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While the liver and blood stages of the Plasmodium life cycle are commonly regarded as two separate
fields of malaria research, several studies have pointed towards the existence of a bidirectional cross-
talk, where one stage of mammalian infection may impact the establishment and progression of the
other. Despite the constraints in experimentally addressing concurrent liver and blood stage
Plasmodium infections, animal models and clinical studies have unveiled a plethora of molecular interac-
tions between the two. Here, we review the current knowledge on the reciprocal influence of hepatic and
erythrocytic infection by malaria parasites, and discuss its impacts on immunity, pathology and vaccina-
tion against this deadly disease.
� 2022 Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Malaria, a disease caused by Plasmodium parasites transmitted
through the bites of infected Anopheles mosquitoes, has been a
major threat to global health throughout history, and remains a
leading cause of death and disease across many tropical and sub-
tropical regions. According to the latest WHO World Malaria
Report, in 2020 malaria led to an estimated 241 million cases in
87 endemic countries, resulting in over 627,000 deaths globally
(WHO, 2020). Although efforts towards malaria control have sig-
nificantly reduced disease prevalence over the last two decades,
in recent years progress appears to have stalled or even reversed.
The recent coronavirus disease 2019 (COVID-19) pandemic consti-
tutes a further blow to the prospect of attaining the goals of the
WHO’s global technical strategy for malaria, which include a
reduction of at least 90% in malaria mortality and case incidence
rates globally by 2030 compared with 2015 (WHO, 2015). While
the exact impact of COVID-19 on malaria control efforts is hard
to predict, it has been convincingly argued that indirect effects of
the pandemic have the potential to seriously undermine the health
system in sub-Saharan Africa, resulting in increased incidence of
malaria, tuberculosis and HIV infections (Velavan et al., 2021). This
grim scenario increases the urgency to develop new tools to com-
bat malaria, an effort that demands an increased understanding of
both the disease and the biology of human infection by Plasmodium
parasites.
Of the six species of Plasmodium that infect humans, Plasmodium
falciparum and Plasmodium vivax present themost significant health
threats for the populations ofmalaria-endemic regions.Malaria par-
asites havebeenassociatedwith their hosts formillions of years, and
it has been argued that P. falciparum might have exerted greater
selective pressure on human evolution than any other pathogen
(Cowman et al., 2016). Throughout history, both parasites and hosts
have co-evolved complex host-parasite molecular interactions that
have shaped the host’s immune responses to infection and the par-
asite’s mechanisms to evade them, the development of sophisti-
cated cell invasion mechanisms, and the ability of intracellular
parasites to access nutrients (Su et al., 2020). A complete under-
standing of the multifaceted nature of these interactions remains
elusive, and is rendered even more challenging by the complexity
of the Plasmodium parasite’s life cycle. In this review,wewill discuss
the complex relations between the two stages of the mammalian
infection bymalaria parasites, as well as their impact on each other,
on pathology, and on vaccination against this devastating disease.

2. The Plasmodium life cycle

Plasmodium parasites alternate between female Anopheles mos-
quitoes, where they undergo both sexual and asexual replication
phases, and vertebrate hosts, where they go through two consecu-
tive stages of asexual development that occur inside two very dif-
ferent types of host cells. Briefly, the sexual forms of the parasite
ingested by a mosquito during a blood meal undergo a process of
sexual fusion followed by asexual replication, which culminates
in the generation of thousands of sporozoites that migrate to the
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mosquito’s salivary glands. Upon a subsequent blood meal, mos-
quitoes inject between a few dozen and a few hundred salivary
gland-resident, mammalian-infective sporozoites into the skin of
the vertebrate host. Injected sporozoites use gliding motility to
reach a blood vessel, and travel in the bloodstream until they reach
the liver sinusoids. Here, sporozoites traverse the endothelium to
gain access to the liver, where they cross Kupffer cells and traverse
several hepatocytes before productively invading one, with forma-
tion of a parasitophorous vacuole. These events mark the begin-
ning of the liver or hepatic stage of mammalian infection, an
obligatory yet clinically silent phase of the Plasmodium life cycle
that lasts between 2 and 3 days for rodent Plasmodium parasites,
and between 7 and 14 days depending on the human-infective
malaria parasite species. During this phase, the parasite undergoes
a process of extensive asexual replication that culminates in the
formation of tens of thousands of merozoites, which are eventually
released into the bloodstream (Prudêncio et al., 2006). Merozoite
release defines the initiation of the blood or erythrocytic stage of
infection, during which the Plasmodium parasites cyclically invade,
asexually replicate and burst red blood cells (RBCs), causing the
symptoms of disease. Sexual parasite forms that develop during
the blood stage of infection can be ingested by a feeding mosquito,
thus completing the cycle (Cowman et al., 2016). The study of the
intricate relationships between malaria parasites and their human
hosts presents obvious ethical and technical constraints. As such,
in vitro culture systems and, most importantly, rodent models of
infection have been used extensively to elucidate not only the fun-
damentals of the biology of Plasmodium parasites, but also key
aspects of the pathophysiology of infection and of the host’s immu-
nity against malaria parasites (Prudêncio et al., 2011).
3. Challenges to the investigation of the liver and blood stages
of Plasmodium infection

Over decades, the liver and blood stages of Plasmodium infection
have been viewed as somewhat self-enclosed entities, and the
investigation of one is more often than not carried out in the
absence of the other. While this can be partly explained by a
human tendency to compartmentalise knowledge (Leary and
Tangney, 2012), there are also historical and practical reasons
why that distinction is so often present in the laboratory. Used as
we are to viewing the life cycle of Plasmodium parasites in its
entirety, we may be forgiven for overlooking the fact that the dif-
ferent pieces that make up this complex puzzle became known
at very different times in history. Indeed, while the blood and mos-
quito forms of Plasmodium were first identified in the late nine-
teenth century, it was not until 1948 that malaria parasites were
first detected in the liver of a mammalian host (Arrow et al.,
2004). On the other hand, the tools available to experimentally
address the erythrocytic stages of malaria parasites differ signifi-
cantly from those accessible to study hepatic infection by Plasmod-
ium. In fact, while viable Plasmodium-infected red blood cells can
be preserved at low temperatures, and continuous cultures of
human blood stage malaria parasites have been possible since
1976 (Trager and Jensen, 1976), cryopreservation of Plasmodium
sporozoites remains challenging. In practice, this means that
whereas blood stages of malaria parasites for research purposes
are relatively easy to obtain, access to the sporozoites required to
investigate the liver stage of infection is largely restricted to labo-
ratories that host an Anopheles insectary and appropriate condi-
tions for experimental mosquito infections. Besides, the study of
liver stage Plasmodium infection is further challenged by its extre-
mely low infection rate compared with blood stage infection.
Finally, while the symptomatic nature of the erythrocytic infection
enables the collection of blood samples from infected patients, the
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study of liver infection depends almost exclusively on in vitro cul-
tures of suitable hepatic cells and on appropriate in vivo animal
models (Prudêncio et al., 2011; De Niz and Heussler, 2018). Thus,
it is not surprising that the two stages largely continue to be seen
as if they represent two distinct infections. However, an increasing
amount of evidence suggests that they may influence each other,
and that the outcome of infection may depend on the interactions
taking place between them.
4. Concomitant infections are the rule, not the exception

Although the two stages of Plasmodium development within the
mammalian host are sequential, with the infection of red blood cells
starting after the completion of the parasite’s developmental phase
in the liver, in endemic regions the chances of a host concomitantly
harbouring both the liver and the blood stages of infection are sub-
stantial. In fact, in high-transmission settings, concurrent infections
are likely the rule rather than the exception. Indeed,while the inten-
sity of malaria transmission can range from unstable epidemic
transmission to high perennial transmission – and can be charac-
terised by 100-fold differences in entomological measures of trans-
mission (or entomological inoculation rates, EIRs) – in regions of
high malaria transmission, individuals can be exposed to several
hundred infected mosquito bites per year (Robert et al., 2003). As
such, mosquitoes repeatedly transmit Plasmodium sporozoites to
individuals who already have ongoing infections. Interestingly, an
important but unexplained feature of epidemiological studies car-
ried out in highly endemic areas is that the simultaneous carriage
of various parasite genotypes at low asymptomatic parasitemias is
frequently seen in older children but rarely seen in infants
(Molineaux and Gramiccia, 1980; Owusu-Agyei et al., 2002; Mayor
et al., 2003; Sama et al., 2006). Moreover, the incidence of infection
in young children initially increases with age, before it declines as a
result of acquired immunity (Molineaux andGramiccia, 1980; Sama
et al., 2006). That being the case, why are mixed infections not fre-
quently observed in younger, less immune children, who ought to
be prone to sequential infections?

Confronted by this question, we previously investigated the
impact of an ongoing blood stage infection on a concurrent liver
infection. By using rodent models of Plasmodium infection, we
showed that ongoing blood stage infections impair the growth of
concurrently inoculated Plasmodium berghei sporozoites such that
they become growth-arrested in liver hepatocytes and fail to
develop into blood stage parasites (Portugal et al., 2011). This
impairment is transient in nature and independent of the Plasmod-
ium species, but only occurs above a certain threshold of blood par-
asite density. This phenomenon has some resemblance with those
described for quorum-sensing in bacteria (Mukherjee and Bassler,
2019). In the case of Plasmodium infections, the blood stage is able
to protect its niche from the threat of new infections or superinfec-
tion (Portugal et al., 2011). Notably, mathematical modelling
showed that this effect is dependent on the transmission intensity
and is most prominent under moderate-to-high transmission set-
tings, as observed in epidemiological studies (Molineaux and
Gramiccia, 1980; Owusu-Agyei et al., 2002; Mayor et al., 2003;
Sama et al., 2006). This strongly suggests that the probability of a
new Plasmodium infection occurring in humans is also dependent
on the level of the peripheral blood parasitaemia. As such, we pro-
posed that blood stage density-dependent inhibition of new liver
stage infections alone can explain the changes in infection risk
and complexity of infections in young individuals observed in the
field (Portugal et al., 2011).

Prevention of superinfection by ongoing blood stage infections
might have direct implications in protection of the host. The Plas-
modium parasites that initially infect the blood protect their niche,
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possibly attempting to ensure transmission on a first-come-first-
served basis. Thus, the host’s immune system would only have to
fight infections by parasites with lower genetic diversity, raising
the chances of eliminating the circulating infected RBCs and clearing
infection, and thereby increasing the host’s chances of survival. This
is particularly relevant for non-immune individuals, typically the
younger ones in endemic regions. In older, semi-immune children,
the risk of severe disease decreases and, as circulating parasitaemia
is also lower, the complexity of blood stage infections increases.
Indeed, it has also been reported that superinfections aremuchmore
frequentlyobservedamongasymptomatic carriers -whohave lower
peripheral blood parasitaemias and thus are probably below our
proposed threshold of protection – than in clinical cases (Al-
Yaman et al., 1997). Plasmodium has co-evolved with mammals for
millions of years, andmechanisms such as protection from superin-
fection seem to have been selected to benefit both the host and the
incumbent pathogen by maintaining parasite density at levels that
are not life threatening before acquired immunity takes up its role.
5. The impact of the blood stage of Plasmodium infection on
pre-erythrocytic malaria vaccination

The obligatory but asymptomatic nature of the liver stage of
Plasmodium infection makes it an ideal target for vaccination
against malaria, including the subunit vaccine RTS,S, based on
the P. falciparum circumsporozoite protein (CSP), recently endorsed
by the Word Health Organisation (WHO, 2015, 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, Doi: 10.1016/S0140-
6736(15)60721-8). A promising alternative to subunit vaccines
can be found in whole-sporozoite (Wsp) immunisation, which
relies on the generation of immune protection against pre-
erythrocytic parasite stages following immunisation with Plasmod-
ium sporozoites under conditions that prevent the appearance of
clinical symptoms. This includes radiation-attenuated sporozoites
(RAS) (Seder et al., 2013), genetically attenuated parasites (GAP)
(Roestenberg et al., 2020), immunisation with infective sporozoites
in combination with chemoprophylaxis (CPS) (Roestenberg et al.,
2009), and genetically modified rodent P. berghei sporozoites
expressing human Plasmodium antigens (Reuling et al., 2020).

PfSPZ-CVac is a form of CPS vaccination in which replication-
intact, cryopreserved, P. falciparum sporozoites manufactured by
Sanaria, Inc. (USA) are administered with concurrent administra-
tion of antimalarial chemoprophylaxis (Bastiaens et al., 2016). Vac-
cination with PfSPZ-CVac was shown to be highly protective
against homologous (Mordmüller et al., 2017) and heterologous
(Sulyok et al., 2021) controlled human malaria infection (CHMI)
in malaria-naïve volunteers, but was somewhat less effective
against homologous CHMI in African vaccinees (Jongo et al.,
2021). Whether and to what exact extent the poorer performance
of Wsp vaccines in malaria-endemic regions compared with that
observed in healthy volunteers in Europe and in the USA can be
explained by an interaction between blood stage infection and vac-
cination remains to be fully understood. Nevertheless, it has been
noted that parasitemia prior to immunisation does appear to neg-
atively impact Wsp vaccine responsiveness (Mo et al., 2020),
although it has also been argued that the explanation may reside
in the skewing of the hosts’ immune status in malaria-endemic
regions due to chronic immune stimulation and immune exhaus-
tion (Mo et al., 2020). Crucially, the efficacy of PfSPZ-CVac immuni-
sation against malaria was recently shown to decrease from 75% to
0% when the vaccine was administered in the presence of erythro-
cytic stage parasites (Murphy et al., 2021). The authors conclude
that the blood stage of infection has a negative impact on the for-
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mation of pre-erythrocytic immunity, and hypothesise that the pri-
mary effector mechanism might reside in liver-resident CD8+ T
cells (Murphy et al., 2021). Of note, it has been shown in rodent
models that Plasmodium blood stage infection affects the matura-
tion of dendritic cells (DCs) and suppresses CD8+ T cell immune
responses, leading to the inability of mice infected with blood stage
Plasmodium yoelii to initiate a CD8+ T cell response when immu-
nised with irradiated P. yoelii sporozoites (Ocaña-Morgner et al.,
2003). The authors attribute this to a functional dysregulation of
dendritic cells (DCs) that occurs when they encounter Plasmodium-
infected erythrocytes in the blood and spleen, and leads to the
secretion of suppressive factors that inhibit the activation of circu-
lating CD8+ T cells (Ocaña-Morgner et al., 2003).

Similarly, the implementation of RTS,S vaccination programmes
must consider the seasonality of malaria transmission. In fact, it is
interesting to note that R21/MM, another CSP-based subunit pre-
erythrocytic vaccine candidate, displayed a remarkable 77% efficacy
in a recent clinical study in Burkina Faso when the primary vaccina-
tion series was administered before themalaria season (Datoo et al.,
2021). However, as noted byMoorthy and Binka (2021),while this is
higher than many of the published RTS,S studies, there is no direct
comparison between vaccinations timed to occur with the begin-
ning of each malaria season, leaving the question of superiority lar-
gely unanswered. This raises the possibility that RTS,S vaccine
efficacy might be increased by this immunisation schedule in sea-
sonal areas, an hypothesis that is currently under investigation
(Chandramohan et al., 2020). This reciprocal influence may have
several implications for the design of clinical trials and for interven-
tions aimedatmalariaprevention. As such, the immunisationsched-
ules employed in future pre-erythrocytic vaccine trials in endemic
areas should take into account the impact of blood stage Plasmodium
infectionon the candidate’s protectiveefficacy (Murphyet al., 2021).

Additionally, non-immune effects exerted by the blood stage of
infection on the development of pre-erythrocytic stage immunity
may also be considered. In rodents, a metabolic imbalance due to
an ongoing blood stage infection restrains parasite control by hin-
dering germinal centre responses, which can be partially restored
upon dietary supplementation with L-glutamine (Vijay et al.,
2020). Reduced serum levels of this amino acid during the acute
phase of Plasmodium erythrocytic infection in humans correlate
with poorer infection outcomes (Cordy et al., 2019). It is, therefore,
reasonable to speculate that alterations in the nutritional status of
infected humans in malaria-endemic areas (Friedman et al., 2003;
Alexandre et al., 2015) may hinder protective humoral responses
not only against blood stage Plasmodium forms but also against hep-
atotropic parasites in an immunisation setting, and even during nat-
ural transmission.While the impact of blood stage parasites on pre-
erythrocytic immunitymay result froma complexmix of innate and
adaptive immune factors (Murphy et al., 2021), the observations
outlined above further support the notion that the erythrocytic
phase ofmammalian infection by Plasmodium exerts amarked influ-
ence ona concurrent liver infectionby this parasite. Thismaybepar-
ticularly relevant inmoderate-to-high transmission settings, where
a previously infected host is likely to be exposed to an infectious
mosquito bite, as well as in the context of pre-erythrocytic vaccina-
tion of individuals in endemic regions,whomayharbour blood stage
parasites during the immunisation process.
6. Does the liver stage of Plasmodium infection impact the
outcome of malaria?

The fact that the liver stage of Plasmodium infection is symp-
tomatically silent and takes place in an immune-privileged organ
(Kubes and Jenne, 2018) sustained for many years the perception
that this phase of the parasite’s life cycle, crucial for its successful



Ângelo Ferreira Chora, M.M. Mota and M. Prudêncio International Journal for Parasitology 52 (2022) 711–715
establishment under natural conditions, was also immunologically
silent. However,wenowknowthat this is not the case. Small inflam-
matory foci, mostly composed of myeloid cells of the macrophage
and neutrophil lineages, have been observed surrounding infected
hepatocytes in mice infected with rodent malaria parasites (Khan
and Vanderberg, 1991; Van De Sand et al., 2005; Epiphanio et al.,
2008). Importantly, exuberant accumulation of immunocompetent
cells hamper productive liver stage infections in the absence of host
anti-inflammatory factors, such as heme oxygenase-1 (Epiphanio
et al., 2008). This protective response is orchestrated, at least in part,
by the cytoplasmatic RNA sensor Mda5, the adaptor molecule Mavs
and the transcription factors Irf3 and Irf7 (Liehl et al., 2014). The
resulting production of type I interferons (IFNs) propagates the
innate immune response in an autocrine and paracrine manner,
resulting in the recruitment of natural killer (NK) and NK T cells
(Liehl et al., 2014; Miller et al., 2014).

The host’s ability to sense Plasmodium hepatic infection and
mount an immune protective response to limit it opens the possibil-
ity that such a response may pre-condition the host’s immunity to
the ensuing blood stage of infection. In fact, both host and parasite
factors have been identified that alter the course and outcome of
experimental infections initiated by the natural route (i.e., adminis-
tration of sporozoites) or transfusion of infected RBCs (Ribot et al.,
2019; Sato et al., 2019), suggesting that such cross-talk between
both stages of the parasite’s development does indeed occur.

Furthermore, evidence suggests that the influence of the liver
stageof infectionon theensuingerythrocytic stageof parasitedevel-
opment may also impact the immune response to the latter and,
thereby, its associated pathology. Throughout the parasite’s devel-
opment within the hepatocyte, monocyte-derived dendritic cells
infiltrate the infected liver and present antigens that directly stimu-
late Plasmodium-specific CD8+ T cells (Kurup et al., 2019). The fact
that hepatic and erythrocytic merozoites have highly comparable
protein expression profiles (Shears et al., 2019) raises the possibility
that primingandactivationof effectorCD8+ andCD4+T lymphocytes
against hepatic late-stage antigens may result in cross-stage
immune adaptive responses (Lau et al., 2014; Müller et al., 2017;
Fernandes et al., 2018), thus biasing the progression of the ensuing
blood stage of infection. Indirect evidence supporting this notion is
provided by the observation that immunisation with late liver
stage-arresting parasites provides relevant protection following
challenge with erythrocytic parasite forms (Butler et al., 2011;
Vaughan et al., 2018). However, whether such mechanisms are at
play during natural infections remains to be established.

7. Conclusions

While the liver and blood stages ofmammalian infection by Plas-
modium are commonly regarded as two separate fields of malaria
research, the possibility of a bi-directional interaction where one
stage may impact the establishment and progression of the other
bears important implications in terms of infection, immunity and
pathology. From our standpoint, this warrants the detailed investi-
gation of other host-mediated processes that may dictate the recip-
rocal influence of the hepatic and erythrocytic stages of the
Plasmodium life cycle within the same host. Such knowledge would
potentially bear profound implications for not only our understand-
ing of the epidemiology of malaria, but also for the development of
novel strategies aimed at controlling infection and reducing disease
burden.

Acknowledgements

The authors acknowledge the present and former members of
the laboratories of M.M. Mota and M. Prudêncio for many useful
discussions on the subject matter of this review article.
714
References

Al-Yaman, F., Genton, B., Reeder, J.C., Anders, R.F., Smith, T., Alpers, M.P., 1997.
Reduced risk of clinical malaria in children infected with multiple clones of
Plasmodium falciparum in a highly endemic area: A prospective community
study. Trans. R. Soc. Trop. Med. Hyg. 91, 602–605. https://doi.org/10.1016/
S0035-9203(97)90046-8.

Alexandre, M.A.A., Benzecry, S.G., Siqueira, A.M., Vitor-Silva, S., Melo, G.C., Monteiro,
W.M., Leite, H.P., Lacerda, M.V.G., Alecrim, M. das G.C., 2015. The association
between nutritional status and malaria in children from a rural community in
the Amazonian Region: A longitudinal study. PLoS Negl. Trop. Dis. 9. https://doi.
org/10.1371/journal.pntd.0003743.

Arrow, K.J., Panosian, C., Gelband, H., 2004. Saving Lives, Buying Time: Economics of
Malaria Drugs in an Age of Resistance, Institute of Medicine (US) Committee on
the Economics of Antimalarial Drugs. National Academies Press (US),
Washington. https://doi.org/10.17226/11017.

Bastiaens, G.J.H., VanMeer,M.P.A., Scholzen, A., Obiero, J.M., Vatanshenassan,M., Van
Grinsven, T., Lee Sim, B.K., Billingsley, P.F., James, E.R., Gunasekera, A., Bijker, E.M.,
Van Gemert, G.J., Van De Vegte-Bolmer, M., Graumans, W., Hermsen, C.C., De
Mast, Q., Van Der Ven, A.J.A.M., Hoffman, S.L., Sauerwein, R.W., 2016. Safety,
immunogenicity, and protective efficacy of intradermal immunization with
aseptic, purified, cryopreserved Plasmodium falciparum sporozoites in volunteers
under chloroquine prophylaxis: A randomized controlled trial. Am. J. Trop. Med.
Hyg. 94, 663–673. https://doi.org/10.4269/ajtmh.15-0621.

Butler, N.S., Schmidt, N.W., Vaughan, A.M., Aly, A.S., Kappe, S.H.I., Harty, J.T., 2011.
Superior antimalarial immunity after vaccination with late liver stage-arresting
genetically attenuated parasites. Cell Host Microbe 9, 451–462. https://doi.org/
10.1016/j.chom.2011.05.008.

Chandramohan, D., Dicko, A., Zongo, I., Sagara, I., Cairns, M., Kuepfer, I., Diarra, M.,
Tapily, A., Issiaka, D., Sanogo, K., Mahamar, A., Sompougdou, F., Yerbanga, S.,
Thera, I., Milligan, P., Tinto, H., Ofori-Anyinam, O., Ouedraogo, J.B., Greenwood,
B., 2020. Seasonal malaria vaccination: Protocol of a phase 3 trial of seasonal
vaccination with the RTS, S/AS01 e vaccine, seasonal malaria chemoprevention
and the combination of vaccination and chemoprevention e035433 BMJ Open
10. https://doi.org/10.1136/bmjopen-2019-035433.

Cordy, R.J., Patrapuvich, R., Lili, L.N., Cabrera-Mora, M., Chien, J.-T., Tharp, G.K.,
Khadka, M., Meyer, E.V.S., Lapp, S.A., Joyner, C.J., Garcia, A.P., Banton, S., Tran, V.
L., Luvira, V., Rungin, S., Saeseu, T., Rachaphaew, N., Pakala, S.B., DeBarry, J.D.,
Kissinger, J.C., Ortlund, E.A., Bosinger, S.E., Barnwell, J.W., Jones, D.P., Uppal, K.,
Li, S., Sattabongkot, J., Moreno, A., Galinski, M.R., 2019. Distinct amino acid and
lipid perturbations characterize acute versus chronic malaria e125156 JCI
Insight 4 (9). https://doi.org/10.1172/jci.insight.125156.

Cowman, A.F., Healer, J., Marapana, D., Marsh, K., 2016. Malaria: Biology and
disease. Cell 167, 610–624. https://doi.org/10.1016/j.cell.2016.07.055.

Datoo, M.S., Natama, M.H., Somé, A., Traoré, O., Rouamba, T., Bellamy, D., Yameogo,
P., Valia, D., Tegneri, M., Ouedraogo, F., Soma, R., Sawadogo, S., Sorgho, F., Derra,
K., Rouamba, E., Orindi, B., Ramos Lopez, F., Flaxman, A., Cappuccini, F., Kailath,
R., Elias, S., Mukhopadhyay, E., Noe, A., Cairns, M., Lawrie, A., Roberts, R., Valéa,
I., Sorgho, H., Williams, N., Glenn, G., Fries, L., Reimer, J., Ewer, K.J., Shaligram, U.,
Hill, A.V.S., Tinto, H., 2021. Efficacy of a low-dose candidate malaria vaccine, R21
in adjuvant Matrix-M, with seasonal administration to children in Burkina Faso:
a randomised controlled trial. Lancet 397, 1809–1818. https://doi.org/10.1016/
S0140-6736(21)00943-0.

De Niz, M., Heussler, V.T., 2018. Rodent malaria models: insights into human
disease and parasite biology. Curr. Opin. Microbiol. 46, 93–101. https://doi.org/
10.1016/j.mib.2018.09.003.

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, 2015. Lancet 386, 31–45. https://doi.org/
10.1016/S0140-6736(15)60721-8

Epiphanio, S., Mikolajczak, S.A., Gonçalves, L.A., Pamplona, A., Portugal, S.,
Albuquerque, S., Goldberg, M., Rebelo, S., Anderson, D.G., Akinc, A.,
Vornlocher, H.P., Kappe, S.H.I., Soares, M.P., Mota, M.M., 2008. Heme
oxygenase-1 is an anti-inflammatory host factor that promotes murine
Plasmodium liver infection. Cell Host Microbe 3, 331–338. https://doi.org/
10.1016/j.chom.2008.04.003.

Fernandes, P., Howland, S.W., Heiss, K., Hoffmann, A., Hernández-Castañeda, M.A.,
Obrová, K., Frank, R., Wiedemann, P., Bendzus, M., Rénia, L., Mueller, A.K., 2018.
A plasmodium cross-stage antigen contributes to the development of
experimental cerebral malaria. Front. Immunol. 9, 1875. https://doi.org/
10.3389/fimmu.2018.01875.

Friedman, J.F., Kurtis, J.D., Mtalib, R., Opollo, M., Lanar, D.E., Duffy, P.E., 2003. Malaria
is related to decreased nutritional status among male adolescents and adults in
the setting of intense perennial transmission. J. Infect. Dis. 188, 449–457.
https://doi.org/10.1086/376596.

Jongo, S.A., Urbano, V., Church, L.W.P., Olotu, A., Manock, S.R., Schindler, T., Mtoro,
A., Kc, N., Hamad, A., Nyakarungu, E., Mpina, M., Deal, A., Bijeri, J.R., Ondo
Mangue, M.E., Ntutumu Pasialo, B.E., Nguema, G.N., Owono, S.N., Rivas, M.R.,
Chemba, M., Kassim, K.R., James, E.R., Stabler, T.C., Abebe, Y., Saverino, E., Sax, J.,
Hosch, S., Tumbo, A.-M., Gondwe, L., Segura, J.L., Falla, C.C., Phiri, W.P., Hergott,
D.E.B., García, G.A., Schwabe, C., Maas, C.D., Murshedkar, T., Billingsley, P.F.,
Tanner, M., Ayekaba, M.O., Sim, B.K.L., Daubenberger, C., Richie, T.L., Abdulla, S.,
Hoffman, S.L., 2021. Immunogenicity and protective efficacy of radiation-
attenuated and chemo-attenuated PfSPZ vaccines in equatoguinean adults. Am.
J. Trop. Med. Hyg. 104 (1), 283–293.

https://doi.org/10.1016/S0035-9203(97)90046-8
https://doi.org/10.1016/S0035-9203(97)90046-8
https://doi.org/10.1371/journal.pntd.0003743
https://doi.org/10.1371/journal.pntd.0003743
https://doi.org/10.17226/11017
https://doi.org/10.4269/ajtmh.15-0621
https://doi.org/10.1016/j.chom.2011.05.008
https://doi.org/10.1016/j.chom.2011.05.008
https://doi.org/10.1136/bmjopen-2019-035433
https://doi.org/10.1172/jci.insight.125156
https://doi.org/10.1016/j.cell.2016.07.055
https://doi.org/10.1016/S0140-6736(21)00943-0
https://doi.org/10.1016/S0140-6736(21)00943-0
https://doi.org/10.1016/j.mib.2018.09.003
https://doi.org/10.1016/j.mib.2018.09.003
https://doi.org/10.1016/j.chom.2008.04.003
https://doi.org/10.1016/j.chom.2008.04.003
https://doi.org/10.3389/fimmu.2018.01875
https://doi.org/10.3389/fimmu.2018.01875
https://doi.org/10.1086/376596
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0075


Ângelo Ferreira Chora, M.M. Mota and M. Prudêncio International Journal for Parasitology 52 (2022) 711–715
Khan, Z.M., Vanderberg, J.P., 1991. Role of host cellular response in differential
susceptibility of nonimmunized BALB/c mice to Plasmodium berghei and
Plasmodium yoelii sporozoites. Infect. Immun. 59, 2529–2534. https://doi.org/
10.1128/iai.59.8.2529-2534.1991.

Kubes, P., Jenne, C., 2018. Immune Responses in the Liver. Annu. Rev. Immunol. 36,
247–277. https://doi.org/10.1146/annurev-immunol-051116-052415.

Kurup, S.P., Anthony, S.M., Hancox, L.S., Vijay, R., Pewe, L.L., Moioffer, S.J., Sompallae,
R., Janse, C.J., Khan, S.M., Harty, J.T., 2019. Monocyte-derived CD11c + cells
acquire Plasmodium from hepatocytes to prime CD8 T cell immunity to liver-
stage malaria. Cell Host Microbe 25, 565–577.e6. https://doi.org/10.1016/
j.chom.2019.02.014.

Lau, L.S., Fernandez-Ruiz, D., Mollard, V., Sturm, A., Neller, M.A., Cozijnsen, A.,
Gregory, J.L., Davey, G.M., Jones, C.M., Lin, Y.-H., Haque, A., Engwerda, C.R., Nie,
C.Q., Hansen, D.S., Murphy, K.M., Papenfuss, A.T., Miles, J.J., Burrows, S.R., de
Koning-Ward, T., McFadden, G.I., Carbone, F.R., Crabb, B.S., Heath, W.R., Mota, M.
M., 2014. CD8+ T cells from a novel T cell receptor transgenic mouse induce
liver-stage immunity that can be boosted by blood-stage infection in rodent
malaria. PLoS Pathog. 10 (5). https://doi.org/10.1371/journal.ppat.1004135.
e1004135.

Leary, M.R., Tangney, J.P., 2012. Handbook of Self and Identity. The Guilford Press,
New York, London.

Liehl, P., Zuzarte-Luís, V., Chan, J., Zillinger, T., Baptista, F., Carapau, D., Konert, M.,
Hanson, K.K., Carret, C., Lassnig, C., Müller, M., Kalinke, U., Saeed, M., Chora, A.F.,
Golenbock, D.T., Strobl, B., Prudêncio, M., Coelho, L.P., Kappe, S.H., Superti-Furga,
G., Pichlmair, A., Vigário, A.M., Rice, C.M., Fitzgerald, K.A., Barchet, W., Mota, M.
M., 2014. Host-cell sensors for Plasmodium activate innate immunity against
liver-stage infection. Nat. Med. 20, 47–53. https://doi.org/10.1038/nm.3424.

Mayor, A., Saute, F., Aponte, J.J., Almeda, J., Gómez-Olivé, F.X., Dgedge, M., Alonso, P.
L., 2003. Plasmodium falciparum multiple infections in Mozambique, its relation
to other malariological indices and to prospective risk of malaria morbidity.
Trop. Med. Int. Heal. 8, 3–11. https://doi.org/10.1046/j.1365-3156.2003.00968.
x.

Miller, J.L., Sack, B.K., Baldwin, M., Vaughan, A.M., Kappe, S.H.I., 2014. Interferon-
mediated innate immune responses against malaria parasite liver stages. Cell
Rep. 7, 436–447. https://doi.org/10.1016/j.celrep.2014.03.018.

Mo, A.X.Y., Pesce, J., Augustine, A.D., Bodmer, J.L., Breen, J., Leitner, W., Hall, B.F.,
2020. Understanding vaccine-elicited protective immunity against pre-
erythrocytic stage malaria in endemic regions. Vaccine 38, 7569–7577.
https://doi.org/10.1016/j.vaccine.2020.09.071.

Molineaux, L., Gramiccia, G., 1980. The Garki Project: Research on the Epidemiology
and Control of Malaria in the Sudan Savanna of West Africa. World Health
Organization, Geneva.

Moorthy, V., Binka, F., 2021. R21/Matrix-M: a second malaria vaccine? Lancet 397,
1782–1783. https://doi.org/10.1016/S0140-6736(21)01065-5.

Mordmüller, B., Surat, G., Lagler, H., Chakravarty, S., Ishizuka, A.S., Lalremruata, A.,
Gmeiner, M., Campo, J.J., Esen, M., Ruben, A.J., Held, J., Calle, C.L., Mengue, J.B.,
Gebru, T., Ibáñez, J., Sulyok, M., James, E.R., Billingsley, P.F., Natasha, K., Manoj,
A., Murshedkar, T., Gunasekera, A., Eappen, A.G., Li, T., Stafford, R.E., Li, M.,
Felgner, P.L., Seder, R.A., Richie, T.L., Sim, B.K.L., Hoffman, S.L., Kremsner, P.G.,
2017. Sterile protection against human malaria by chemoattenuated PfSPZ
vaccine. Nature 542, 445–449. https://doi.org/10.1038/nature21060.

Mukherjee, S., Bassler, B.L., 2019. Bacterial quorum sensing in complex and
dynamically changing environments. Nat. Rev. Microbiol 6, 371–382. https://
doi.org/10.1038/s41579-019-0186-5.

Müller, K., Gibbins, M.P., Matuschewski, K., Hafalla, J.C.R., 2017. Evidence of cross-
stage CD8+ T cell epitopes in malaria pre-erythrocytic and blood stage
infections. Parasite Immunol. 39 (7), e12434.

Murphy, S.C., Deye, G.A., Sim, B.K.L., Galbiati, S., Kennedy, J.K., Cohen, K.W.,
Chakravarty, S., Kc, N., Abebe, Y., James, E.R., Kublin, J.G., Hoffman, S.L., Richie, T.
L., Jackson, L.A., Kim, K., 2021. PfSPZ-CVac efficacy against malaria increases
from 0% to 75% when administered in the absence of erythrocyte stage
parasitemia: A randomized, placebo-controlled trial with controlled human
malaria infection e1009594 PLoS Pathog. 17 (5). https://doi.org/10.1371/
journal.ppat.1009594.

Ocaña-Morgner, C., Mota, M.M., Rodriguez, A., 2003. Malaria blood stage
suppression of liver stage immunity by dendritic cells. J. Exp. Med. 197, 143–
151. https://doi.org/10.1084/jem.20021072.

Owusu-Agyei, S., Smith, T., Beck, H.P., Amenga-Etego, L., Felger, I., 2002. Molecular
epidemiology of Plasmodium falciparum infections among asymptomatic
inhabitants of a holoendemic malarious area in northern Ghana. Trop. Med.
Int. Heal. 7, 421–428. https://doi.org/10.1046/j.1365-3156.2002.00881.x.

Portugal, S., Carret, C., Recker, M., Armitage, A.E., Gonçalves, L.A., Epiphanio, S.,
Sullivan, D., Roy, C., Newbold, C.I., Drakesmith, H., Mota, M.M., 2011. Host-
mediated regulation of superinfection in malaria. Nat. Med. 17, 732–737.
https://doi.org/10.1038/nm.2368.

Prudêncio, M., Mota, M.M., Mendes, A.M., 2011. A toolbox to study liver stage
malaria. Trends Parasitol. 27 (12), 565–574.

Prudêncio, M., Rodriguez, A., Mota, M.M., 2006. The silent path to thousands of
merozoites: The Plasmodium liver stage. Nat. Rev. Microbiol. 11, 849–856.
https://doi.org/10.1038/nrmicro1529.

Reuling, I.J., Mendes, A.M., De Jong, G.M., Fabra-García, A., Nunes-Cabaço, H., Van
Gemert, G.J., Graumans, W., Coffeng, L.E., De Vlas, S.J., Yang, A.S.P., Lee, C., Wu, Y.,
715
Birkett, A.J., Ockenhouse, C.F., Koelewijn, R., Van Hellemond, J.J., Van Genderen,
P.J.J., Sauerwein, R.W., Prudêncio, M., 2020. An open-label phase 1/2a trial of a
genetically modified rodent malaria parasite for immunization against
Plasmodium falciparum malaria. Sci. Transl. Med. 12, eaay2578. https://doi.org/
10.1126/scitranslmed.aay2578.

Ribot, J.C., Neres, R., Zuzarte-Luís, V., Gomes, A.Q., Mancio-Silva, L., Mensurado, S.,
Pinto-Neves, D., Santos, M.M., Carvalho, T., Landry, J.J.M., Rolo, E.A., Malik, A.,
Silva, D.V., Mota, M.M., Silva-Santos, B., Pamplona, A., 2019. cd-T cells promote
IFN-c–dependent Plasmodium pathogenesis upon liver-stage infection. Proc.
Natl. Acad. Sci. U. S. A. 116, 9979–9988. https://doi.org/10.1073/
pnas.1814440116.

Robert, V., Macintyre, K., Keating, J., Trape, J.F., Duchemin, J.B., Warren, M., Beier, J.C.,
2003. Malaria transmission in urban sub-Saharan Africa. Am. J. Trop. Med. Hyg.
68, 169–176. https://doi.org/10.4269/ajtmh.2003.68.169.

Roestenberg, M., McCall, M., Hopman, J., Wiersma, J., Luty, A.J.F., van Gemert, G.J.,
van de Vegte-Bolmer, M., van Schaijk, B., Teelen, K., Arens, T., Spaarman, L., de
Mast, Q., Roeffen, W., Snounou, G., Rénia, L., van der Ven, A., Hermsen, C.C.,
Sauerwein, R., 2009. Protection against a malaria challenge by sporozoite
inoculation. N. Engl. J. Med. 361, 468–477. https://doi.org/10.1056/
nejmoa0805832.

Roestenberg, M., Walk, J., Van Der Boor, S.C., Langenberg, M.C.C., Hoogerwerf, M.A.,
Janse, J.J., Manurung, M., Yap, X.Z., García, A.F., Koopman, J.P.R., Meij, P., Wessels,
E., Teelen, K., Van Waardenburg, Y.M., Van De Vegte-Bolmer, M., Van Gemert, G.
J., Visser, L.G., Van Der Ven, A.J.A.M., De Mast, Q., Natasha, K.C., Abebe, Y.,
Murshedkar, T., Billingsley, P.F., Richie, T.L., Lee Sim, B.K., Janse, C.J., Hoffman, S.
L., Khan, S.M., Sauerwein, R.W., 2020. A double-blind, placebo-controlled phase
1/2a trial of the genetically attenuated malaria vaccine PfSPZ-GA1. Sci. Transl.
Med. 12, eaaz5629. https://doi.org/10.1126/scitranslmed.aaz5629.

Sama, W., Owusu-Agyei, S., Felger, I., Dietz, K., Smith, T., 2006. Age and seasonal
variation in the transition rates and detectability of Plasmodium falciparum
malaria. Parasitology 132, 13–21. https://doi.org/10.1017/
S0031182005008607.

Sato, Y., Ries, S., Stenzel, W., Fillatreau, S., Matuschewski, K., 2019. The liver-stage
Plasmodium infection is a critical checkpoint for development of experimental
cerebral malaria. Front. Immunol. 10, 2554. https://doi.org/
10.3389/fimmu.2019.02554.

Seder, R.A., Chang, L.J., Enama, M.E., Zephir, K.L., Sarwar, U.N., Gordon, I.J., Holman, L.
S.A., James, E.R., Billingsley, P.F., Gunasekera, A., Richman, A., Chakravarty, S.,
Manoj, A., Velmurugan, S., Li, M.L., Ruben, A.J., Li, T., Eappen, A.G., Stafford, R.E.,
Plummer, S.H., Hendel, C.S., Novik, L., Costner, P.J.M., Mendoza, F.H., Saunders, J.
G., Nason, M.C., Richardson, J.H., Murphy, J., Davidson, S.A., Richie, T.L., Sedegah,
M., Sutamihardja, A., Fahle, G.A., Lyke, K.E., Laurens, M.B., Roederer, M., Tewari,
K., Epstein, J.E., Sim, B.K.L., Ledgerwood, J.E., Graham, B.S., Hoffman, S.L., 2013.
Protection against malaria by intravenous immunization with a nonreplicating
sporozoite vaccine. Science 341 (6152), 1359–1365.

Shears, M.J., Sekhar Nirujogi, R., Swearingen, K.E., Renuse, S., Mishra, S., Jaipal Reddy,
P., Moritz, R.L., Pandey, A., Sinnis, P., 2019. Proteomic analysis of Plasmodium
merosomes: the link between liver and blood stages in malaria. J. Proteome Res.
18, 3404–3418. https://doi.org/10.1021/acs.jproteome.9b00324.

Su, X.Z., Zhang, C., Joy, D.A., 2020. Host-malaria parasite interactions and impacts on
mutual evolution. Front. Cell. Infect. Microbiol. 10, 587933. https://doi.org/
10.3389/fcimb.2020.587933.

Sulyok, Z., Fendel, R., Eder, B., Lorenz, F.R., Kc, N., Karnahl, M., Lalremruata, A.,
Nguyen, T.T., Held, J., Adjadi, F.A.C., Klockenbring, T., Flügge, J., Woldearegai, T.
G., Lamsfus Calle, C., Ibáñez, J., Rodi, M., Egger-Adam, D., Kreidenweiss, A.,
Köhler, C., Esen, M., Sulyok, M., Manoj, A., Richie, T.L., Sim, B.K.L., Hoffman, S.L.,
Mordmüller, B., Kremsner, P.G., 2021. Heterologous protection against malaria
by a simple chemoattenuated PfSPZ vaccine regimen in a randomized trial. Nat.
Commun. 12, 2518. https://doi.org/10.1038/s41467-021-22740-w.

Trager, W., Jensen, J.B., 1976. Human malaria parasites in continuous culture.
Science 193, 673–675. https://doi.org/10.1126/science.781840.

Van De Sand, C., Horstmann, S., Schmidt, A., Sturm, A., Bolte, S., Krueger, A.,
Lütgehetmann, M., Pollok, J.M., Libert, C., Heussler, V.T., 2005. The liver stage of
Plasmodium berghei inhibits host cell apoptosis. Mol. Microbiol. 58, 731–742.
https://doi.org/10.1111/j.1365-2958.2005.04888.x.

Vaughan, A.M., Sack, B.K., Dankwa, D., Minkah, N., Nguyen, T., Cardamone, H.,
Kappe, S.H.I., 2018. A Plasmodium parasite with complete late liver stage arrest
protects against preerythrocytic and erythrocytic stage infection in mice. Infect.
Immun. 86, e00088–e00118. https://doi.org/10.1128/IAI.00088-18.

Velavan, T.P., Meyer, C.G., Esen, M., Kremsner, P.G., Ntoumi, F., 2021. COVID-19 and
syndemic challenges in ‘‘Battling the Big Three”: HIV, TB and malaria. Int. J.
Infect. Dis. 106, 29–32. https://doi.org/10.1016/j.ijid.2021.03.071.

Vijay, R., Guthmiller, J.J., Sturtz, A.J., Surette, F.A., Rogers, K.J., Sompallae, R.R., Li, F.,
Pope, R.L., Chan, J.A., de Labastida Rivera, F., Andrew, D., Webb, L., Maury, W.J.,
Xue, H.H., Engwerda, C.R., McCarthy, J.S., Boyle, M.J., Butler, N.S., 2020. Infection-
induced plasmablasts are a nutrient sink that impairs humoral immunity to
malaria. Nat. Immunol. 21, 790–801. https://doi.org/10.1038/s41590-020-
0678-5.

WHO, 2020. WHO World Malaria Report 2020. World Health Organization, Geneva.
WHO, 2015. Global technical strategy for malaria 2016–2030. World Health

Organization, Geneva.

https://doi.org/10.1128/iai.59.8.2529-2534.1991
https://doi.org/10.1128/iai.59.8.2529-2534.1991
https://doi.org/10.1146/annurev-immunol-051116-052415
https://doi.org/10.1016/j.chom.2019.02.014
https://doi.org/10.1016/j.chom.2019.02.014
https://doi.org/10.1371/journal.ppat.1004135
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0100
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0100
https://doi.org/10.1038/nm.3424
https://doi.org/10.1046/j.1365-3156.2003.00968.x
https://doi.org/10.1046/j.1365-3156.2003.00968.x
https://doi.org/10.1016/j.celrep.2014.03.018
https://doi.org/10.1016/j.vaccine.2020.09.071
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0125
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0125
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0125
https://doi.org/10.1016/S0140-6736(21)01065-5
https://doi.org/10.1038/nature21060
https://doi.org/10.1038/s41579-019-0186-5
https://doi.org/10.1038/s41579-019-0186-5
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0145
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0145
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0145
https://doi.org/10.1371/journal.ppat.1009594
https://doi.org/10.1371/journal.ppat.1009594
https://doi.org/10.1084/jem.20021072
https://doi.org/10.1046/j.1365-3156.2002.00881.x
https://doi.org/10.1038/nm.2368
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0170
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0170
https://doi.org/10.1038/nrmicro1529
https://doi.org/10.1126/scitranslmed.aay2578
https://doi.org/10.1126/scitranslmed.aay2578
https://doi.org/10.1073/pnas.1814440116
https://doi.org/10.1073/pnas.1814440116
https://doi.org/10.4269/ajtmh.2003.68.169
https://doi.org/10.1056/nejmoa0805832
https://doi.org/10.1056/nejmoa0805832
https://doi.org/10.1126/scitranslmed.aaz5629
https://doi.org/10.1017/S0031182005008607
https://doi.org/10.1017/S0031182005008607
https://doi.org/10.3389/fimmu.2019.02554
https://doi.org/10.3389/fimmu.2019.02554
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0215
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0215
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0215
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0215
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0215
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0215
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0215
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0215
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0215
https://doi.org/10.1021/acs.jproteome.9b00324
https://doi.org/10.3389/fcimb.2020.587933
https://doi.org/10.3389/fcimb.2020.587933
https://doi.org/10.1038/s41467-021-22740-w
https://doi.org/10.1126/science.781840
https://doi.org/10.1111/j.1365-2958.2005.04888.x
https://doi.org/10.1128/IAI.00088-18
https://doi.org/10.1016/j.ijid.2021.03.071
https://doi.org/10.1038/s41590-020-0678-5
https://doi.org/10.1038/s41590-020-0678-5
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0260
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0265
http://refhub.elsevier.com/S0020-7519(22)00054-6/h0265

	The reciprocal influence of the liver and blood stages of the malaria parasite’s life cycle
	1 Introduction
	2 The Plasmodium life cycle
	3 Challenges to the investigation of the liver and blood stages of Plasmodium infection
	4 Concomitant infections are the rule, not the exception
	5 The impact of the blood stage of Plasmodium infection on pre-erythrocytic malaria vaccination
	6 Does the liver stage of Plasmodium infection impact the outcome of malaria?
	7 Conclusions
	Acknowledgements
	References


