distinct expression profiles of

immune receptors endow DC subsets with unique pathogen

recognition and internalization properties. This might be of

particular relevance in the study of how certain pathogens

like Plasmodium interact with DC during infection since

Plasmodium sequentially adopts forms that are morpho-

logically and molecularly distinct during different stages of

its life cycle and therefore could potentially be recognized

by distinct DC subsets. However, the receptors that medi-

ate Plasmodium parasite forms capture and internalization

by DC remain yet unknown.

The different DC subsets also have distinct antigen-

processing and presentation machineries that confer them

unique immune roles [33]. For instance, murine CD8? and

CD103? DC specialize in cross-presenting cell-associated

antigens to CD8? T cells [40, 41], while their splenic

CD8-CD4? counterparts (also known as CD11b? DC) are

more effective at presenting antigens to CD4? T cells [42].

CD11b? DC, whether resident or inflammatory, also play a

key role at inflammatory sites by supporting the local

expansion of effector and regulatory T cells [43], as well as

restimulating memory CD8? T cells [44]. Finally, mono-

cyte-derived inflammatory DC have been demonstrated to

be important in the control of Listeria monocytogenes or

Leishmania infections [24].

Much less is known about the functional differences

between the various DC subsets found in man. As men-

tioned earlier, investigations on human DC have largely

been conducted on DC populations that were derived in

vitro. Using such in vitro derived DC, it has been suggested

that humoral and cellular immunity is regulated by dif-

ferent human DC subsets with distinct intrinsic properties

[45]. For instance, CD14? DC have been demonstrated to

strongly promote antibody response development via the

priming of CD4? follicular helper T cells that are involved

in inducing B cell isotype switching and differentiation into

plasma cells. Langerhans cells have also been shown to

prime and cross-prime naive CD8? T cells and preferen-

tially induce the differentiation of T helper 2 (Th2) cyto-

kine-secreting CD4? T cells. CD1c? DC have been

demonstrated to activate CD8? T cells. In contrast to

CD1c? DC, the blood CD141? DC subset is known to

exhibit specialized cross-presentation function [31, 37–39].

In addition, we have preliminary data to indicate that the

cutaneous CD141? DC subset is more efficient at cross-

presentation than all other dermal DC subsets (Haniffa and

Ginhoux, unpublished data).

Pre-erythrocytic-stage Plasmodium and DC:

an inevitable encounter

As Plasmodium completes its life cycle within the mam-

malian host, it transits through different anatomic sites, all

of which present a different microenvironment and selec-

tion pressure on the parasite. To survive in these diverse

microenvironments and invade different cell types, the

parasite sequentially switches between different life forms

that are morphologically and molecularly distinct. As a

result, the antigenic repertoire expressed by the parasite

also varies at different stages of its life cycle. Not only does
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this unique ability to switch antigenic repertoire and con-

stantly adapt to the changing host microenvironment confer

the parasite with the means to avoid detection by the host

immune system, it also means that there may be varied

interactions between the parasite and the host immune

system at these different anatomic sites. This is especially

imperative in parasite–DC interactions since different DC

subsets are uniquely distributed in the host.

In this review, we have focused on discussing the potential

interactions between pre-erythrocytic-stage parasites with

host DC, which, in contrast to that of blood-stage parasites

[46], have not yet been reviewed. Here, we have described the

parasite–DC interactions that occur either during natural

infection or after vaccination, focusing on the DC subsets

involved. In particular, we have covered the following

important questions: What is the source of parasite antigen for

DC and where does antigen uptake occur? Where do activated

DC relocate to prime the adaptive immune response? How

does the parasite modulate DC function?

Pre-erythrocytic-stage parasite: dendritic cell

interactions during infection

The sporozoite and DC in the skin

When an infected mosquito bites the host, the skin is the

site where the host immune system first encounters the

parasite [3, 4]. Elegant real-time imaging studies in mice

have shown that spz glide in this tissue [2, 47] and traverse

local host cells [48]. Within an hour, 50% of the inoculated

spz would have already left the dermis and entered the

blood circulation after crossing the endothelial walls of

blood vessels that lie within the skin [2]. However, some

spz remain in the dermis, ultimately dying locally after

their motility has been exhausted [49]. It has also been

observed in some rodent Plasmodium species that spz may

infect cutaneous cells such as keratinocytes, hair follicle–

associated cells, and initiate a development into exoeryth-

rocytic forms (EEF) [50]. Lastly, *20% of the spz enter

lymphatic vessels and end up in the proximal draining

lymph node (dLN) where they are trapped [2, 49, 51]. It has

previously been reported by Amino et al. [48] that a rapid

recruitment (within 25 min post-infection) of myelomon-

ocytic cells composed of macrophages, granulocytes and

DC occurs in the dermis after an infectious bite. In that

study, DC were simply characterized as CD11c? cells, and

the exact nature of the DC subsets involved in this process,

be it interstitial CD103? and CD11b? DC subsets, Lan-

gerhans cells or inflammatory monocyte-derived DC,

remains unknown.

It has been postulated that the sporozoites’ capacity to

traverse host cells by breaching cellular membranes and

migrating in and out of the cells helps the parasite in

avoiding detection and destruction by dermal phagocytic

cells like neutrophils, macrophages and DC, thus assuring

its way out of the bite site [48]. This parasitic escape

strategy likely limits the capacity of DC to phagocytose

live spz and migrate to the draining lymph nodes for the

presentation of spz antigens to naı̈ve T cells. However, DC

can still acquire parasitic antigens by phagocytozing dying

or dead parasites. In addition, spz within the skin release a

trail of vesicles covered with parasitic antigens during the

gliding and traversal process such as the circumsporozoite

(CS) protein, thrombospondin-related protein (TRAP) and

cell-traversal protein for ookinetes and sporozoites (Cel-

TOs) [52–54] and secrete proteins like phospholipase [55],

MAEBL [56] and perforin-like protein 1 (PLP1) [57] that

aid in parasite migration through the cells. These parasitic

proteins can all potentially be scavenged by skin DC.

Previous reports of existent immune responses against CSP

and TRAP during natural infection further provide evi-

dence that these parasitic antigens are captured and pre-

sented [58, 59]. However, it is still not known whether skin

DC loaded with spz or other parasite-derived antigens can

migrate to the draining lymph nodes to prime T cells.

Sporozoites injected in the skin also enter the lymph-

atics, leading to significant enlargement of the draining

lymph nodes [49]. In the lymph nodes, the spz have been

shown to be closely associated with CD11c? cells [2].

These are likely to be either resident or migratory DC, and

this close parasite-DC association can lead to phagocytosis

of the whole spz or of parasitic debris by the DC. Some spz

can also invade endothelial cells in the dLNs and partially

develop inside a parasitophorous vacuole into schizonts

[2]. In this way, spz and other exoerythrocytic form (EEF)

parasites can locally provide a direct source of antigen to

DC present in the skin dLNs.

It is interesting to note that in a mouse model of infection

where radiation-attenuated spz are inoculated into the

murine skin by mosquitoes, the skin draining lymph node

has been shown to be the first and main site of induction of a

sporozoite-specific T-cell response [60]. In that study, it was

shown that priming of the parasite T-cell response depends

on cross-presentation of parasite antigens by immature DC

[60]. Since resident CD8? DC and migratory CD103? DC

excel in cross-presentation as aforementioned, we hypoth-

esize that these subsets may be involved (Fig. 2). Further

studies are needed to identify the DC subsets that interact

with the parasite at this stage and to define the relative

importance of resident versus inflammatory DC in the

induction of a specific T-cell response.

While there is ample evidence that spz or other EEF

interact with DC in the skin, it is not yet known whether the

parasites are able to fully activate DC. To date, no mole-

cules derived from these parasitic stages are known to
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interact with DC. However, it is possible that CSP and

TRAP, proteins that cover the sporozoite surface [58, 61]

and are continuously released when the parasite glides and

traverses through cells, may act as pathogen-associated

molecular patterns (PAMPs) to activate DC. These two

proteins are glycosylphosphatidylinositol (GPI)-anchored,

and it has been shown that Plasmodium-derived GPI could

trigger TLR1- and TLR2-dependent maturation signals in

DC [62, 63]. However, we do not exclude the possibility

that the parasite may have evolved strategies to avoid

recognition by DC and that they may not express any

PAMPs at that stage. Determining whether these PAMPs

exist and whether they are able to induce DC maturation is

definitely one of the challenges in understanding sporozoite

immunobiology.

In addition, when an infected mosquito takes a blood

meal, the parasite is co-injected into the skin with mosquito

saliva that contains biologically active molecules with

antihemostatic and immunomodulatory properties [64]. It

has also been shown that non-infectious Anopheles mos-

quito bites induce rapid mast-cell degranulation and his-

tamine-dependent vasopermeabilization in the murine skin

bite site, with recruitment of various leukocytes including

CD11c? cells to the draining lymph node [65]. However, it

is not clear whether the immunological response induced

by mosquito saliva affects parasite infectivity and DC

functions. Conflicting results have been reported in mouse

models, probably due to the different Plasmodium species–

host strain combinations used [66–68].

The sporozoite in the blood circulation and spleen

After crossing the endothelial wall of blood capillaries or

venules, spz are carried away by the blood flow. However,

in less than 30 min, the parasites disappear from the blood

circulation [69] where they are either retained in the liver

[70] or trapped in the spleen [5].

In the spleen, resident phagocytic cells may be

responsible for spz recognition and elimination. Of note,

dendritic cells are likely to be involved in spz antigenic

capture, processing and presentation to splenic T cells. It

has previously been demonstrated that a CSP-specific

MHC class I–restricted response can be detected by

ELISpot in the spleen of infected mice 5 days post-i.v.

injection of spz [71]. In addition, by adoptively transfer-

ring purified CSP-specific CD8? T-cell precursors, Zavala

et al. demonstrated that sporozoite-primed-specific CD8?

T cells can appear as early as 24 h after i.v. injection of

irradiated spz and that the priming occurs mainly in the

spleen [72, 73]. The same group also demonstrated that

induction of the sporozoite-specific CD8? T-cell response

in infected mice was abrogated upon conditional depletion

of CD11chigh cells in CD11c-DTR transgenic mice after

diphtheria toxin treatment, further providing evidence that

DC are involved in T-cell priming in vivo [74]. In that

study, as the diphtheria toxin was administered 10 h prior

to infection, it is likely that all organ-resident conven-

tional DC but not pDC in both lymphoid and non-lym-

phoid tissues at steady state conditions were depleted [75].

More recently, it has also been demonstrated that endo-

somes in DC are involved in cross-presentation of the

CSP in vivo [76]. It is important to note that many of

these rodent studies on sporozoite biology and immunity

against the pre-erythrocytic-stage parasite have been

conducted using an intravenous route of infection. Com-

pared with an intradermal route of infection that more

closely mimics what happens in nature, the intravenous

route effectively bypasses the skin phase and introduces a

bias toward the spleen and liver.

The ability of DC to cross-present sporozoite antigens to

T cells has also been suggested in in vitro studies. When

bone marrow-derived DC were incubated in vitro with spz

and subsequently adoptively transferred, these antigen-

loaded DC were able to induce a CSP-specific CD8? T-cell

response in recipient mice [71]. However, it is not clear

whether these antigen-loaded DC presented the parasite

antigens directly to naı̈ve T cells or whether they them-

selves were cross-presented to T cells by the endogenous

DC present in the recipient mice.

In future studies, it will be interesting to determine

whether DC indeed cross-present spz antigens to naı̈ve

CD8? T cells or mediate the recruitment of inflammatory

DC from the blood to the spleen for antigen presentation

either in vitro or in vivo using more physiologically rele-

vant routes of infection.

The sporozoite in the liver

Spz entering the liver are still motile and glide through

several hepatocytes before invading and settling in one

where they further develop inside a parasitophorous vac-

uole [7, 77]. Apart from hepatocytes, it has also been

proposed that spz can traverse Kupffer cells without being

phagocytozed and destroyed [48, 70, 78–81]. Furthermore,

it may be possible that spz can squeeze through endothelial

fenestrae or cross endothelial cells, Ito cells or even DC in

order to access the liver parenchyma. These parasite tra-

versal events are not likely to be immunologically silent. In

a large proportion of the traversed cells, parasite traversal

leads to cellular membrane disruption, thus inducing cell

death and the release of pro-inflammatory signals [82]. For

the minority of cells that manage to repair their disrupted

membranes and survive, they may now be able to process

and present spz antigens that were released into their

cytoplasm by the parasite during its transit. Such cells may

include DC. Alternatively, shed parasite antigens may also
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be picked up by liver DC in a manner that is similar to what

has been observed in the dermis.

During its intrahepatocytic development, the spz differ-

entiates and multiplies extensively to form an exoerythro-

cytic schizont containing as many as 30,000 merozoites upon

full maturation. It is not known whether DC can sense the

parasites during this later stage of liver development,

phagocyte infected hepatocytes and therefore present liver-

stage-associated parasitic antigens. We postulate that this

may be unlikely since healthy growing parasites in the liver

are not known to induce cellular recruitment [83]. This is also

true for the hepatic dormant forms like the hypnozoites of P.

vivax or P. cynomolgi (a simian parasite), which can persist

in the liver for a long period of time without further infil-

tration or inflammation [84]. Thus, the growing liver-stage

parasite may have developed mechanisms to subvert the

initiation of local inflammatory responses as well as immune

recognition. This is further supported by reports that at

maturity, merozoites are not released directly into the blood

stream but are packed into vesicles composed of host hepa-

tocyte membrane [8, 9, 85], which in turn diffuse through the

sinusoidal barrier to the circulation without being recognized

by phagocytes or inducing inflammation and immune cell

recruitment. However, local cellular recruitment has been

observed around liver parasite remnants after the release of

merosomes [8, 86]. These remnants may be taken up and

processed by resident and/or infiltrating DC and may serve to

induce immune responses against subsequent malaria

infections [87, 88].

Protective immunity to the pre-erythrocytic-stage

parasite and the role of DC

Immunization with radiation-attenuated spz (RAS) [89],

genetically attenuated spz (GAS) or live spz under or no drug

prophylaxis [90–94], but not dead spz [95], can confer sterile

protection. In all three cases, spz are able to migrate to and

develop partially or completely in the liver, but fail to

develop into blood-stage parasites. This protection results

from a multifaceted immune response directed against pre-

erythrocytic antigens and involves both antibodies and T

cells (in particular, CD8? T cells) targeting the sporozoite

and the infected hepatocyte, respectively [96, 97].

The RAS model has been mostly used to study the role

of DC during malarial infection. It has been shown that

RAS are more immunogenic than live spz, whereas heat-

killed spz are unable to prime T-cell responses [60, 71] or

induce protection [60, 95]. Thus, it appears that viability of

the spz is critical in the induction of optimal immune

priming and protective responses. It may be possible that

only live spz or early liver-stage parasites express vita-

PAMPs to potently stimulate DC. A similar phenomenon

has previously been reported in bacterial systems [98].

Although liver DC, unlike those in the skin or skin

dLNs, do not seem to be a major player in spz-specific

T-cell priming, they may still contribute to immune

responses induced against early liver-stage parasitic anti-

gens. Indeed, it was recently shown that one of the four

liver DC subsets [99], the cCD8a? DC (CD11c? NK1.1-)

subset, increases in numbers after immunization with RAS.

This specific liver DC subset was also able to induce liver-

stage antigen-specific CD8? T cells and confer protection

after adoptive transfer [100]. Under steady state conditions,

these cells are usually present at low numbers, thus it is not

known whether they are resident liver DC or inflammatory

DC that are recruited to the organ during infection (Fig. 2).

In addition, the source of liver-stage antigens cross-pre-

sented by DC is still debated. It has been proposed that

RAS-infected hepatocytes undergo apoptosis and that these

apoptotic cells would in turn attract inflammatory DC

[101]. However, in vitro studies have shown that the

number of RAS-infected apoptotic cells is low and unlikely

to be sufficient for efficient DC uptake and T-cell priming

[101]. Instead, it has been proposed that DC might acquire

parasitic antigens from the numerous live infected hepa-

tocytes through trogocytosis [102] or phagocytosis of the

whole infected hepatocytes. After antigen uptake, DC can

then migrate to the liver draining lymph nodes and prime

naı̈ve T cells. Activated parasite-specific T cells will thus

migrate back to the liver, recognized infected hepatocytes,

and eliminate liver parasites [103–106].

Epidemiological studies have demonstrated that pro-

tective immunity against pre-erythrocytic and erythrocytic-

stage parasites does develop in exposed populations [107].

However, acquired immunity against the pre-erythrocytic

stage does not seem to be very strong or efficient at the

population level since only a low proportion (5–20%) of

continuously exposed individuals are resistant to reinfec-

tion over a 3-month period following clearance of the

blood-stage infection [108–110]. This is in sharp contrast

with the ability of RAS, GAS or live spz under drug pro-

phylaxis to confer potent protection. This could be attrib-

uted to the fact that blood-stage infection does not develop

in these immunization regimens and blood-stage infection

with high parasitemia levels may impair cross-presentation

[111] and induce tolerogenic DC that suppress T-cell

activity [112–114]. Prevention of blood-stage infection

may thus serve to maintain DC function and focus the

immune response toward the pre-erythrocytic stage.

Conclusion

The malaria parasite during the first phases of its devel-

opment in the mammalian host has developed strategies to

subvert the host immune system. In particular, it appears
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that pre-erythrocytic-stage parasites have developed

mechanisms to avoid DC recognition, thus preventing

induction of a protective immune response. However, the

use of whole parasite formulations is able to lead to

development of sterile immunity, and DC appear central in

these processes. A multidisciplinary approach is required to

elucidate the mechanisms involved and provide the basis

for identifying correlates of protection, so as to be able to

design an efficient vaccine against malaria.
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