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Abstract

Immunologic memory is one of the cardinal features of antigen-specific immune responses, and 

the persistence of memory cells contributes to prophylactic immunizations against infectious 

agents. Adequately maintained memory T and B cell pools assure a fast, effective and specific 

response against re-infections. However, many aspects of immunologic memory are still poorly 

understood, particularly immunologic memory inducible by parasites, for example, Plasmodium 
spp., the causative agents of malaria. For example, memory responses to Plasmodium antigens 

amongst residents of malaria endemic areas appear to be either inadequately developed or 

maintained, because persons who survive episodes of childhood malaria remain vulnerable to 

intermittent malaria infections. By contrast, multiple exposures of humans and laboratory rodents 

to radiation-attenuated Plasmodium sporozoites (γ-spz) induce sterile and long-lasting protection 

against experimental sporozoite challenge. Multifactorial immune mechanisms maintain this 

protracted and sterile protection. While the presence of memory CD4 T cell subsets has been 

associated with lasting protection in humans exposed to multiple bites from Anopheles mosquitoes 

infected with attenuated P. falciparum, memory CD8 T cells maintain protection induced with P. 
yoelii and P. berghei γ-spz in murine models. In this review, we discuss our observations that show 

memory CD8 T cells specific for antigens expressed by P. berghei liver stage parasites as an 

indispensable component for the maintenance of protracted protective immunity against 

experimental malaria infection; moreover, the provision of an Ag-depot assures a quick recall of 

memory T cells as IFN-γ−producing effector CD8 T cells and IL-4-producing CD4 T cells that 

collaborate with B cells for an effective antibody response.
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1. Introduction

One of the cardinal features of adoptive, antigen (Ag)-specific immune responses is the 

persistence of memory T cells that are inextricably linked to long-lasting protection [1]. The 

availability of memory T cells assures a fast, effective and specific response against 

reoccurring infections. While many re-infections are prevented by optimally effective 

memory T and B cell responses, re-infections by Plasmodium spp. parasites amongst 

residents of malaria endemic areas occur frequently and it is still poorly understood as to 

why protection does not persist after malaria infection [2]. Recently conducted studies with 

the RTS,S vaccine, which is based on Plasmodium falciparum (Pf) circumsporozoite protein 

(CSP), indicate that protection is conferred to infants and small children but its duration is 

relatively short [3] and the reasons for the absence of sustained protection remain unknown. 

We hypothesized [4], that the absence of adequately developed immunologic memory 

stemming from the tolerant milieu of the liver [5], sequestration of liver-stage antigens (LS-

Ags) within hepatocytes, and the relatively short duration of the liver phase of infection, are 

likely responsible for the lack of lasting protection. Additionally, the phenomenon known as 

altered peptide ligand, resulting from polymorphisms at CSP-inducing CD8 T cell epitope 

sites, interferes with the priming and survival of memory T cells [6] and poor 

immunogenicity, from inadequate immunizing doses or immunologic interferences from 

blood-stage parasites [7,8] may also play a factor in reducing the formation and persistence 

of memory responses.

In contrast to the immune responses observed in endemic areas or against experimental 

vaccination with RTS,S; immunization of laboratory rodents [9], monkeys [10] and humans 

[11] with radiation-attenuated (γ) Plasmodium sporozoites (γ-spz) induces sterile and long-

lasting protection. Plasmodium γ-spz-induced protection is multifactorial [12], involving 

antibody [13], CD4 [14] and CD8 [15] T cell responses directed primarily to CSP. In other 

studies, blood-stage Ags also recall IL-4 producing memory CD4 T cells in protected 

subjects [16] and liver stage antigen-1-(LSA-1) specific proliferative T cell responses 

correlate with protection [17]. Studies aimed to investigate immunologic memory induced 

by the most promising of malaria vaccines, RTS,S, have also shown that memory CD4 T 

cells that produce IL-2 and TNF are more prevalent in protected than non-protected subjects 

exposed to experimental challenge [18].

CD8 T cells are considered key effectors against pre-erythrocytic (PE) stage infection. 

Evidence supporting the effector function of CD8 T cells is based on studies in human 

[19,20] and animal models of γ-spz- [21–23] and genetically-attenuated parasites(GAP)-

induced protection [24–27]. According to more recent observations made in models of 

protection induced by infectious Plasmodium sporozoites administered under drug coverage 

[28] and by aseptically derived P.falciparum γ-spz administered i.v. to humans [29], CD8 T 

cells also play a crucial role. Studies of natural immunity acquired in malaria endemic areas 

also confirm the involvement of CD8 T cells in protection [30]. Responses of CD8 T cells 

are characterized mainly with the production of inflammatory cytokines such as IFN-γ or 

TNF-α that mediate elimination of the parasite within hepatocytes by the nitric oxide (NO) 

pathway [31]. CD8 T cells also exhibit direct cytolytic activity against targets that express 

antigens belonging to PE stage parasites [27,32–35]. In this review, we mainly focus on 
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memory CD8 T cells in the maintenance of protracted protection in the P. berghei (Pb) γ-spz 

mouse model; however, we also touch upon Pf γ-spz- and RTS,S-induced memory CD4 T 

cells that could be envisaged as helper T cells collaborating with B cells for antibody 

responses [16,18]. We hypothesize that long-term protection to malaria whether mediated by 

CD8 T cells or CD4 T cells can be induced and maintained. As such, it requires the 

formation and persistence of memory T cells with a reservoir of central memory cells, 

maintained in part by Ag-depot and by IL-15 and possibly by IL-4 and other cytokines that 

promote conscription of IFN-γ producing effector/effector memory cells during re-

infections.

2. The mammalian liver as the venue for Plasmodium parasite 

development

Plasmodium sporozoites are inoculated into a mammalian host from the salivary glands of a 

female Anopheles mosquito during its blood meal. Sporozoites then quickly travel to the 

liver via the circulatory and/or lymphatic routes. In the liver, sporozoites continue to develop 

within the hepatocyte by undergoing nuclear division and expressing novel protein antigens 

before they emerge in the form of merosomes to infect red blood cells, causing clinical 

disease symptoms [36–38]. Hence, in the mammalian host the Plasmodium parasite exhibits 

three morphologically distinct phases of development: sporozoite-, liver-, and blood-stage. 

During each stage, the parasite expresses, to some extent, unique proteins. The sporozoite-

associated proteins facilitate sporozoite traversal of the liver sinusoid cellular barrier [39–

41]and invasion of hepatocytes [42–45] and some, for example, CSP and TRAP, have been 

shown to induce cellular and antibody responses that correlate with protection in humans 

[46] and mice [47,48]. Many of the novel proteins expressed during parasite development 

within the parasitopherous vacuole in hepatocytes have not yet been properly characterized 

and others not well defined [49,50]. Under certain conditions, these liver-stage (LS) proteins 

are the major inducers of protective cellular immune responses against the pre-erythrocytic 

stage parasites [51–53]. Proteins that characterize the erythrocytic stage play a role in the 

invasion of red blood cells [54]. Immune responses to a variety of proteins representing the 

blood stage development are also crucial for the resolution of infection and a necessary 

component of the total immunologic reactivity against the Plasmodium parasite [55,56].

The mammalian liver plays a key role in the life cycle of the Plasmodium parasite. The 

prevailing state of immune tolerance in the liver allows for infectious sporozoites to expand 

and continue their life cycle unnoticed by the immune system of the host. The liver provides 

a “filtration system” of blood carrying an abundance of toxins, food allergens, pathogens and 

other inflammation-inducing agents that clearly are the trigger to initiate the requisite innate 

responses for adoptive immune responses to ensue. However, the inherent liver tolerance 

mechanisms prevent the potentially excessive inflammation and immunologically destructive 

stimulation from occurring. For one, the non-parenchymal liver APCs such as Kupffer cells 

(KC), DC, and liver sinusoidal endothelial cells express very low concentrations of MHC 

class I and II and costimulatory molecules and as such they significantly limit the 

engagement of APCs with T cells [57]. Liver APCs also produce anti-inflammatory 

cytokines, IL-10 and TGF-β [58], even in responses to LPS [59], to down-regulate 
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immunologic functions and to preserve the general state of non-responsiveness in the liver. 

Hepatocytes as well as some liver APCs express elevated levels of PD-L1 [58], which 

combined with the presence of liver regulatory T cells suggests clonal T cells deletion as yet 

another mechanism of immune tolerance in this organ [60]. In fact, in the P. berghei system, 

we observed that MHC class I molecules are down-regulated on KC during infection of 

naïve ice and their antigen-presenting function is severely reduced [61]. Furthermore, we 

observed that infectious sporozoites not only fail to induce naïve KC to produce IL-12, they 

also downregulate IL-10 [61] and as shown by others, up-regulate anti-inflammatory 

responses [62].

The entry of infectious sporozoites into KC is mediated by membrane:membrane fusion and 

parasites localize in a vacuole that does not co-localize with lysosomes, thereby sporozoites 

avoid metabolic degradation before reaching hepatocytes [62,63]. However, Plasmodium γ
−spz meet a different fate in the liver; the many liver cells that comprise the innate immune 

system respond to production of inflammatory cytokines, which in turn leads to the eventual 

activation of an spz meet a the attenuated form of Plasmodium conceivably by engaging in 

phagocytosis followed by a swift effector phase and the maintenance of immune memory 

responses [64]. Understanding immune events that occur in the liver in model systems of 

protective immunity, as well as during natural infection, will expand our knowledge of 

organ-specific immune responses and hence facilitate exploitation of these responses to 

expedite progress in vaccine development against malaria.

3. Sterile and lasting protection is induced by attenuated Plasmodium 

sporozoites

Plasmodium γ-spz-induced sterile and protracted protection is considered the gold standard 

of anti-malaria vaccines. Like infectious sporozoites, γ-spz carrying CSP and other 

sporozoite-associated proteins, invade the liver where they undergo aborted development and 

express LSAgs [65,66]. It is believed that antigens expressed by the underdeveloped liver 

schizonts remain in the liver forming a LS-Ag depot [67], which is critical for induction and 

persistence of Ag-specific protracted protective immunity [4]. Treatment of animals with 

primaquine, which disrupts liver-stage development, concurrently with the γ-spz 

immunizations abolishes lasting protection [21,67].

The initial immune responses induced by immunization with γ-spz have only partially been 

investigated. According to results from in vitro studies, before the invasion of hepatocytes, 

Pb γ-spz, like infectious sporozoites, pass through KC [68,69], a step that reverses the state 

of tolerance to inflammation. KC become active producers of IL-12 [61] and IL-15, 

cytokines needed for the induction as well as persistence of adaptive immune responses 

[24,70]. Inflammatory cytokines induce immune proteosomes for more efficient generation 

of antigenic peptides for entry into the ER and thereby provide a richer availability of 

peptides for loading onto MHC class I and increased expression of MHC class I-peptide 

complexes on the surface of APCs [71]. We observed a significant upregulation of MHC 

class I on KC after sporozoite challenge of γ-spz-immune mice and enhanced presentation 

of antigens by KC to specific T cells [61]. We propose that a cascade of pro-inflammatory 
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cytokines released during innate immunity induced by γ-spz leads to temporary local 

inflammation, which is perceived as a “danger signal” needed to trigger proper responses 

from the adaptive immune system and lead to long lasting immune memory [72].

4. The role of liver CD8 T cells in protective immunity against pre-

erythrocytic stage parasitemia

In vivo depletion studies established CD8 T cells as key effectors in a rodent model of 

protection against malaria [23]. We confirmed these results in β2 microglobulin knockout 

(β2m KO) mice [73] and KbDb KO mice [74] immunized with Pb γ-spz. Pb GAP spz-

induced protection is also CD8 T cell dependent [24,27]. We also established that effector 

CD8 T cells are MHC class I-restricted/dependent because protection is not transferred by 

γ-spz-immune wt cells into β2m KO recipients as CD8 T cells must recognize LS-Ag 

peptides presented by MHC class I on APC in the liver [73]. Our observations were 

confirmed by results from experiments using MHC class I mismatched effector CD8 T cells 

and target hepatocytes [75]. The need for proximity between effector CD8 T cells and 

Plasmodium-infected target hepatocytes for an effective killing of LS parasites has been 

recently demonstrated by the IVM approach [32,76]. However, the details of the in vivo 

interactions between the hepatocytes and CD8 T cells will require further scrutiny before we 

fully understand the participation of both LS-specific and bystander CD8 T cells in this 

process [33].

Target LS-Ags that induce CD8 T cells are being currently defined by us as well as by other 

investigators [77], using the combination of genomic and proteomic approaches. For 

example, targeted gene deletion reveales that Plasmodium sporozoite low-complexity 

asparagine-rich protein is essential for early LS development [78], whereas fabf/f gene [79] 

is essential for late LS development. Interestingly, immunization with the late-arresting, 

genetically attenuated fabf/f−/− parasites allows for induction of durable protection in several 

mouse strains, presumably becasue the these parasites express a broader repertoire of 

potential antigens that activate a wider spectra of effector T cells [80].

The site of induction of liver resident CD8 T cells remains unclear. On the basis of results 

showing that the number of cCD8α+ DC increases in the liver concurrently with the number 

of Pb γ-spz immunizations, while those in the spleen do not change, we hypothesized that 

CD8 T cells arise in the liver after interaction with liver APCs that present LS-Ags. 

Additionally, liver cDCs induce IFN-γ+CD8 TE/EM cells, a process that is both MHC class 

I- and IL-12-dependent, and transfer protection [81]. Alternatively, CD8 T cells might be 

induced in a draining LN and during sporozoite challenge, migrate to the liver to undergo 

further expansion to increase their effector function. Support for the later scenario has been 

presented elegantly in studies using Tg TCR T cells specific for an epitope on P. yoelii (Py) 

CSP following infection by mosquito bite, [75] or using Tg Pb sporozoites expressing 

SIINFEKL OVA peptide within the Pb CSP sequence [82]. According to these results, CD8 

TE cells are generated in the draining LN near the infection (site of mosquito bite) [75], and 

then migrate to liver to kill infected hepatocytes, a process that has been shown to be TAP-

dependent, but endosome independent [82]. It is possible that the induction of CD8 TE cells 
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depends on their fine specificity and the site of parasite inoculation. Consequently, CSP-

specific CD8 T cells would be induced in the skin draining LN, as sporozoites that are 

trapped in the skin shed CSP, which could be presented by DCs to T cells. In contrast, LS-

Ags, being expressed exclusively in the liver, might activate T cells in the liver, or be 

transferred either directly or through liver-resident APCs to the liver-draining LNs to 

activate T cells there. Owing to the paucity of antigen-specific cells naturally present at the 

time of immunization or infection, it may not be possible to precisely determine the location 

of initial priming events. Although lack of firm evidence supporting either scenario favors 

the prevailing view that T cell activation occurs as a result of interaction with DC in the LN, 

the possibility of an organ-specific activation of CD8 T cells remains very attractive and 

should be explored further.

4.1 IFN-γ-producing effector CD8 T cells

Intrahepatic mononuclear cells (IHMC) induced by Pb γ-spz contain CD4 and CD8 T cells 

that express CD44hi CD25hi and CD45RBlo/hi phenotypic markers [83]. Multiple 

immunizations with Pb γ-spz also induce the shift to CD62Llo phenotype on effector CD8 T 

cells as well as other phenotypic and functional attributes, e.g., KLRG-1hiCD107+ and IFN-

γ production, all of which coincide with the induction of sterile protection [84]. IFN-γ+CD8 

T cells peak around day 7 after challenge of Pb γ-spz-immunized mice [21] and these 

effector CD8 T cells might be physiologically relevant to the process of elimination of liver-

stage parasites by nitric oxide synthetase (NOS) [85,86] as immunization with γ-spz fails to 

generate protection in IFN-γR KO mice [87]. Moreover, a reduced number of liver IFN-γ
+CD44hi CD8 T cells correlates with decreased protection in mice [28], an observation that 

is consistent with the more recent finding which shows that, in contrast to other infections, 

exceedingly high number of effector CD8 T cells is needed for protection in malaria [88]. In 

contrast, results from in vitro studies have shown that Pb sporozoite-induced CD8 T cells 

eliminate Pb- or Py-infected hepatocytes without the involvement of inflammatory cytokines 

[27]. Instead by recognizing CSP on the infected hepatocytes (84), they are able to eliminate 

them in a contact-dependent manner [27]. Collectively, these observations are in agreement 

about the importance of CD8 T cells as effectors and their transient expansion [1,89], 

however, the cellular and molecular requirements necessary for parasite killing are still 

poorly understood.

The release of IFN-γ, which coincides with the activation of CD8 T cells, is preceded by 

elevated production of IL-4, which declines when IFN-γ reaches its peak [4]. The reciprocal 

regulation between these two cytokines reflects the precise orchestration of functional 

activities among T cell subsets induced by Pb γ-spz. It is likely that IL-4 is produced in the 

liver by NK T cells, whereas IFN-γ is produced primarily by CD8 T cells [21]. This view is 

in agreement with the observation that CD8 TE cells decline after inflammation has subsided 

[89], whereas memory CD8 T cells persist, if they are supported by lymphokine-secreting 

cells.

In our view, sustained protection requires various CD8 T cell specificities, particularly those 

belonging to proteins expressed during LS development. It could be envisaged that CSP-

specific CD8 T cells initiate the effector stage of protection because they are the first cells to 
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produce IFN-γ upon encountering infectious sporozoites. Protracted protection might 

require the subsequent activation of a second wave of CD8 T cells specific for epitopes other 

than the CSP, as they would have to target hepatocytes by recognizing LS-Ags. Such 

concerted and functionally integrated activity provided by CD8 TE cells with multiple 

specificities might be necessary to provide sustained protection. In their more recent study, 

Butler and colleagues have actually demonstrated that GAP parasites arrested during later 

LS development induce stronger CD8 T cell responses and durable protection presumably 

because these parasites contain a richer repertoire of antigens able to induce effector T cells 

[90]. Similar observations regarding the availability of more abundant level of late-LS 

antigens have been made in a model system of protection induced by P. berghei sporozoites 

delivered by the intravenous route under a drug coverage [28].

4.2. Memory T cell responses and lasting protection

The formation and maintenance of effective memory T cells is inextricably linked to long-

lasting protective immunity [1]. Memory CD8 T cells that accumulate in the liver after 

immunization with Pb γ-spz represent at least two distinct but developmentally-related 

subsets: the IFN-γ-producing CD44hiCD45RBloCD122loCD62Llo phenotype, or TE/EM 

cells that can be further subdivided into CD8 TE (CD127−KLRG-1+) or CD8 TEM 

(CD127+KLRG-1−); and the indolent IFN-γ producing CD44hiCD45RBhiCD122hiCD62Llo 

phenotype, hence CD8 TCM cells. A decay of protection is typically accompanied by the 

decline of IFN-γ-producing KLRG-1+CD107+ CD8 T cells [84].

The elevated expression of CD122 (IL-15Rα) on CD8 TCM cells suggests that, in contrast to 

CD8 TE/EM cells, they are IL-15-dependent [21,70]. Because CD8 TCM cells produce 

relatively low levels of IFN-γ, they do not appear to be directly involved in the elimination 

of the parasite. Instead, by acquiring the CD122hi phenotype, liver CD8 TCM cells engage in 

homeostatic proliferation, which qualifies them to function as a reservoir to maintain the size 

of memory CD8 T cell pools [21,70,91]. The maintenance of memory pools is one of the 

prerequisites of a memory T cell response because attrition, particularly of CD8 TE cells, is 

inevitable during any infection [89]. The co-presence of distinct subsets within the 

intrahepatic memory CD8 T cell pool in mice protected against malaria is consistent with an 

earlier view that virally induced memory CD8 T cells are organized into subsets on the basis 

of distinct functional activities and the maturation/activation status [92–94].

Results from our earlier work concerning recall responses of CD4 T cells specific for LS and 

blood stage antigens {parasitized red blood cells (pRBC)} showed that T cells from Pf γ-spz 

protected persons proliferate and produce IL-4, respectively [16]. Further analysis of the 

IL-4 producing cells revealed that this cytokine, which helps B cells for antibody production 

and activates effector T cells, is produced mainly by one of two discrete memory CD4 T cell 

subsets present in subjects protected by Pf γ-spz exposure. A CD4 T cell memory subset 

that expresses the CD45RO+CD27−CD70+ phenotype and is considered a mature or late 

memory, produces IL-4, in contrast to a set expressing the CD45RO+CD27+ phenotype, 

designated as early memory, which does not produce this cytokine. Moreover, IL-4 is 

produced only in the presence of pRBC, which prompts the two memory sets to engage in an 

interaction mediated by CD27:CD70 coligation [16]. Similar to observations made in other 
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systems [95–97], this differentiation from the early CD27+ to mature CD27− T cells occurs 

after prophylactic immunization with Pf γ-spz. Although the less mature CD27+ were 

detectable in all persons exposed γ-spz, only the CD27− mature subset was present in 

persons protected against experimental sporozoite challenge. On the basis of these results we 

propose that persistence of memory CD4 T cells depends on a conscription of the less 

mature memory CD4 T cells into a fully effective memory set and that this process requires 

Ags presumably from the repositories of liver and blood stage antigens as well as the 

delivery of a second signal from the CD27:CD70 interaction.

We also observed the presence of memory CD4 T cells in subjects immunized with the 

RTS,S vaccine [18]. The Pf CSP-specific CD4 T cells form two distinct subsets, the long-

lived self-renewing CD45RO+CCR7+ T central memory (TCM) cells and the short-lived 

CD45RO+CCR7− T effector/effector memory (TE/EM) cell subset. While both memory T 

cell subsets produce IL-2 and TNF, subjects protected by experimental sporozoite challenge 

show higher number of both IL-2 producing TCM and TE/EM cells than subjects who 

succumb to malaria. A strong association between CSP-specific antibody titers and the 

frequency of IL-2 producing CD4 T cells in the same subjects suggests that these CD4 T 

cells serve as memory helper cells.

Recently, various phenotypic and functional attributes have been evaluated in an effort to 

understand the differentiation of memory CD8 T cells [98] and CD4 T cells [97]. In 

addition, asymmetric division [99], duration and strength of the TCR signal [100] and 

inflammatory cytokines [101] have been examined as requirements for memory T cell 

development and differentiation. Nonetheless, many questions remain regarding the 

regulation of memory cell formation and in the case of organ-specific infections, like 

malaria, additional aspects of memory CD8 T cell development and differentiation need to 

be considered. We propose that these functionally and phenotypically unique subsets of liver 

memory CD8 T cells form an interactive network involving different phases of dynamic cell 

activation and differentiation [21].

5. Mechanisms for the persistence of memory T cells

5.1 Repositories of liver-stage antigens are required for the maintenance of protracted 
protection

The issue concerning the persistence of Ag for the maintenance of memory T cells remains 

controversial [102–105]. It appears that the type of infections, e.g., viral versus protozoan, 

dictate whether the presence of Ag is required for the persistent protection maintained by 

memory T cells. On the basis of results from our laboratory, the persistence of a threshold of 

accumulated LS-Ags is critical for the maintenance of protective immunity. Administration 

of primaquine at the time of immunization with Pb γ-spz does not affect protection at 

primary challenge, which is most likely mediated by the sporozoite-stage associated Ags, 

e.g., CSP, but results in a loss of protracted protection, which correlates with a decrease of 

CD8 TE/EM cells in the liver. The disruption of the intrahepatic-stage parasite development 

prevents the formation of a local Ag depot, which impedes the conscription of TCM into 

TE/EM CD8 T cells upon re-challenge. In contrast, delayed administration of primaquine has 

no effect on lasting protective immunity [21]. These results are indeed expected, as the 
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primary primaquine action is directed against LS development, without affecting the 

sporozoite stage, represented by CSP-specific CD8 T cells [106,107]. Once the LS Ags have 

been expressed and accumulated in the liver, a delayed primaquine no longer affects their 

expression.

Although most of the results from viral systems argue against the need for antigen to 

maintain long-lived memory CD8 T cells [104,108], there is evidence that T cell memory 

persists if a protracted re-stimulation of effector T cells is maintained, either by persisting or 

by cross-reacting environmental antigens [103,109,110]. We suggest that antigen 

requirements might be quite different in malaria because the parasite exhibits tropism to the 

liver, which is characterized by immunologic tolerance. Although the precise location of the 

LS-Ag depot has not been established, hepatocytes might contain liver antigen repository. It 

could be envisaged that liver APCs internalize infected hepatocytes and engage in cross-

presentation of LS-Ag that gained entry from phagosomes into the MHC class I pathway. 

Exogenous particulate Ags were shown to enter the MHC class I pathway via phagosome-

ER fusion [111] or, as in the case of Toxoplasma gondii, fusion of the parasitophorous 

vacuole with the ER [112]. This scenario would provide a unique role for organ-specific 

maintenance of memory CD8 T cells by distinguishing the “locally” activated liver memory 

T cells from those found in the spleen or LN.

5.2 IL-15 is crucial for maintenance of protracted protection against pre-erythrocytic 
stage malaria

It has been established that IL-15 promotes the survival of long-term memory CD8 T cells 

by maintaining their homeostatic proliferation [113–116]. Although initially after the 

exposure to Pb γ-spz, the CD8 TCM cell subset represents a much smaller fraction of the 

liver CD8 T cells, twice as many CD8 TCM cells are CD122hi than TE/EM cells [21]. On the 

basis of results from in vitro studies, only CD8 TCM cells proliferate in the presence of 

IL-15 and these cells are severely reduced in IL-15KO mice [70]. The enhanced sensitivity 

of the CD8 TCM cells to reduced levels of IL-15 suggests that this subset preferentially 

expands to elevated levels of IL-15 in the liver.

Like wt mice, IL-15 KO mice are protected against a 1° challenge administered shortly after 

immunization with Pb γ-spz; however, at 2° challenge 2 months later, the IL-15KO mice 

become susceptible to malaria infection. In the absence of IL-15, the critical reservoir of 

CD8 TCM cells is severely reduced and hence unable to differentiate into a sufficient number 

of CD8 TE cells needed during re-infection. Severe attrition, as evidenced by the high level 

of apoptosis particularly within CD8 TCM cells, seems to be responsible for the near absence 

of this subset in IL-15KO mice. Upon 2° challenge, the majority of CD127hiCD8 T cells 

transitioned to CD127lo phenotype in wt mice, but in IL-15KO mice few cells became 

CD127lo. These observations strongly support our hypothesis that CD8 TE/EM cells are 

conscripted from memory precursor effector cells or CD8 TCM cells in a continuous, albeit 

slow, process that occurs in the liver as a result of an increased Ag load after repeated 

immunizations with γ-spz. The process also occurs during infection, when large numbers of 

CD8 TEM cells would be most needed to combat the parasite. For example, it has been 

shown that a large number of Pb CS252–260-specific CD8 T cells is needed to maintain 
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sterile protection in Balb/c mice [117]. The requirement for these large numbers of antigen-

specific CD8 T cells may be, in part, due to the short time frame of the LS when the parasite 

is most vulnerable to immune intervention.

IL-15 is produced by a variety of cell types (although not by T cells) in response to signaling 

via TLRs or exposure to type I IFN [118]. Pb γ-spz induce upregulation of IL-15 mRNA in 

KC [70] and liver cDC [24]. Upon encounter with specific Ag from the liver repository or 

upon re-infections, IL-15 would drive CD8 TCM cells to differentiate into the 

CD62LloKLRG-1+CD127−CD122lo phenotype that produces IFN-γ. Recently, it was 

demonstrated that CD8 T cell survival during influenza infection is promoted in the lung by 

trans-presentation of IL-15 by pulmonary CD8α+DCs [119]. There is evidence [120] that 

APC retain IL-15 bound to the IL-15Rα chain to trans-activate CD8 T cells expressing the 

IL-15Rβγc complex. On the basis of our previously published results that liver cDC that 

activate CD8 T cells in a MHC-class I dependent manner to express CD44hi, up-regulate 

IL-15 mRNA [81] and express detectable IL-15 protein [121], together with KC they can 

function as APCs of LS-Ags and as trans-presenters of IL-15 that target only liver CD8 TCM 

cells. Our hypothesis is supported by observations from in vitro conducted studies that only 

CD8 TCM cells require trans-presentation of IL-15 in the context of a concurrent signaling 

via TCR for optimal recall response, as responses by CD8 TEM cells are not augmented by 

IL-15 [122].

6. Summary

MHC class I-restricted CD8 T cells have been established as key effectors in protective 

immunity against pre-erythrocytic-stage malaria infection. Their effector function is 

associated mainly with the production of inflammatory cytokines such as IFN-γ or TNF-α 
that mediate elimination of the parasite within the hepatocytes by the NO pathway or by 

direct cytolytic activity on infected hepatocytes. The success of protection induced by γ-spz 

depends upon the long-lived intrahepatic memory CD8 T cells that consist of 

developmentally-related subsets as CD8 TCM and CD8 TEM cells. While the CD8 TEM cells 

are maintained by antigen-driven conscription of CD8 TCM cells, the latter, representing a 

very broad spectrum of antigen-specific T cells, is maintained by IL-15 and possibly the LS-

Ag depot. This arrangement assures a steady availability of antigen-specific T cells should 

they be required to combat re-infection. The dependence on specific antigen essentially 

controls the balance between the two phenotypes and the differential expression of IL-15R 

prevents the CD8 TEM cells from becoming activated in the event of sporadic co-infections. 

However, it is the activated status of the intrahepatic memory CD8 T cells that really 

distinguishes them from the memory CD8 T cells in the spleen and LN as it represents the 

sentinel of a local, organ-specific infection.
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1. The mammalian liver serves as the venue for Plasmodium parasite 

development

2. Sterile and lasting protection is inducible by exposure to attenuated 

Plasmodium sporozoites

3. Liver CD8 T cells are the key effectors in protective immunity against pre-

erythrocytic stage parasitemia

4. Memory CD4 T cells and CD8 T cells maintain protracted protection against 

malaria

5. Antigen depot and cytokines, e.g., IL-15, are crucial for the for maintenance 

of protracted protection against pre-erythrocytic stage malaria
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