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Protective immunity to liver-stage malaria
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Despite decades of research and recent clinical trials, an efficacious long-lasting preventative vaccine for malaria remains

elusive. This parasite infects mammals via mosquito bites, progressing through several stages including the relatively short

asymptomatic liver stage followed by the more persistent cyclic blood stage, the latter of which is responsible for all disease

symptoms. As the liver acts as a bottleneck to blood-stage infection, it represents a potential site for parasite and disease

control. In this review, we discuss immunity to liver-stage malaria. It is hoped that the knowledge gained from animal models

of malaria immunity will translate into a more powerful and effective vaccine to reduce this global health problem.
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INTRODUCTION

Malaria is the most prevalent parasitic infection in the world and a
major cause of mortality, with 214 million cases of disease and
~ 438 000 deaths in 2015.1 Malaria is endemic in equatorial regions,
including parts of Asia, South and Central America, and much of
Africa, with 88% of cases occurring in the latter.1 Disease in humans is
caused by five species of the Plasmodium parasite, P. falciparum,
P. vivax, P. malariae, P. ovale and P. knowlesi, and is transmitted by
bites from the female Anopheles mosquito. P. falciparum and P. vivax
are the most prevalent species to cause disease with P. falciparum
causing the highest mortality.1 Current controls to limit infection
include the use of insecticide-treated bed nets and anti-parasite drugs
such as chloroquine and artemisinin-based combination therapies
(ACTs). However, long-term use of ACTs is not cost-effective and
resistance to these drugs is emerging.2 Thus, development of an
effective malaria vaccine would be ideal.
One of the most problematic hurdles to overcome in developing a

malaria vaccine is the highly complex lifecycle of the parasite
(Figure 1). The pre-erythrocytic phase that lasts for approximately a
week in humans (with some variation between Plasmodium species)
can be split into the early sporozoite stage, which lasts for minutes to
hours, and the liver stage, which takes the bulk of this time.
Sporozoites are introduced into the skin following a bite from an
infected mosquito and migrate via the blood to the liver where they
infect hepatocytes (reviewed in ref. 3). During the liver phase,
the sporozoites undergo asexual replication and maturation where
sporozoites develop into schizonts. Eventually, the schizont releases
thousands of merozoites into the blood, thus initiating the blood
stage of infection. Merozoites infect red blood cells (RBCs) and
undergo asexual replication in humans every 24–72 h (depending on
the Plasmodium species) producing 8–24 new merozoites.4 Some
merozoites develop into immature gametocytes during the blood stage

and, if a mosquito bites an infected person, these gametocytes can be
taken up during the blood meal and later develop into sporozoites in
the mosquito host (reviewed in ref. 3).
Many studies have focused on the liver stage of the disease as this

point represents a bottleneck for the parasite. Relatively low numbers
of parasites are found at this asymptomatic stage and pre-existing
memory T-cell responses have the potential to eliminate infected
hepatocytes, preventing parasite transition to the blood stage.5 In this
review, we will briefly discuss the unique nature of the liver and how
studies in animal models have identified CD8+ T cells as being
necessary for protective immunity during liver stage infection. We will
also focus on memory CD8+ T-cell responses, which have consistently
been found to be critical for sterile immunity or complete protection.
Using knowledge gained from animal models of malaria and the data
generated thus far from whole-sporozoite human vaccine trials, it is
hoped that an effective long-lasting malaria vaccine can be generated.

THE ARCHITECTURE OF THE LIVER

The basic structural unit of the liver is the hepatic lobule comprised of
plates of hepatocytes (1–2 cells thick) arranged around a central vein.
Hepatocytes radiate from the central vein forming a hexagon shape
with the portal triads located in the corners. Portal triads consist
of a branch of the hepatic artery, portal vein and a bile duct.
Approximately 20% of the hepatic blood volume arrives from the
hepatic artery and mixes in the liver sinusoids with the remaining 80%
of blood from the portal vein.6 The large volume of blood traversing
the liver (1.5 l of blood per minute in humans) passes through the
hepatic sinusoids, which are the capillary bed of the liver. Sinusoids
differ markedly in structure from the capillaries in other organs; as
unlike endothelial cells in other organs, liver sinusoidal endothelial
cells do not form tight junctions and have fenestrations that are
grouped in clusters known as sieve plates.7 Furthermore, unlike other
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organs, liver-sinusoidal endothelial cells and hepatocytes are not
separated by a basement membrane; rather, they line a gap known
as the Space of Disse in which Stellate cells reside.8 These features
make the endothelial layer in the liver more porous compared with
other organs.9 In addition, the blood flow through the liver is reported
to be slow compared with other solid organs due to the high
vascularity of the liver and the large surface area of the sinusoids.10

Hepatic blood flow may also be influenced by the presence of hepatic
macrophages, or Kupffer cells (KCs), which patrol the sinusoids and
can partially occlude the lumen.11 Once the blood has passed through
the sinusoids, it collects in the central vein and recirculates to
the heart.
The distinctive architecture of the liver, with its fenestrated

endothelium, allows for cognate interactions between T cells and the
major organ stroma that is, hepatocytes, a process that usually does
not occur in other tissues.12–14 Moreover, this unique structure means
that it is not necessary for T cells to extravasate across the endothelial
layer to eliminate infected hepatocytes.15 Thus, the unique nature of
the liver may allow for efficient monitoring and elimination of
infectious agents by CD8+ T cells that move through the liver
sinusoids. Below, we will discuss how parasites infect the liver and
how effective anti-parasite CD8+ T-cell responses can be generated to
kill the parasite.

MALARIA LIVER-STAGE INFECTION

Following a bite from a mosquito, it is estimated that around 100
sporozoites are introduced into the skin.16,17 Approximately half of
these will eventually leave the skin within 2 h17,18 and travel via the
blood to the liver, but the number of sporozoites that infect the liver is
less clear. How sporozoites gain access to the hepatocytes is
controversial, with conflicting evidence for the role of KC in this
process. Heparan sulfate proteoglycans that project through fenestra-
tions in the endothelial layer in the liver can ‘catch’ sporozoites in the
sinusoids, leading to direct infection of hepatocytes.19 Alternatively,
parasites can use a gateway through KC to gain access to the
parenchyma.20 The apical portion of the sporozoite can position itself
against the KC and traverse it.21 Although sporozoites can be observed
within vacuoles in the KC, they do not colocalise with lysosomal
markers22 indicating that the sporozoites are not degraded. Rather, the
parasites traverse KC, cross the endothelial layer, increase in speed and
enter hepatocytes. The requirement for KC in parasite infection of
hepatocytes has been supported by intravital studies showing
sporozoites passing through KC to gain access to the hepatocytes
under the endothelial layer.23 However, other studies using clodronate
liposomes to deplete KC found greater levels of liver infection in the
absence of KC, suggesting these cells are not required for hepatocyte
infection.24 Recent data generated in support of the gateway model
identified a synthetic protein P39 by phage display that blocked
sporozoite interactions with KC.25 P39 was shown to bind CD68 on
KC,25 suggesting it may be the putative receptor for sporozoite
invasion.21,22 Infection of wild type and CD68− /− mice with P. berghei
sporozoites resulted in a large reduction in parasite burden in the liver
of knockout mice compared with controls supporting the view that a
high proportion of sporozoites use this receptor on KC to invade the
liver.25 Interactions between sporozoites and KC not only appear to
facilitate liver invasion but may result in KC apoptosis,26 which may
also impair potential antigen presentation by this cell type.
Parasites do not remain in the first hepatocyte they enter but pass

through many, over several minutes, before settling in a final
hepatocyte.21 Within that cell, the sporozoite establishes a parasito-
phorous vacuole and undergoes rounds of asexual replication. After
about 2 days in mice and around a week in humans, up to 30 000
merozoites are released from each infected hepatocyte into the
bloodstream,27 and these mature parasites are able to infect RBCs.
In mice, it is estimated that only 1 in one million hepatocytes are
infected whereas in humans this decreases to one in 100 million.28

Due to the low number of infected (and antigen presenting)
hepatocytes and the short liver phase of the infection, it is vital that
the immune system be well prepared to eliminate the small number of
parasites that escape from the skin and migrate to the liver.

GENERATING AN IMMUNE RESPONSE TO LIVER-STAGE

INFECTION

Innate immunity
The liver phase of the malaria lifecycle has traditionally been viewed as
clinically silent due to a lack of overt symptoms. Recent data suggest
that although patients might not display symptoms at this stage,
a complex series of events are occurring to initiate the immune
response.
Studies in mice using P. berghei and P. yoelii have revealed that

parasites can trigger the type I interferon (IFN) transcription
programme in the infected hepatocytes.29 Unlike viruses and bacteria,
malaria parasites can trigger type I IFNs in the absence of Toll-like
receptors (TLR3 and TLR4) and their signalling proteins (MyD88 and
TRIF). Rather malaria parasites are detected within the infected

Figure 1 Sporozoites are introduced into the skin following a bite from an
infected Anopheles mosquito and within a few hours migrate via the blood to
the liver where they infect hepatocytes. During the liver phase of disease,
which lasts approximately one week in humans, the sporozoites undergo
asexual replication and maturation where sporozoites differentiate into
schizonts. Eventually the schizont releasing thousands of merozoites into the
blood. Merozoites infect red blood cells and undergo another series of
asexual replication every 48 hours but this timing may vary depending on
the species of Plasmodium. At this stage, the red blood cell bursts and the
cycle begins again thus parasite numbers increase every 2 days. Other
merozoites develop into immature gametocytes during the blood stage. If a
mosquito bites an infected person the gametocytes can be taken up during
the blood meal and mature into sporozoites in the mosquito gut. Thus the
mosquito acts as a vector transmitting the disease from one human to
another.
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hepatocytes via melanoma differentiation-associated gene 5 protein
(MDA5) and signalling of this recognition occurs via the mitochon-
drial antiviral signalling protein (MAVS), which activates the tran-
scription factors IRF3 and IRF7. In addition to hepatocytes, type I IFN
signalling was also evident in myeloid cells and this process resulted in
the recruitment of lymphoid cells to the liver. These cells were often
found around infected hepatocytes but were not present in the absence
of this pathway indicating that the liver phase is not inert.29

Natural killer (NK) and natural killer T (NKT) cells are abundant in
the livers of humans and mice, and are ideally situated to interact
with malaria parasites and initiate liver-stage cell-mediated immunity.
NK cells increase in the liver following P. yoelii infection,30 and in vitro
studies show that they can inhibit the development of parasites in
hepatocytes but have no effect on the blood stage.30 NKT cells can also
have a direct effect on liver-stage parasites for a brief period upon
stimulation, as mice treated with α-GalCer, an NKT cell-specific
ligand, had reduced parasite rRNA compared with controls.31 Indeed,
NKT cell numbers increase in the liver after infection with high
numbers of attenuated P. yoelii parasites and can contribute to the
control of wild-type sporozoite infection 3 days later.32 Moreover,
NKT cells may contribute to CD8+ T-cell accumulation in the liver
after some forms of vaccination.31,33 However, radiation-attenuated
sporozoite (RAS)-vaccinated CD1d deficient mice, which lack
NKT cells, show similar protection rates to wild-type mice after
P. berghei sporozoite challenge,34 indicating NKT cells are not required
for protection under physiological conditions. Furthermore, CD1d
knockout mice or mice depleted of NKT cells display normal CD8+

T-cell responses following RAS vaccination indicating NKT cells do
not provide help to CD8+ T cells.35,36

Priming the adaptive immune system for liver-stage immunity
Given the poor ability of the steady-state innate immune system to
effectively control sporozoites, the adaptive arm of the immune system
must be triggered for long-lived protection. The first signs of T-cell
activation during natural infection are observed in the skin draining
lymph nodes (LN) 2 days after a mosquito blood meal.37 Sporozoites
can be detected in these LN by PCR as early as 6 h post inoculation18

and priming at this site enhances the intrahepatic immune response as
removal of the draining LN prior to inoculation reduces the number
of activated T cells in the liver by 2-fold.37 Antigen-specific CD8+

T cells tend to cluster around CD8+ dendritic cells (DC) but not
around CD11b+ DC after sporozoite infection,38 and restricting
antigen presentation to the skin draining LN reveals that T-cell
activation in the LN alone is sufficient to provide protection against
malaria.39 In these experiments, wild type and CD81− /− mice
(in which parasites cannot establish infection in the liver and hence
there is no direct antigen presentation in the liver) were vaccinated
with RAS. Following vaccination, splenocytes from these mice were
transferred into naïve recipients that were subsequently challenged
with sporozoites. All mice regardless of the source of donor cells were
protected from challenge thus T-cell priming in the LN is sufficient for
protection.39 In some circumstances, T-cell priming can also be
observed in the spleen and liver but this aligns with situations where
parasites are delivered intravenously (i.v) rather than via their natural
route.40,41

Extensive studies using transgenic mouse models have investigated
the role of liver cells in direct antigen presentation of parasite epitopes
to naïve CD8+ T cells as about 85% of sporozoites that leave the skin,
enter the blood stream and potentially reach the liver.42 Responding
transgenic circumsporozoite protein (CSP)-specific CD8+ T cells first
appear in the liver ~ 3 days after parasite exposure,37,40 suggesting

these cells are primed elsewhere and recirculate to the liver. In fact,
pretreating splenectomised mice with FTY720, a drug that blocks
lymphocyte egress from LNs, decreases transgenic T-cell numbers in
the liver by over 80%.37 Consistent with this data, lymphadenectomy
reduced T-cell numbers in the liver by over 60%, and when both LNs
and the spleen were removed the number of transgenic T cells in the
liver fell by 80%,37 suggesting the LNs are the major site of activation.
The small number of activated transgenic cells present in the liver in
splenectomised and lymphadenectomised mice were most likely
activated in situ by hepatocytes as CSP, the antigen recognised by
the transgenic T cells, can be degraded within hepatocytes and
presented on MHC class I molecules to CD8+ T cells, though it is
not cross-presented by these cells.43,44 Given the location of liver DC
around portal tracts, it is unlikely that naïve CD8+ T cells would have
access to this site and be primed by these cells.45 The role of KCs in
T-cell priming is less clear as these cells are readily accessible to naïve
T cells in the sinusoids, interact with the parasites prior to invasion of
hepatocytes25 and have elevated levels of MHC I postinfection.46

Further investigation will be required to determine if KCs can directly
activate parasite-specific CD8+ T cells in the liver or if they are killed
after exposure to sporozoites as suggested in one study.26 Combined,
these data indicate that skin draining LN are the major site of T-cell
priming after Plasmodium infection, with a smaller contribution by the
spleen and hepatocytes.
Following T-cell priming in skin draining LN, activated CD8+

T cells migrate to the liver and seek out parasites. A ‘liver homing’
marker has not been conclusively identified but this process may
involve CXCR6, as its ligand CXCL16 is highly expressed on liver
sinusoidal endothelial cells and has been implicated in the retention of
NKT cells in this organ.47 Transfer of CXCR6-deficient transgenic
T cells from ovalbumin-specific OT-I mice prior to vaccination with
RAS expressing SIINFEKL (the antigen recognised by OT-I cells)
results in a 75% reduction in T cell numbers in the liver at day 25.48

The small number of T cells in the liver at this stage may have been
retained by CXCR3 interactions as liver memory CD8+ T cells have
been found to express high levels of CXCR3 compared with splenic
populations. Bone marrow chimera studies revealed effector CD8+

T cells must recognise antigen on hepatocytes to eliminate the
parasites. KC and DC were not required for this process.37 In support
of this view, co-transfer of infected hepatocytes and effector
CSP-specific T cells into transporter associated with antigen processing
(TAP) knockout mice resulted in 100% protection,49 indicating that in
the absence of antigen presentation by APC of the recipient mice,
direct presentation by infected hepatocytes is sufficient for protection.
Combined, these data show that while bone marrow-derived cells

are required for the initial priming of parasite-specific CD8+ T cells,
effector T-cell reactivation in the liver is mediated by hepatocytes and
this process is essential for the elimination of the parasites.

PARASITE-SPECIFIC CD8+ T-CELL RESPONSES IN THE LIVER

The pivotal role of CD8+ T cells in protective immunity was first
demonstrated in the 1980s using mice vaccinated with RAS.50

Immunisation of this type induced sterile immunity but was lost when
CD8+ T cells were depleted from the T-cell repertoire.50–52 To achieve
sterile immunity, large numbers of parasite-specific CD8+ T cells are
required and it is estimated that these numbers are 100–1000-fold
higher than those that would be required for sterile immunity against
viral or bacterial pathogens.5,53 Why such large numbers are required
is not entirely clear but a prevailing view has been that it relates to the
very short duration of the liver stage, in which time every single
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infected hepatocyte must be eliminated or else overt blood-stage
malaria will ensue.
Naive CD8+ T cells are not well equipped to deal with sporozoites

due to their low frequency and lack of effector functions. In fact, naïve
CSP-specific transgenic CD8+ T-cell proliferation cannot be detected
until 2 days post infection41 and hence this population is unable to
amass significant numbers to fight the parasites within the 2-day time
frame required for parasites to egress from the liver, at least in mice.
Moreover, naive cells are unable to generate effector functions such as
IFN-γ until 24 h post infection or display cytotoxic activity until
48 h.41 By this time, the sporozoites have undergone massive replica-
tion and maturation in the murine liver and will soon progress to the
blood stage. If equivalent numbers of naïve CSP-specific CD8+ T cells
or activated/memory transgenic T cells are transferred into mice that
are later infected with P. yoelii sporozoites, only mice that receive
activated/memory cells display a reduction in parasite rRNA.41 These
results clearly show a requirement for activated/memory T cells for
protective immunity against malaria. Given the rapid induction of
effector functions by activated/memory CD8+ T cells (that is, IFN-γ+
after 4 h),37 it is likely that reactivation of these cells occurs within the
liver. In human infection, merozoites are not released into the
bloodstream until ~ 1 week postinfection so, perhaps, naïve parasite-
specific T cells could contribute to the anti-parasite immune response
in humans as they will have sufficient time to be primed, expand and
acquire effector functions.
Once activated, naïve CD8+ T cells can differentiate into short-lived

effector cells (SLEC) or memory precursor effector cells (MPEC).54,55

The decision to turn into a SLEC or MPEC depends on the
transcription factors the cell is expressing and the local
environment.54,56 Cells expressing T-bet and Blimp-1, or cells in the
presence of high levels of inflammation (IFN-γ or IL-12) will typically
develop into SLEC,57 while MPEC will develop under low inflamma-
tory conditions and these cells will express transcription factors
including Bcl-6, Id3 and Eomes.54,58–60 In addition to differing
transcription factor expression, SLEC and MPEC can be distinguished
based on the expression of cell surface proteins KLRG1 and CD127.61

SLEC express high levels of KLRG1 but lack CD127 and as their name
suggests these cells do not persist for long periods. Rather, these cells
are very good effectors producing large amounts of IFN-γ, perforin
and granzyme. MPEC are also capable of producing effector proteins
(IFN-γ, perforin, granzyme) but to a lesser extent than SLEC, and
these cells persist for long periods. Parasite-specific SLEC have been
observed in the spleen following P. yoelii infection and while the
number of these cells increases dramatically after infection, it declines
after clearance.62 In contrast, MPEC can be observed throughout the
infection and over time these cells develop into true memory T cells.62

Memory T cells provide long-term protection against their cognate
antigen. Upon antigen re-encounter, these cells rapidly gain effector
functions including cytokine production and lytic activity. Memory
T cells have traditionally been divided into 2 subsets based on the
expression of CD62L and CCR7: central memory T cells (TCM)
predominantly reside in lymphoid tissues and express high levels of
CD62L and CCR7 whereas effector memory T cells (TEM) express low
levels of these markers and can be found in the spleen and peripheral
tissues.63 Over the past decade, a third subset of memory T cells has
been identified termed tissue-resident memory T cells (TRM). TRM

have been found in a variety of tissues including gut, skin, female
reproductive tract, brain and kidney, and can be characterised by
their inability to recirculate as well as high expression of and low
KLRG1.64–66 CD103 expression has been observed on many of these
cells but its expression is not absolute.67,68

Central memory T cells
Little evidence supports a major role for central memory T cells in
protective immunity against malaria parasites. Following treatment
with RAS, parasite-specific TEM and TCM can be found in the liver,
with the majority of cells (96%) exhibiting a TEM phenotype.69

Functional analyses reveal TCM can produce IFN-γ after in vitro
stimulation but not to the same extent as TEM.

69 The ratio of TCM to
TEM appears to have a significant role in protection against malaria.
BALB/c mice are highly resistant to malaria, and following two
treatments with RAS generate high numbers of CSP-specific TEM.

70

In contrast, C57BL/6 (B6) mice, which are more susceptible to malaria
produce a higher proportion of CSP-specific TCM.

70 Similarly,
vaccination studies using adenoviral vectors and modified vaccinia
ANKARA (MVA) found mice receiving MVA expressing the multiple
epitope string and thrombospondin-related adhesion protein
(ME-TRAP) generated a large proportion of TCM but these mice
were not protected from malaria challenge.71 In contrast, mice
vaccinated with adenovirus (AdV) vectors expressing ME-TRAP
developed more TEM, and although these mice did not exhibit sterile
immunity, they displayed some level of protection after challenge.71

In addition to highlighting the limited role for TCM in protection
against malaria, these data also show that the choice of vaccine vector
can have a profound effect on the responding CD8+ T-cell population
and in turn the effectiveness of the vaccine.

Effector memory T cells
Effector memory T cells are ideally situated to respond to a malaria
challenge due to their recirculation through the liver and rapid
induction of effector functions. Large numbers of parasite-specific
CD8+ T cells are required for protection against malaria possibly
to ensure the small number of infected hepatocytes are found and
eliminated.5 BALB/c mice immunised with DC, coated with a
peptide from P. berghei CSP and boosted with Listeria monocytogenes
expressing the same peptide developed large numbers of memory
CD8+ T cells in the liver and spleen.5 Long-term protection was only
observed in mice when their parasite-specific T cells made up more
than 1% of the total peripheral blood CD8 T-cell population.5 Further
delineation of CD8+ T-cell subsets revealed protection was associated
with cells of a CD44high, CD45RBlow, CD62Llow and CD122low TEM

phenotype.70,72 Intravital microscopy studies of these mice using cell
tracker dyes or by injection of CD8α antibodies found the memory
CD8+ T cells in the liver had a higher velocity compared with naïve
CD8+ T cells and were amoeboid in shape. If these cells were purified
from the immunised mice and transferred into mice infected
with Plasmodium 2 days earlier, the transferred cells lost motility
potentially indicating their capacity to recognise Plasmodium antigens
in the liver.73

Tissue-resident memory cells
Tissue-resident memory T cells are a non-circulating population of
memory T cells that reside in non-lymphoid tissues and act as guards
against pathogens.64 Parabiosis experiments, where the circulatory
systems of two mice are joined, show a proportion of memory cells do
not recirculate and hence are resident.74,75 TRM display a unique
transcriptional76 and functional phenotype and may be distinguished
from other memory T-cell subsets by their expression of CD69,
a marker previously associated with recently activated T cells.64 High
expression of CD69 appears to be required for the retention of TRM in
their target tissue as signalling via this molecule is required for the
downregulation of sphingosine 1 phosphate (S1P) receptor.77 The S1P
gradients usually draw T cells out of tissues but high expression of
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CD69 and hence low expression of S1PR1 prevents egress.77 Low
expression of CCR7 on TRM is also required for retention in tissues76

as its ligands CCL19 and CCL21 will draw T cells to the LN and
spleen.
TRM found in all tissues express a unique transcriptional profile

characterised by high expression of CD244, cadherin 1 and 2, XCL1
and CTLA-4, and lack expression of Eomes.78 Until recently, a unique
transcription factor had not been identified for TRM but TRM

have now been shown to express the Blimp1 homologue
Hobit (Homologue of Blimp1 in T cells).79 The combined
loss of Blimp1 and Hobit prevents the formation of TRM in various
tissues including the liver as these transcription factors are required for
the downregulation of S1PR1, CCR7 and KLF2, and tissue
retention.79

TRM patrol their target tissue for cognate antigen, and in the skin,
for example, they extend dendrites in many directions.80

Skin-associated TRM are relatively slow-moving compared with
T cells in other sites but have the ability to produce IFN-γ and
granzyme B, so they are poised to respond to an immediate threat or
draw in cells from the circulation to provide added protection.81,82

TRM have recently been observed in the liver66,79,83 where they behave
differently from those in the skin. These cells are found in the blood
patrolling the sinusoids and are fast moving (10 μmmin− 1).83 Our
studies reveal that these liver TRM are essential for controlling
sporozoite infection in RAS-immunised mice.83

Due to the recent identification of this cell subset, much of the data
examining memory CD8+ T-cell responses in malaria infection will
have to be reinterpreted with this population in mind. Many studies
simply distinguished between CD44+ TCM and TEM based on CD62L
expression, but TRM, like TEM are CD62Llow, so we suggest memory T
cell subsets should be discriminated by additionally examining CD69
expression.78 TCM would be the only subset expressing CD62L and
TEM could be distinguished from TRM by their lack of expression of
CD69. In this scheme, TRM are at minimum CD44+, CD62L− and
CD69+ cells, and could also be distinguished from effector T cells by
their lack of expression of KLRG1.
TRM in most tissues are located separate from the vasculature84 so

given the highly vascularised nature of the liver and the large blood
volume passing through this organ, it was unclear if TRM cells could
differentiate and remain in the liver. Early studies using the adoptive
transfer of transgenic T cells into recipient mice vaccinated with RAS
identified novel gene transcripts expressed by memory T cells in the
liver85 and retention of these memory T cells in the liver depended on
the chemokine receptor CXCR6.48 Direct evidence that resident cells
could form in the liver, however, came from an LCMV model. The
LCMV immune chimeras were conjoined to naive mice via parabiosis
surgery and 1 month later ~ 50% of the LCMV-specific CD8+ T cells
in the liver parenchyma were found to be resident as they remained in
their original host, failing to recirculate to the parabiont partner.66

Using RAS vaccination, we have recently demonstrated a
requirement for TRM in protection from malaria challenge.83

CXCR6+CXCR3+ TRM (CD69+ CD62Llow) that remained within the
liver were generated in large numbers following vaccination and could
be observed patrolling the sinusoids, as revealed by two-photon
microscopy. Depletion of this subset using anti-CXCR3 antibodies
abrogated sterile protection, providing evidence that RAS vaccination
generates TRM and that these cells are essential for protection from
sporozoite challenge.83

MECHANISM OF PROTECTION BY CD8+ T CELLS

Protection requires MHC Class I expression on hepatocytes
Given the plethora of data indicating a vital role for CD8+ T cells in
malaria liver-stage immunity, it is still unclear how these cells mediate
protection and eliminate parasites and/or infected hepatocytes. Bone
marrow chimera studies show the elimination of parasites requires
close contact between the responding CSP-specific CD8+ T cells and
infected hepatocytes, as liver CD8+ T cells could not eliminate infected
hepatocytes expressing mismatched MHC.37 CD8+ T cells possess
several potential effector mechanisms that might control parasites,
including production of cytokines such as IFN-γ and tumour necrosis
factor (TNF)-α, or through direct lysis of infected hepatocytes by
perforin and granzymes.86

Role of cytokines, cytotoxic proteins and death receptors
IFN-γ has been shown to inhibit the liver-stage of disease50,51 as
injecting IFN-γ into mice can protect from challenge.87 Furthermore
immunising IFN-γ receptor knockout mice with RAS does not result
in protection.88 Studies analysing the response of endogenous parasite-
specific CD8+ T cells in wild type and IFN-γ− /− mice find expansion
of CD8+ T cells is similar after Plasmodium infection but contraction
of the T cells is attenuated in the knockout mice.89 Moreover, the
recruitment of CD8+ T cells to the lung, liver and brain is distorted
despite similar parasitemia.89 Some insight into the role of IFN-γ
produced by CD8+ T cells came through studies where BALB/c mice
received wild type or IFN-γ− /− CD8 T cells specific for CSP.90 The
mice were immunised with vaccinia virus expressing CSP and later
challenged with sporozoites. Both groups of mice displayed a similar
reduction in parasite load suggesting that IFN-γ is not required for
parasite control. It should be noted, however, that large numbers of
T cells were used for this study, which may not be biologically
relevant, so additional studies will need to be performed using T-cell
numbers that are more physiological.90 If the effects observed in mice
where IFN-γ was neutralised50 were not due to CD8+ T cells then it is
unclear which cell type is responsible for its production, but its effects
may be exerted by increasing the expression of MHC class I on
infected cells, enhancing recognition as targets.91 It may also synergise
with TNF-α to activate local macrophages (reviewed in ref. 92).
Elegant studies conducted by the Harty lab reveal that the role of

various cytokines and cytotoxic proteins in protection is heavily
influenced by the recipient mouse strain and the Plasmodium species
used.70,72 B6 and BALB/c mice show striking differences in their
response to RAS vaccination using P. berghei and P. yoelii sporozoites:
BALB/c mice are 100% protected from high-dose challenge following
vaccination with a single dose of P. berghei RAS.70 In contrast, the
same vaccination strategy results in no protection in B6 mice, which
need a booster dose to acquire protection.70 In both mouse strains,
memory CD8+ T cells exclusively mediate protection. Protection
against P. yoelii after immunisation with RAS is significantly lower
in BALB/c and B6 mice, which display 10 and 0% protection
respectively. Protection can be enhanced to 100% in BALB/c mice
by performing a second vaccination with P. yoelii RAS but this only
increases to 40% in B6 mice.70 The mechanism of protection by
memory CD8+ T cells against P. yoelii and P. berghei was studied in
prime-boost-vaccinated BALB/c mice deficient in IFN-γ, Perforin,
TRAIL or FasL, or in which TNF was neutralised.72 Neither perforin,
TRAIL nor FasL were required for protection against P. berghei ANKA
infection but a lack of IFN-γ resulted in a 50% reduction in protection
compared with wild-type mice; and TNF-α blockage diminished
protection by 40%.72 IFN-γ and TNF-α also contributed to protection
against challenge with P. yoelii sporozoites, as their absence resulted in
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a 35 and 85% decrease in protection, respectively. However, perforin
was also involved in protection against P. yoelii parasites, as its
deficiency diminished protection by 50%.72 These results indicate that
CD8+ T cells utilise multiple effector mechanisms for the elimination
of liver-stage malaria parasites, and that the relative contribution of
these mechanisms varies according to the infecting parasite species and
the host genetic background. This suggests that multifunctional T cells
able to mediate all three contributing effector mechanisms (IFN-γ,
TNF-α and cytotoxicity) may be the ideal goal of a vaccination.

Lack of bystander elimination of parasites
The introduction of intravital imaging has provided unique insight
into the behaviour of T cells in the liver following vaccination and/or
malaria challenge. Antigen-specific and non-specific cells cluster
around infected hepatocytes, suggesting that recognition of parasite
antigens by antigen-specific CD8+ T cells can lead to the development
of an inflammatory microenvironment and recruitment of other
T cells to the site of infection.93 The potential for bystander killing
of parasites was examined by injecting mice with two P. berghei strains,
only one of which would be recognised by adoptively transferred
transgenic T cells.94 CD8+ T cells did not kill the non-cognate parasite
suggesting bystander effects do not have a major role in parasite
control.94 It is unclear if CD8+ T cells can kill infected hepatocytes
while still located within the sinusoids, as seen in hepatitis B virus
(HBV) infection,15 or if they must extravasate across the endothelial
barrier. CD8+ T cells can interact with antigen expressing hepatocytes
by extending cytoplasmic projections through fenestrations in the
endothelial layer to form trans-endothelial hepatocyte-lymphocyte
interactions.7 These trans-endothelial hepatocyte–lymphocyte interac-
tions are likely sufficient to trigger the release of IFN-γ and TNF-α but
it is uncertain as to whether a complete immunological synapse forms
allowing the controlled and directed release of perforins and
granzymes to kill infected hepatocytes. Perhaps for CTL-mediated
killing, extravasation of the T cells is required to allow a more stable
interaction with the infected cell. Intravital imaging using fluorescently
tagged transgenic T cells and sporozoites will provide much needed
answers into the mechanism of parasite elimination in the liver.

TOWARDS AN EFFICACIOUS PRE-ERYTHROCYTIC MALARIA

VACCINE

Irradiated attenuated sporozoites represent one of the most effective
vaccination approaches for protecting rodents and humans against
Plasmodium infection.95,96 This approach relies heavily on CD8+

T cells50,51 (particularly TRM
83), which kill parasites within the liver,

but also utilizes antibody,50 which likely affects sporozoites during
their migration from the skin to the liver. There are a number of
logistical difficulties in developing an attenuated sporozoite vaccine,
including the need for sterile sporozoites and a requirement for
intravenous delivery,96,97 and while these impediments have not
precluded continued development of a clinically relevant sporozoite
vaccine (see below), they have led to alternative streams of subunit
vaccine development that may be more easily adapted to clinical use.
These subunit approaches may utilize either cellular and humoral
immunity or a combination of both to mediate their protection.
The first licensed malaria vaccine RTS,S is composed of HBV

surface antigen virus-like particles genetically fused to truncated
P. falciparum CSP. The CSP is a major surface protein expressed on
sporozoites and contains CD4+ and CD8+ T-cell epitopes98,99 as well
as B-cell epitopes recognised by neutralising antibodies.100 Efficacy of
the RTS.S vaccine has been largely correlated with anti-CSP antibody,
suggesting this is its major effector mechanism.101 The RTS,S Phase III

vaccine trial took place in seven African countries from May 2009.
Over 15 000 infants and young children were enrolled and received
either three doses of RTS,S 1 month apart, followed by a booster dose
18 months later, three doses of the vaccine followed by a booster
control vaccine, or only control vaccines.102 Two age categories were
established consisting of infants aged 6–12 weeks or young children
aged 5–17 months. The efficacy of the vaccine against clinical malaria
was lower in infants compared with young children, but was enhanced
by the administration of a booster dose in both age categories.103

Despite boosting, the efficacy waned over time but regardless of this
loss in efficacy the number of cases of clinical malaria was initially
reduced.103 A smaller follow-up study of children enrolled in the phase
II clinical trial was conducted 7 years after vaccination.104 Vaccine
efficacy continued to wane such that after 7 years it was only 4.4%.
In fact, in high exposure regions, malaria episodes were higher in the
RTS,S group than the control group in year 5.104 This malaria rebound
effect, where infection is merely delayed, may be due to the RTS,S
protecting children against sporozites but not blood stage. Although
initially protective, the study participants would develop natural
immunity slower than those receiving the control vaccine and hence
would be more likely to develop parasitemia over time. Further studies
will need to be performed as this follow-up was conducted on a small
group of individuals who received only 3 doses of the vaccine.104

Recombinant Adenoviruses (AdVs) have also shown promise as
potential malaria vaccines. Not only are these vectors relatively simple
to manufacture, they are cost-effective and can be easily stored.105

Moreover, AdVs have been shown in multiple settings to induce
robust CD8+ T-cell and antibody responses in part due to their ability
to trigger the innate immune system.106–108 Whether they induce liver
TRM, however, has not been addressed. Mice vaccinated with rAdV5
expressing CSP from P. falciparum developed similar numbers of
IFN-γ+ splenocytes compared with mice vaccinated with RTS,S,
although the source of this cytokine was not determined.109 Similarly,
antibody levels were equivalent between the two groups.109

Pre-existing immunity to AdV5 is common in malaria endemic
regions, so alternate AdV vectors including AdV35 are also being
trialled. AdV35 pre-existing immunity is less likely, but in immune
individuals AdV35 encoding P. falciparum CSP induced poor antibody
responses and limited CD8+ T-cell responses.110 Like AdV5, these
vectors induce IFN-γ and antibody responses equivalent to those
triggered by RTS,S in mice suggesting that these vectors may be
effective in individuals lacking pre-existing immunity.109 While
adenovirus-based vaccines have shown promise in animal models,
their efficacy in humans has been disappointing. A phase IIa trial using
a chimpanzee adenovirus (ChAdV63) and modified Vaccinia Ankara
(MVA) expressing ME-TRAP or CSP protected 3 of 14 volunteers111

in one study and produced sterile immunity in 13% of individuals in
another.112 T-cell responses were higher in those receiving
ChAdV63-ME-TRAP and MVA-ME-TRAP, and vaccinees were more
likely to develop sterile immunity but both vaccination strategies were
not very protective.112 Given the growing evidence that liver TRM are
important for protection against liver-stage parasites, it will be
interesting to see whether adenoviral vectors or MVA favour their
generation.

Whole-parasite vaccines
Vaccination approaches using whole sporozoites have been far more
successful than subunit vaccines such as RTS,S and have achieved
100% protection. This may in part be due to a wider range of
antigens being expressed by the whole parasite as opposed to one
protein expressed in a subunit vaccine, though effector mechanisms
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generated by whole sporozoites, particularly TRM,
48,83 may be critical.

Sporozoites can be attenuated by irradiation, genetically modified or
controlled by treatment with anti-blood-stage drugs, and these
vaccination approaches target distinct phases of the parasite life cycle.

Irradiated sporozoites. Attenuation of parasites using radiation was
first demonstrated in the 1960s as a viable option for malaria
vaccination in mice.95 Both the animal and human data indicate a
high possibility of developing an effective pre-erythrocytic vaccine as
humans, mice and non-human primates treated with RAS all develop
sterile immunity following sporozoite challenge.95,113,114 This protec-
tion wanes over time but can be restored by secondary or booster
vaccinations.115 Using this approach, it is vital that the RAS remain
viable enabling the parasites to infect hepatocytes as heat-killed
sporozoites that lack the capacity to infect hepatocytes do not provide
protection.116 Although this protective effect was first observed in the
1960s in mice95 and confirmed in humans a decade later,113 there is
limited data concerning the mechanistic requirements for immune
protection in man. The data from humans immunised intravenously
with RAS suggest the magnitude of antibody responses targeting the
parasite correlate with protection,96 but correlation is not evidence of a
functional role for this effector mechanism. As described above, RAS
immunization of mice leads to the expansion of CD8+ T cells that are
largely responsible for protection. Similarly, immunization of non-
human primates triggers the expansion of parasite-specific CD8+ T
cells.97 Thus, it is highly likely that this population of T cells also
contribute to RAS-mediated immunity in humans. An irradiated
sporozoite vaccine known as PfSPZ, generated through the large-scale
production of cryopreserved, aseptic irradiated sporozoites is currently
being tested in clinical trials.96,97,117 These sporozoites are attenuated
so that they cannot proceed past the late liver stage. Initial trials
showed that this vaccine was well tolerated, but only 2 of 44 volunteers
were protected against sporozoite challenge.97 This was thought to
be due to the subcutaneous and intradermal vaccination routes
used in the trial so additional studies were conducted in
non-human primates using the intravenous route. Vaccination via
this route induced long-lasting CD4+ and CD8+ sporozoite-specific
T-cell responses in the liver prompting another human trial using
PfSPZ, in this case delivered intravenously. All volunteers given five
doses of PfSPZ were protected from challenge 3 weeks after the final
vaccination as were 66% of the volunteers receiving four doses.96 The
durability of this vaccine was tested in an additional study, which used
a higher dose of PfSPZ.117 Vaccinees were challenged at 3 or 21 weeks
after receiving four doses of PfSPZ and 7/9 and 3/4 individuals were
protected respectively. Of those that remained parasite free, five were
rechallenged at 59 weeks and all were protected, resulting in a
cumulative vaccine efficacy of 55%.117 These results are encouraging
but may be difficult to achieve in the field as human trials indicate at
least 4 doses of 135 000 irradiated sporozoites are required for
protection. Generating sufficient numbers of irradiated, cryopreserved
sporozoites for a large proportion of the world’s population living in
endemic areas may not be feasible or indeed cost-effective, so alternate
whole-parasite vaccines are being investigated.

Drug-attenuated sporozoites. The use of drug-attenuated parasites was
first explored as a vaccination strategy in the 70s and 80s in rodent
malaria models.118,119 Using this approach, sporozoites can infect the
liver, develop into merozoites but are controlled at the blood stage
using anti-malarial drugs such as chloroquine. This allows the host
immune system to be exposed to many antigens expressed at various
stages of the parasite life cycle. Although this approach has been

very successful in animal models, it has only recently been tested
in humans. Ten volunteers were immunised three times with
P.falciparum by receiving bites from infected mosquitoes while
receiving chloroquine. All 10 volunteers developed sterile immunity
when challenged 8 weeks after the final immunisation,120 and of those
4 of 6 were still protected when challenged a second time 2 years
later.121 Analysis of immunity in the blood samples suggested
protection from challenge was linked to the induction of memory
CD4+ and CD8+ T cells that produced IFN-γ, TNF-α and IL-2 when
exposed to infected RBC. A second study implicated a role for CD4+

T cells in the blood and their expression of the degranulation
marker CD107a in protection as well as CD8+ T cells producing
Granzyme B.122 Intrahepatic immune responses were not analysed in
either of these studies.
Using drug-attenuated vaccines instead of RAS is advantageous as

only a few mosquito bites are required for protection (12–15 bites per
vaccination versus 1000 bites for RAS). Of the many anti-malarial
drugs available, only chloroquine and mefloquine have been used in
drug-attenuated malaria vaccination. Resistance to anti-malaria drugs
is widespread in endemic regions thus it will be necessary to assess
drug resistance in these areas before this approach can be employed.

Genetically attenuated sporozoites. Parasites can be attenuated
through deletion of genes that are required for liver-stage development
allowing priming of the immune system during the pre-erythrocytic
stages without progression to the erythrocytic stage. The use of
genetically attenuated parasites (GAP) as an effective vaccine was first
demonstrated in 2005 when sporozoites that lack the UIS3 gene,
which is required for early liver-stage development, completely
protected mice from sporozoite challenge.123 These data suggest the
use of GAPs that develop further in the liver stage, that is, late liver
phase, may generate more protective immune responses.124 This is
believed to be because late arresting parasites expose the immune
system to a broader range of antigens than those arrested in the early
part of the liver stage, allowing for a more diverse immune response
capable of targeting both the pre-erythrocytic and erythrocytic stages.
To develop a safe and effective GAP, there must be complete

attenuation in the liver. Candidate genes including UIS3, UIS4 and
P52 have all been deleted in murine Plasmodium strains and
vaccination with these GAPs has proven effective.123,125,126 Sporozoites
lacking both P52 and its relative P36 were the first GAP generated in
P. falciparum for use in human trials. Attenuation appeared complete
when volunteers received five bites from infected mosquitoes carrying
these GAPs but one volunteer became positive for blood-stage malaria
after receiving 200 bites, indicating that the mutant was not completely
attenuated.127 Continuing studies in mice have identified many more
gene targets for the production of GAPs but only one target has shown
promise for human trials due to its absolute attenuation in the liver.
GAPs lacking the sap1 gene are completely attenuated in the liver even
when given at extremely high doses as are triple knockout GAPs
lacking sap1, p52 and p36.128,129

The data generated in mouse models using GAPs have
demonstrated a requirement for the induction of CD8+ T-cell
responses to develop sterile immunity.130,131 Given the data
implicating TRM in RAS-induced immunity,83 it seems likely these
cells are also involved here. These parasite-specific CD8+ T cells appear
to protect using IFN-γ because a higher frequency of IFN-γ-producing
cells can be found in the livers of mice treated with GAPs compared
with mice treated with RAS, but a direct correlation between IFN-γ
production and sterile immunity has not been demonstrated.130
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Similar data obtained from humans treated with GAPs indicate a
potential role for IFN-γ produced by CD8+ and CD4+ T cells.127

CONCLUDING REMARKS

Mouse models have provided valuable insights into the requirements
for inducing and maintaining sterile immunity against malaria.
The need for large numbers of multifunctional (IFN-γ+, TNF-α+,
Perforin+) memory CD8+ T cells and the potentially important role of
liver-associated T cells is evident from multiple studies using different
transgenic T-cell populations, recipient mouse strains, Plasmodium
species and vaccination approaches. Moreover, these data are con-
sistent with many malaria vaccine trials conducted in humans. Thus, it
is essential that new malaria vaccines target the generation of these
T cells to maximize efficacy. Although it is not feasible to test the role
of specific T-cell populations in humans (via depletion for example) or
to directly assess interactions in the liver, it is vital that research
focuses on examining a link between the immune populations shown
to be important in rodent immunity to malaria and those required for
protection in humans.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

The authors wish to thank Ms Jessica Heath for drawing Figure 1.

1 WHO. World malaria report 2015. 2015 (ISBN: 978 92 4 156515 8).
2 Fairhurst RM. Understanding artemisinin-resistant malaria: what a difference a

year makes. Curr Opin Infect Dis 2015; 28: 417–425.
3 Crompton PD, Moebius J, Portugal S, Waisberg M, Hart G, Garver LS et al. Malaria

immunity in man and mosquito: insights into unsolved mysteries of a deadly infectious
disease. Annu Rev Immunol. 2014; 32: 157–187.

4 Coatney GR, Collins WE, Warren M, Contacos PG. The Primate Malarias: U.S. National
Institute of Allergy and Infectious Diseases: Bethesda, MD, USA, 1971.

5 Schmidt NW, Podyminogin RL, Butler NS, Badovinac VP, Tucker BJ, Bahjat KS et al.
Memory CD8 T cell responses exceeding a large but definable threshold provide
long-term immunity to malaria. Proc Natl Acad Sci USA. 2008; 105: 14017–14022.

6 Wick MJ, Leithauser F, Reimann J. The hepatic immune system. Crit Rev Immunol.
2002; 22: 47–103.

7 Warren A, Le Couteur DG, Fraser R, Bowen DG, McCaughan GW, Bertolino P.
T lymphocytes interact with hepatocytes through fenestrations in murine liver
sinusoidal endothelial cells. Hepatology 2006; 44: 1182–1190.

8 Wisse E, De Zanger RB, Charels K, Van Der Smissen P, McCuskey RS. The liver sieve:
considerations concerning the structure and function of endothelial fenestrae, the
sinusoidal wall and the space of Disse. Hepatology 1985; 5: 683–692.

9 Grisham JW, Nopanitaya W, Compagno J, Nagel AE. Scanning electron microscopy of
normal rat liver: the surface structure of its cells and tissue components. Am J Anat
1975; 144: 295–321.

10 McCuskey RS, Reilly FD. Hepatic microvasculature: dynamic structure and its
regulation. Semi Liver Dis. 1993; 13: 1–12.

11 MacPhee PJ, Schmidt EE, Groom AC. Intermittence of blood flow in liver sinusoids,
studied by high-resolution in vivo microscopy. Am J Physiol 1995; 269: G692–G698.

12 Bertolino P, Bowen DG, McCaughan GW, Fazekas De St Groth B. Antigen-specific
primary activation of CD8+ T cells within the liver. J Immunol 2001; 166:
5430–5438.

13 Bowen DG, Zen M, Holz L, Davis T, McCaughan GW, Bertolino P. The site of primary
T cell activation is a determinant of the balance between intrahepatic tolerance and
immunity. J Clin Invest 2004; 114: 701–712.

14 Holz LE, Benseler V, Bowen DG, Bouillet P, Strasser A, O'Reilly L et al. Intrahepatic
murine CD8 T-cell activation associates with a distinct phenotype leading to Bim-
dependent death. Gastroenterology 2008; 135: 989–997.

15 Guidotti LG, Inverso D, Sironi L, Di Lucia P, Fioravanti J, Ganzer L et al.
Immunosurveillance of the liver by intravascular effector CD8(+) T cells. Cell 2015;
161: 486–500.

16 Medica DL, Sinnis P. Quantitative dynamics of Plasmodium yoelii sporozoite
transmission by infected anopheline mosquitoes. Infect Immun 2005; 73:
4363–4369.

17 Kebaier C, Voza T, Vanderberg J. Kinetics of mosquito-injected Plasmodium
sporozoites in mice: fewer sporozoites are injected into sporozoite-immunized mice.
PLoS Pathog 2009; 5: e1000399.

18 Yamauchi LM, Coppi A, Snounou G, Sinnis P. Plasmodium sporozoites trickle out of
the injection site. Cell Microbiol 2007; 9: 1215–1222.

19 Frevert U, Sinnis P, Cerami C, Shreffler W, Takacs B, Nussenzweig V. Malaria
circumsporozoite protein binds to heparan sulfate proteoglycans associated with the
surface membrane of hepatocytes. J Exp Med 1993; 177: 1287–1298.

20 Tavares J, Formaglio P, Thiberge S, Mordelet E, Van Rooijen N, Medvinsky A et al.
Role of host cell traversal by the malaria sporozoite during liver infection. J Exp Med
2013; 210: 905–915.

21 Mota MM, Pradel G, Vanderberg JP, Hafalla JC, Frevert U, Nussenzweig RS et al.
Migration of Plasmodium sporozoites through cells before infection. Science 2001;
291: 141–144.

22 Pradel G, Frevert U. Malaria sporozoites actively enter and pass through rat Kupffer
cells prior to hepatocyte invasion. Hepatology 2001; 33: 1154–1165.

23 Frevert U, Engelmann S, Zougbede S, Stange J, Ng B, Matuschewski K et al. Intravital
observation of Plasmodium berghei sporozoite infection of the liver. PLoS Biol 2005;
3: e192.

24 Baer K, Roosevelt M, Clarkson AB Jr., van Rooijen N, Schnieder T, Frevert U. Kupffer
cells are obligatory for Plasmodium yoelii sporozoite infection of the liver. Cell
Microbiol 2007; 9: 397–412.

25 Cha SJ, Park K, Srinivasan P, Schindler CW, van Rooijen N, Stins M et al. CD68 acts
as a major gateway for malaria sporozoite liver infection. J Exp Med 2015; 212:
1391–1403.

26 Klotz C, Frevert U. Plasmodium yoelii sporozoites modulate cytokine profile and
induce apoptosis in murine Kupffer cells. Int J Parasitol 2008; 38: 1639–1650.

27 Baer K, Klotz C, Kappe SH, Schnieder T, Frevert U. Release of hepatic Plasmodium
yoelii merozoites into the pulmonary microvasculature. PLoS Pathog 2007; 3: e171.

28 Van Braeckel-Budimir N, Harty JT. CD8 T-cell-mediated protection against liver-stage
malaria: lessons from a mouse model. Front Microbiol 2014; 5: 272.

29 Liehl P, Zuzarte-Luis V, Chan J, Zillinger T, Baptista F, Carapau D et al. Host-cell
sensors for Plasmodium activate innate immunity against liver-stage infection.
Nat Med 2014; 20: 47–53.

30 Roland J, Soulard V, Sellier C, Drapier AM, Di Santo JP, Cazenave PA et al. NK cell
responses to Plasmodium infection and control of intrahepatic parasite development.
J Immunol 2006; 177: 1229–1239.

31 Gonzalez-Aseguinolaza G, de Oliveira C, Tomaska M, Hong S, Bruna-Romero O,
Nakayama T et al. alpha -galactosylceramide-activated Valpha 14 natural killer T cells
mediate protection against murine malaria. Proc Natl Acad Sci USA 2000; 97:
8461–8466.

32 Miller JL, Sack BK, Baldwin M, Vaughan AM, Kappe SH. Interferon-mediated innate
immune responses against malaria parasite liver stages. Cell Rep 2014; 7: 436–447.

33 Korten S, Anderson RJ, Hannan CM, Sheu EG, Sinden R, Gadola S et al. Invariant
Valpha14 chain NKT cells promote Plasmodium berghei circumsporozoite
protein-specific gamma interferon- and tumor necrosis factor alpha-producing CD8+

T cells in the liver after poxvirus vaccination of mice. Infect Immun 2005; 73:
849–858.

34 Romero JF, Eberl G, MacDonald HR, Corradin G. CD1d-restricted NK T cells are
dispensable for specific antibody responses and protective immunity against liver
stage malaria infection in mice. Parasite Immunol 2001; 23: 267–269.

35 Carvalho LH, Sano G, Hafalla JC, Morrot A, Curotto de Lafaille MA, Zavala F.
IL-4-secreting CD4+ T cells are crucial to the development of CD8+ T-cell responses
against malaria liver stages. Nat Med 2002; 8: 166–170.

36 Overstreet MG, Chen YC, Cockburn IA, Tse SW, Zavala F. CD4+ T cells modulate
expansion and survival but not functional properties of effector and memory CD8+

T cells induced by malaria sporozoites. PLoS One 2011; 6: e15948.
37 Chakravarty S, Cockburn IA, Kuk S, Overstreet MG, Sacci JB, Zavala F. CD8(+)

T lymphocytes protective against malaria liver stages are primed in skin-draining
lymph nodes. Nat Med 2007; 13: 1035–1041.

38 Radtke AJ, Kastenmuller W, Espinosa DA, Gerner MY, Tse SW, Sinnis P et al.
Lymph-node resident CD8alpha+ dendritic cells capture antigens from migratory
malaria sporozoites and induce CD8+ T cell responses. PLoS Pathog 2015; 11:
e1004637.

39 Obeid M, Franetich JF, Lorthiois A, Gego A, Gruner AC, Tefit M et al. Skin-draining
lymph node priming is sufficient to induce sterile immunity against pre-erythrocytic
malaria. EMBO Mol Med 2013; 5: 250–263.

40 Lau LS, Fernandez Ruiz D, Davey GM, de Koning-Ward TF, Papenfuss AT, Carbone FR
et al. Blood-stage Plasmodium berghei infection generates a potent, specific CD8+

T-cell response despite residence largely in cells lacking MHC I processing machinery.
J Infect Dis 2011; 204: 1989–1996.

41 Sano G, Hafalla JC, Morrot A, Abe R, Lafaille JJ, Zavala F. Swift development of
protective effector functions in naive CD8(+) T cells against malaria liver stages. J Exp
Med 2001; 194: 173–180.

42 Amino R, Thiberge S, Martin B, Celli S, Shorte S, Frischknecht F et al. Quantitative
imaging of Plasmodium transmission from mosquito to mammal. Nat Med 2006; 12:
220–224.

43 Bongfen SE, Torgler R, Romero JF, Renia L, Corradin G. Plasmodium berghei-infected
primary hepatocytes process and present the circumsporozoite protein to specific CD8
+ T cells in vitro. J Immunol 2007; 178: 7054–7063.

44 Cockburn IA, Tse SW, Radtke AJ, Srinivasan P, Chen YC, Sinnis P et al. Dendritic cells
and hepatocytes use distinct pathways to process protective antigen from plasmodium
in vivo. PLoS Pathog 2011; 7: e1001318.

45 Thomson AW, O'Connell PJ, Steptoe RJ, Lu L. Immunobiology of liver dendritic cells.
Immunol Cell Biol 2002; 80: 65–73.

Protective immunity to liver-stage malaria
LE Holz et al

8

Clinical & Translational Immunology



46 Steers N, Schwenk R, Bacon DJ, Berenzon D, Williams J, Krzych U. The immune
status of Kupffer cells profoundly influences their responses to infectious Plasmodium
berghei sporozoites. Eur J Immunol 2005; 35: 2335–2346.

47 Geissmann F, Cameron TO, Sidobre S, Manlongat N, Kronenberg M, Briskin MJ et al.
Intravascular immune surveillance by CXCR6+ NKT cells patrolling liver sinusoids.
PLoS Biol 2005; 3: e113.

48 Tse SW, Radtke AJ, Espinosa DA, Cockburn IA, Zavala F. The chemokine receptor
CXCR6 is required for the maintenance of liver memory CD8(+) T cells specific for
infectious pathogens. J Infect Dis 2014; 210: 1508–1516.

49 Balam S, Romero JF, Bongfen SE, Guillaume P, Corradin G. CSP–a model for in vivo
presentation of Plasmodium berghei sporozoite antigens by hepatocytes. PLoS One
2012; 7: e51875.

50 Schofield L, Villaquiran J, Ferreira A, Schellekens H, Nussenzweig R, Nussenzweig V.
Gamma interferon, CD8+ T cells and antibodies required for immunity to malaria
sporozoites. Nature 1987; 330: 664–666.

51 Weiss WR, Sedegah M, Beaudoin RL, Miller LH, Good MF. CD8+ T cells (cytotoxic/
suppressors) are required for protection in mice immunized with malaria sporozoites.
Proc Natl Acad Sci USA 1988; 85: 573–576.

52 Seguin MC, Klotz FW, Schneider I, Weir JP, Goodbary M, Slayter M et al. Induction
of nitric oxide synthase protects against malaria in mice exposed to irradiated
Plasmodium berghei infected mosquitoes: involvement of interferon gamma and
CD8+ T cells. J Exp Med 1994; 180: 353–358.

53 Schmidt NW, Butler NS, Harty JT. Plasmodium-host interactions directly influence the
threshold of memory CD8 T cells required for protective immunity. J Immunol 2011;
186: 5873–5884.

54 Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman J et al. Inflammation directs
memory precursor and short-lived effector CD8(+) T cell fates via the graded expression
of T-bet transcription factor. Immunity 2007; 27: 281–295.

55 Sarkar S, Kalia V, Haining WN, Konieczny BT, Subramaniam S, Ahmed R. Functional
and genomic profiling of effector CD8 T cell subsets with distinct memory fates. J Exp
Med 2008; 205: 625–640.

56 Obar JJ, Jellison ER, Sheridan BS, Blair DA, Pham QM, Zickovich JM et al.
Pathogen-induced inflammatory environment controls effector and memory CD8+ T
cell differentiation. J Immunol 2011; 187: 4967–4978.

57 Rutishauser RL, Martins GA, Kalachikov S, Chandele A, Parish IA, Meffre E et al.
Transcriptional repressor Blimp-1 promotes CD8(+) T cell terminal differentiation and
represses the acquisition of central memory T cell properties. Immunity 2009; 31:
296–308.

58 Intlekofer AM, Takemoto N, Wherry EJ, Longworth SA, Northrup JT, Palanivel VR et al.
Effector and memory CD8+ T cell fate coupled by T-bet and eomesodermin. Nat
Immunol 2005; 6: 1236–1244.

59 Yang CY, Best JA, Knell J, Yang E, Sheridan AD, Jesionek AK et al. The transcriptional
regulators Id2 and Id3 control the formation of distinct memory CD8+ T cell subsets.
Nat Immunol 2011; 12: 1221–1229.

60 Pipkin ME, Sacks JA, Cruz-Guilloty F, Lichtenheld MG, Bevan MJ, Rao A.
Interleukin-2 and inflammation induce distinct transcriptional programs
that promote the differentiation of effector cytolytic T cells. Immunity 2010; 32:
79–90.

61 Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, Ahmed R. Selective expression
of the interleukin 7 receptor identifies effector CD8 T cells that give rise to long-lived
memory cells. Nat Immunol 2003; 4: 1191–1198.

62 Chandele A, Mukerjee P, Das G, Ahmed R, Chauhan VS. Phenotypic and functional
profiling of malaria-induced CD8 and CD4 T cells during blood-stage infection with
Plasmodium yoelii. Immunology 2011; 132: 273–286.

63 Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of memory
T lymphocytes with distinct homing potentials and effector functions. Nature 1999;
401: 708–712.

64 Gebhardt T, Wakim LM, Eidsmo L, Reading PC, Heath WR, Carbone FR. Memory
T cells in nonlymphoid tissue that provide enhanced local immunity during infection
with herpes simplex virus. Nat Immunol 2009; 10: 524–530.

65 Mackay LK, Stock AT, Ma JZ, Jones CM, Kent SJ, Mueller SN et al. Long-lived
epithelial immunity by tissue-resident memory T (TRM) cells in the absence of
persisting local antigen presentation. Proc Natl Acad Sci USA 2012; 109:
7037–7042.

66 Steinert EM, Schenkel JM, Fraser KA, Beura LK, Manlove LS, Igyarto BZ et al.
Quantifying memory CD8 T cells reveals regionalization of immunosurveillance. Cell
2015; 161: 737–749.

67 Carbone FR, Mackay LK, Heath WR, Gebhardt T. Distinct resident and recirculating
memory T cell subsets in non-lymphoid tissues. Curr Opin Immunol 2013; 25:
329–333.

68 Carbone FR. Tissue-resident memory T cells and fixed immune surveillance in
nonlymphoid organs. J Immunol 2015; 195: 17–22.

69 Berenzon D, Schwenk RJ, Letellier L, Guebre-Xabier M, Williams J, Krzych U.
Protracted protection to Plasmodium berghei malaria is linked to functionally and
phenotypically heterogeneous liver memory CD8+ T cells. J Immunol 2003; 171:
2024–2034.

70 Schmidt NW, Butler NS, Badovinac VP, Harty JT. Extreme CD8 T cell requirements for
anti-malarial liver-stage immunity following immunization with radiation attenuated
sporozoites. PLoS Pathog 2010; 6: e1000998.

71 Reyes-Sandoval A, Wyllie DH, Bauza K, Milicic A, Forbes EK, Rollier CS et al. CD8+

T effector memory cells protect against liver-stage malaria. J Immunol 2011; 187:
1347–1357.

72 Butler NS, Schmidt NW, Harty JT. Differential effector pathways regulate memory CD8
T cell immunity against Plasmodium berghei versus P. yoelii sporozoites. J Immunol
2010; 184: 2528–2538.

73 Cabrera M, Pewe LL, Harty JT, Frevert U. In vivo CD8+ T cell dynamics in
the liver of Plasmodium yoelii immunized and infected mice. PLoS One 2013; 8:
e70842.

74 Klonowski KD, Williams KJ, Marzo AL, Blair DA, Lingenheld EG, Lefrancois L.
Dynamics of blood-borne CD8 memory T cell migration in vivo. Immunity 2004; 20:
551–562.

75 Jiang X, Clark RA, Liu L, Wagers AJ, Fuhlbrigge RC, Kupper TS. Skin infection
generates non-migratory memory CD8+ T(RM) cells providing global skin immunity.
Nature 2012; 483: 227–231.

76 Wakim LM, Woodward-Davis A, Liu R, Hu Y, Villadangos J, Smyth G et al. The
molecular signature of tissue resident memory CD8 T cells isolated from the brain.
J Immunol 2012; 189: 3462–3471.

77 Mackay LK, Braun A, Macleod BL, Collins N, Tebartz C, Bedoui S et al. Cutting edge:
CD69 interference with sphingosine-1-phosphate receptor function regulates
peripheral T cell retention. J Immunol 2015; 194: 2059–2063.

78 Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon ML et al. The
developmental pathway for CD103+CD8+ tissue-resident memory T cells of skin.
Nat Immunol 2013; 14: 1294–1301.

79 Mackay LK, Minnich M, Kragten NA, Liao Y, Nota B, Seillet C et al. Hobit and Blimp1
instruct a universal transcriptional program of tissue residency in lymphocytes.
Science 2016; 352: 459–463.

80 Zaid A, Mackay LK, Rahimpour A, Braun A, Veldhoen M, Carbone FR et al. Persistence
of skin-resident memory T cells within an epidermal niche. Proc Natl Acad Sci USA
2014; 111: 5307–5312.

81 Masopust D, Vezys V, Marzo AL, Lefrancois L. Preferential localization of effector
memory cells in nonlymphoid tissue. Science 2001; 291: 2413–2417.

82 Watanabe R, Gehad A, Yang C, Scott LL, Teague JE, Schlapbach C et al. Human skin
is protected by four functionally and phenotypically discrete populations of resident
and recirculating memory T cells. Sci Transl Med 2015; 7: 279ra239.

83 Fernandez-Ruiz D, Ng WY, Holz L, Ma J, Zaid A, Wong YC et al. Liver-resident memory
CD8+ T cells form a front-line defense against malaria liver-stage infection. Immunity
2016; 45: http://dx.doi.org/10.1016/j.immuni.2016.08.011.

84 Masopust D, Choo D, Vezys V, Wherry EJ, Duraiswamy J, Akondy R et al. Dynamic T
cell migration program provides resident memory within intestinal epithelium. J Exp
Med 2010; 207: 553–564.

85 Tse SW, Cockburn IA, Zhang H, Scott AL, Zavala F. Unique transcriptional profile of
liver-resident memory CD8+ T cells induced by immunization with malaria sporozoites.
Genes Immun 2013; 14: 302–309.

86 Janeway CA Jr., Travers P, Walport M, Shlomchik MJ. Immunobiology: The Immune
System in Health and Disease. 5 edn, Garland Science, New York, NY, USA. 2001.

87 Ferreira A, Schofield L, Enea V, Schellekens H, van der Meide P, Collins WE et al.
Inhibition of development of exoerythrocytic forms of malaria parasites by gamma-
interferon. Science 1986; 232: 881–884.

88 Tsuji M, Miyahira Y, Nussenzweig RS, Aguet M, Reichel M, Zavala F. Development of
antimalaria immunity in mice lacking IFN-gamma receptor. J Immunol 1995; 154:
5338–5344.

89 Villegas-Mendez A, de Souza JB, Murungi L, Hafalla JC, Shaw TN, Greig R et al.
Heterogeneous and tissue-specific regulation of effector T cell responses by
IFN-gamma during Plasmodium berghei ANKA infection. J Immunol 2011; 187:
2885–2897.

90 Chakravarty S, Baldeviano GC, Overstreet MG, Zavala F. Effector CD8+ T lymphocytes
against liver stages of Plasmodium yoelii do not require gamma interferon for
antiparasite activity. Infect Immun 2008; 76: 3628–3631.

91 Hokland M, Heron I, Berg K. Increased expression of beta 2-microglobulin
and histocompatibility antigens on human lymphoid cells induced by interferon.
J Interferon Res 1981; 1: 483–494.

92 Gordon S. Alternative activation of macrophages. Nat Rev 2003; 3: 23–35.
93 Bayarsaikhan G, Akbari M, Yui K, Amino R. Antigen-driven focal inflammatory death of

malaria liver stages. Front Microbiol 2015; 6: 47.
94 Cockburn IA, Tse SW, Zavala F. CD8+ T cells eliminate liver-stage Plasmodium berghei

parasites without detectable bystander effect. Infect Immun 2014; 82: 1460–1464.
95 Nussenzweig RS, Vanderberg J, Most H, Orton C. Protective immunity produced by the

injection of x-irradiated sporozoites of plasmodium berghei. Nature 1967; 216:
160–162.

96 Seder RA, Chang LJ, Enama ME, Zephir KL, Sarwar UN, Gordon IJ et al. Protection
against malaria by intravenous immunization with a nonreplicating sporozoite vaccine.
Science 2013; 341: 1359–1365.

97 Epstein JE, Tewari K, Lyke KE, Sim BK, Billingsley PF, Laurens MB et al. Live
attenuated malaria vaccine designed to protect through hepatic CD8(+) T cell
immunity. Science 2011; 334: 475–480.

98 Sedegah M, Kim Y, Ganeshan H, Huang J, Belmonte M, Abot E et al. Identification of
minimal human MHC-restricted CD8+ T-cell epitopes within the Plasmodium
falciparum circumsporozoite protein (CSP). Malaria J 2013; 12: 185.

99 Sinigaglia F, Guttinger M, Kilgus J, Doran DM, Matile H, Etlinger H et al. A malaria
T-cell epitope recognized in association with most mouse and human MHC class II
molecules. Nature 1988; 336: 778–780.

100 Kumar KA, Sano G, Boscardin S, Nussenzweig RS, Nussenzweig MC, Zavala F et al.
The circumsporozoite protein is an immunodominant protective antigen in irradiated
sporozoites. Nature 2006; 444: 937–940.

Protective immunity to liver-stage malaria
LE Holz et al

9

Clinical & Translational Immunology

http://dx.doi.org/10.1016/j.immuni.2016.08.011


101 Kester KE, Cummings JF, Ofori-Anyinam O, Ockenhouse CF, Krzych U, Moris P et al.
Randomized, double-blind, phase 2a trial of falciparum malaria vaccines
RTS,S/AS01B and RTS,S/AS02A in malaria-naive adults: safety, efficacy, and
immunologic associates of protection. J Infect Dis 2009; 200: 337–346.

102 Rts S. C. T. P. Efficacy and safety of RTS,S/AS01 malaria vaccine with or without a
booster dose in infants and children in Africa: final results of a phase 3, individually
randomised, controlled trial. Lancet 2015; 386: 31–45.

103 Olotu A, Fegan G, Wambua J, Nyangweso G, Awuondo KO, Leach A et al. Four-year
efficacy of RTS,S/AS01E and its interaction with malaria exposure. N Engl J Med
2013; 368: 1111–1120.

104 Olotu A, Fegan G, Wambua J, Nyangweso G, Leach A, Lievens M et al. Seven-year
efficacy of RTS,S/AS01 malaria vaccine among young African children. N Engl J Med
2016; 374: 2519–2529.

105 Vemula SV, Mittal SK. Production of adenovirus vectors and their use as a delivery
system for influenza vaccines. Expert Opin Biol Ther 2010; 10: 1469–1487.

106 Chuang I, Sedegah M, Cicatelli S, Spring M, Polhemus M, Tamminga C et al. DNA
prime/Adenovirus boost malaria vaccine encoding P. falciparum CSP and AMA1
induces sterile protection associated with cell-mediated immunity. PLoS One 2013;
8: e55571.

107 Gilbert SC, Schneider J, Hannan CM, Hu JT, Plebanski M, Sinden R et al. Enhanced
CD8 T cell immunogenicity and protective efficacy in a mouse malaria model using a
recombinant adenoviral vaccine in heterologous prime-boost immunisation regimes.
Vaccine 2002; 20: 1039–1045.

108 Reyes-Sandoval A, Rollier CS, Milicic A, Bauza K, Cottingham MG, Tang CK et al.
Mixed vector immunization with recombinant adenovirus and MVA can improve vaccine
efficacy while decreasing antivector immunity. Mol Ther 2012; 20: 1633–1647.

109 Shott JP, McGrath SM, Pau MG, Custers JH, Ophorst O, Demoitie MA et al. Adenovirus
5 and 35 vectors expressing Plasmodium falciparum circumsporozoite surface protein
elicit potent antigen-specific cellular IFN-gamma and antibody responses in mice.
Vaccine 2008; 26: 2818–2823.

110 Ouedraogo A, Tiono AB, Kargougou D, Yaro JB, Ouedraogo E, Kabore Y et al. A phase
1b randomized, controlled, double-blinded dosage-escalation trial to evaluate
the safety, reactogenicity and immunogenicity of an adenovirus type 35 based
circumsporozoite malaria vaccine in Burkinabe healthy adults 18 to 45 years of
age. PLoS One 2013; 8: e78679.

111 Ewer KJ, O'Hara GA, Duncan CJ, Collins KA, Sheehy SH, Reyes-Sandoval A et al.
Protective CD8+ T-cell immunity to human malaria induced by chimpanzee
adenovirus-MVA immunisation. Nat Commun 2013; 4: 2836.

112 Hodgson SH, Ewer KJ, Bliss CM, Edwards NJ, Rampling T, Anagnostou NA et al.
Evaluation of the efficacy of ChAd63-MVA vectored vaccines expressing
circumsporozoite protein and ME-TRAP against controlled human malaria infection
in malaria-naive individuals. J Infect Dis 2015; 211: 1076–1086.

113 Clyde DF, Most H, McCarthy VC, Vanderberg JP. Immunization of man against
sporozite-induced falciparum malaria. Am J Med Sci 1973; 266: 169–177.

114 Gwadz RW, Cochrane AH, Nussenzweig V, Nussenzweig RS. Preliminary studies on
vaccination of rhesus monkeys with irradiated sporozoites of Plasmodium knowlesi and
characterization of surface antigens of these parasites. Bull World Health Org 1979;
57: 165–173.

115 Nussenzweig RS, Vanderberg JP, Most H, Orton C. Specificity of protective immunity
produced by x-irradiated Plasmodium berghei sporozoites. Nature 1969; 222:
488–489.

116 Hafalla JC, Rai U, Morrot A, Bernal-Rubio D, Zavala F, Rodriguez A. Priming of CD8+ T
cell responses following immunization with heat-killed Plasmodium sporozoites. Eur J
Immunol 2006; 36: 1179–1186.

117 Ishizuka AS, Lyke KE, DeZure A, Berry AA, Richie TL, Mendoza FH et al. Protection
against malaria at 1 year and immune correlates following PfSPZ vaccination. Nat Med
2016; 22: 614–623.

118 Beaudoin RL, Strome CP, Mitchell F, Tubergen TA. Plasmodium berghei:
immunization of mice against the ANKA strain using the unaltered sporozoite as an
antigen. Exp Parasitol 1977; 42: 1–5.

119 Orjih AU, Cochrane AH, Nussenzweig RS. Comparative studies on the immunogenicity
of infective and attenuated sporozoites of Plasmodium berghei. Trans R Soc Trop Med
Hyg 1982; 76: 57–61.

120 Roestenberg M, McCall M, Hopman J, Wiersma J, Luty AJ, van Gemert GJ et al.
Protection against a malaria challenge by sporozoite inoculation. N Engl J Med 2009;
361: 468–477.

121 Roestenberg M, Teirlinck AC, McCall MB, Teelen K, Makamdop KN, Wiersma J et al.
Long-term protection against malaria after experimental sporozoite inoculation:
an open-label follow-up study. Lancet 2011; 377: 1770–1776.

122 Bijker EM, Teirlinck AC, Schats R, van Gemert GJ, van de Vegte-Bolmer M,
van Lieshout L et al. Cytotoxic markers associate with protection against malaria in
human volunteers immunized with Plasmodium falciparum sporozoites. J Infect Dis
2014; 210: 1605–1615.

123 Mueller AK, Labaied M, Kappe SH, Matuschewski K. Genetically modified
Plasmodium parasites as a protective experimental malaria vaccine. Nature 2005;
433: 164–167.

124 Butler NS, Schmidt NW, Vaughan AM, Aly AS, Kappe SH, Harty JT. Superior
antimalarial immunity after vaccination with late liver stage-arresting genetically
attenuated parasites. Cell Host Microbe 2011; 9: 451–462.

125 van Schaijk BC, Janse CJ, van Gemert GJ, van Dijk MR, Gego A, Franetich JF et al.
Gene disruption of Plasmodium falciparum p52 results in attenuation of malaria liver
stage development in cultured primary human hepatocytes. PLoS One 2008; 3:
e3549.

126 Mueller AK, Camargo N, Kaiser K, Andorfer C, Frevert U, Matuschewski K et al.
Plasmodium liver stage developmental arrest by depletion of a protein at the
parasite-host interface. Proc Natl Acad Sci USA 2005; 102: 3022–3027.

127 Spring M, Murphy J, Nielsen R, Dowler M, Bennett JW, Zarling S et al. First-in-human
evaluation of genetically attenuated Plasmodium falciparum sporozoites
administered by bite of Anopheles mosquitoes to adult volunteers. Vaccine 2013; 31:
4975–4983.

128 Aly AS, Mikolajczak SA, Rivera HS, Camargo N, Jacobs-Lorena V, Labaied M et al.
Targeted deletion of SAP1 abolishes the expression of infectivity factors
necessary for successful malaria parasite liver infection. Mol Microbiol 2008; 69:
152–163.

129 Mikolajczak SA, Lakshmanan V, Fishbaugher M, Camargo N, Harupa A, Kaushansky A
et al. A next-generation genetically attenuated Plasmodium falciparum parasite
created by triple gene deletion. Mol Ther 2014; 22: 1707–1715.

130 Jobe O, Lumsden J, Mueller AK, Williams J, Silva-Rivera H, Kappe SH et al.
Genetically attenuated Plasmodium berghei liver stages induce sterile protracted
protection that is mediated by major histocompatibility complex Class I-dependent
interferon-gamma-producing CD8+ T cells. J Infect Dis 2007; 196: 599–607.

131 Mueller AK, Deckert M, Heiss K, Goetz K, Matuschewski K, Schluter D. Genetically
attenuated Plasmodium berghei liver stages persist and elicit sterile protection
primarily via CD8 T cells. Am J Pathol 2007; 171: 107–115.

This work is licensed under a Creative Commons
Attribution 4.0 International License. The images or

other third party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in the credit
line; if the material is not included under the Creative Commons
license, userswill need to obtain permission from the license holder to
reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/

r The Author(s) 2016

Protective immunity to liver-stage malaria
LE Holz et al

10

Clinical & Translational Immunology

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Protective immunity to liver-stage malaria
	Introduction
	The architecture of the liver
	Malaria liver-stage infection
	Generating an immune response to liver-stage infection
	Innate immunity

	Figure 1 Sporozoites are introduced into the skin following a bite from an infected Anopheles mosquito and within a few hours migrate via the blood to the liver where they infect hepatocytes.
	Priming the adaptive immune system for liver-stage immunity

	Parasite-specific CD8+ T-�cell responses in the liver
	Central memory T�cells
	Effector memory T�cells
	Tissue-resident memory cells

	Mechanism of protection by CD8+ T�cells
	Protection requires MHC Class I expression on hepatocytes
	Role of cytokines, cytotoxic proteins and death receptors
	Lack of bystander elimination of parasites

	Towards an efficacious pre-erythrocytic malaria vaccine
	Whole-parasite vaccines
	Irradiated sporozoites
	Drug-attenuated sporozoites
	Genetically attenuated sporozoites


	Concluding remarks
	A9
	ACKNOWLEDGEMENTS



 
    
       
          application/pdf
          
             
                Protective immunity to liver-stage malaria
            
         
          
             
                Clinical & Translational Immunology ,  (2016). doi:10.1038/cti.2016.60
            
         
          
             
                Lauren E Holz
                Daniel Fernandez-Ruiz
                William R Heath
            
         
          doi:10.1038/cti.2016.60
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Official journal of the Australasian Society for Immunology Inc.
          10.1038/cti.2016.60
          2050-0068
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/cti.2016.60
            
         
      
       
          
          
          
             
                doi:10.1038/cti.2016.60
            
         
          
             
                cti ,  (2016). doi:10.1038/cti.2016.60
            
         
          
          
      
       
       
          True
      
   




