
the Plasmodium sporogonic cycle,
whereby malaria parasites ostensi-
bly compete for the same re-
sources required for mosquito egg
development. However, in a recent
study, Werling and colleagues (Cell
2019;177:315–325) uncovered a
parasitic strategy supporting coex-
istence, exploiting mosquito nutri-
ents without affecting mosquito
fitness and reproductivity.

Malaria is a devastating parasitic disease,
with 219million cases and 435 000 deaths
worldwide in 2017 [1]. It is caused by
apicomplexan parasites of the genus Plas-
modium, which, during their complex life
cycle, transition between a mammalian
host and a mosquito vector. During the
blood feed of a female Anopheles mos-
quito on a Plasmodium-infected individual,
gametocytes are taken up with the blood
meal into the midgut. Gametocytes gener-
ate gametes that, once fertilized, quickly
develop into motile ookinetes which
cross the mosquito midgut epithelium
and settle on its basal side (within 16–30
h after blood feeding). Ookinetes then
transform into sessile oocysts, producing
thousands of individual sporozoites within
10–14 days. Following oocyst rupture,
sporozoites migrate to the salivary
glands where they reside, ready to initiate
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Financial sustainability is critical. Unfortu-
nately, ‘where malaria prospers most,
human societies have prospered least’ [18].
Although low-income countries are largely
dependent on external financial support for
vaccine implementation, they have in-
creased their investment in immunization
policy. However, this increase is insufficient
to financially sustain malaria vaccination. In
countries that receive support from Gavi,
the Vaccine Alliance (a public–private global
health partnership committed to increasing
access to immunization in poor countries),
the average price paid for vaccines by the
government per child in 2015 ranged from
$3.80 to $5.09 USD. A recent survey in a
malaria-endemic area in Peru showed that
61% of the population interviewed would
pay for their own malaria vaccine – but only
if the price ranged from $0.36 to $2.00
[12]. Ultimately, since TBVs will most likely
be used in extremely low-resource areas,
where malaria is holoendemic or where
there is intense seasonal transmission, it will
almost certainly require full Gavi support.
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Malaria Transmission to
Mosquito Reproduction
Sebastian Kirchner1,* and
Andrew P. Waters1,*

Female anopheline mosquito re-
production is intimately linked to

a new infection when the mosquito feeds
again.

For the female mosquito the sole purpose
of the blood feed is to acquire essential nu-
trients required for production of its eggs
(Figure 1A). Following a blood meal, mos-
quito egg development (vitellogenesis)
within the ovaries is initiated through a cas-
cade of hormones released from the mos-
quito brain [2]. This in turn triggers the
synthesis of the steroid hormone ecdy-
sone (E) in the ovaries. Hydroxylation of E
into its active form, 20-hydroxyecdysone
(20E), in the mosquito fat body, then pro-
motes the synthesis of nutrient-transport
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Figure 1. 20-Hydroxyecdysone (20E) Signalling Coordinates Mosquito Reproduction and Plasmodium Proliferation. (A) Following the blood meal of a
female mosquito, a vast signalling cascade is activated, leading to the accumulation of 20E in the mosquito fat body. 20E triggers the synthesis of the nutrient
transporters Lp and Vg, which accumulate in the ovaries and promote the uptake of lipids and other nutrients required for egg development. In Plasmodium-infected
mosquitoes, developing parasites in the midgut utilize a mosquito lipid transporter (e.g., Lp) for proliferation and exploit nutrients destined for egg production.
(B) Variation in 20E level (via natural fluctuation or experimental manipulation) affects egg numbers and parasite growth. When 20E level is low, mosquitoes produce
fewer eggs, and Plasmodium parasites generate fewer oocysts compared to higher 20E levels. Additionally, a low 20E level leads to an accumulation of lipids in the
midgut, promoting faster oocyst growth. Abbreviations: 20E, 20-hydroxyecdysone; E, ecdysone; EcR, ecdysone receptor; ILP, insulin-like peptides; Lp, lipophorin;
OEH, ovarian ecdysiotropic hormone; USP, ultraspiracle; Vg, vitellogenin.
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proteins and nutrient uptake within the
ovaries, enabling the maturation of 100–
150 eggs per mosquito. Plasmodium oo-
cysts also exploit these nutrients, linking
mosquito reproduction with parasite
proliferation (Figure 1A). Maybe not unex-
pectedly, previous studies have pointed
mostly towards a negative impact of Plas-
modium infection on mosquito fitness and
survival [3,4]. However, the exact relation-
ship between resource exploitation by the
parasite and potential costs for mosquito
fitness and fecundity remained elusive.

A recent study by Werling and colleagues
[5] sheds unexpected light on the link be-
tween reproductive fitness of the mos-
quito vector and Plasmodium infection.
Rather surprisingly, the authors uncovered
a positive relationship between the num-
ber of eggs produced by a female Anoph-
eles gambiaemosquito and the number of
P. falciparum oocysts in the same individ-
ual. Furthermore, transgenic mosquitoes,
engineered to produce a greatly reduced
number of eggs, also had significantly
less P. falciparum oocysts, confirming the
positive relationship noted above. The au-
thors demonstrated that this positive cor-
relation was dependent on 20E signalling
and therefore retained when the 20E sig-
nalling pathway was disrupted through si-
lencing of the 20E nuclear receptor EcR
(dsEcR), resulting in reduced egg produc-
tion and fewer oocysts (Figure 1B). The ef-
fect on egg number was also independent
of infection, with uninfected and infected
dsECR mosquitoes producing similar
numbers of eggs. However, the fewer par-
asites in dsEcR mosquitoes grew faster
and, at day 10 after an infected
blood meal (pIBM), had produced
larger oocysts than those in the control
group. This unexpected, faster parasite
growth also resulted in increased trans-
mission potential, with dsEcR mosquitoes
displaying a higher likelihood of having sal-
ivary glands colonized by sporozoites at
day 10 pIBM and reducing what is called
the extrinisic incubation period (EIP) of

the sporozoite. These EIP-enhanced spo-
rozoites were competent, performing
comparably to their control counterparts
in an in vitro infection assay.

In a search for the potential source of the
observed faster parasite growth, the au-
thors investigated the lipid level in dsEcR
midguts. Several lipid species, as well as
the level of the lipid transporter lipophorin
(Lp), were significantly increased upon
20E disruption. Tellingly, when Lp and
the 20E signalling pathways were silenced
simultaneously, faster parasite growth
was abolished. Additionally, in wild-type
mosquitoes, the 20E level negatively cor-
related with oocyst size, which was again
lost upon Lp silencing. When lipids were
experimentally induced to accumulate in
midguts through TAG lipase silencing, the
oocysts grew more quickly. Overall, these
results point towards an unexpected ef-
fect of 20E signalling on parasite develop-
mental speed, likely resulting from lipid
availability mediated by Lp. This is also in
line with previous findings, where Lp has
been found inside developing Plasmodium
oocysts [6]. It would also explain why par-
asites grow faster if mosquito egg produc-
tion is impaired, linking the activity of the
20E pathway to parasite growth benefit-
ting from the excess of nutrients not des-
tined for egg development. Currently, the
authors have not established why oocyst
numbers are reduced when egg develop-
ment is impaired but speculate that im-
mune (TEP1 independent) or somatic
processes could be involved in a trade-
off over resource allocation balancing im-
munity with egg production.

Overall, the results ofWerling and coworkers
elegantly expand the findings of another re-
cently published study [7] which postulated
that the model of noncompetitive parasitic
resource exploitation minimizes fitness
costs for the mosquito while maximizing
parasite proliferation. This link between 20E
signalling, egg production, and oocyst
growth would allow the parasite to adapt

its development to the host’s status, opti-
mizing its own fitness without harming the
vector. Plasmodium parasites can grow
faster if the female mosquito produces
fewer eggs or generates more oocysts in a
mosquito with more eggs (Figure 1B). Con-
sidering the potential use of gene-drive sys-
tems aiming to reduce the reproductive
capacity of mosquitoes or especially
heighten their immune status as a vector
control strategy, this could have unexpected
consequences favouring faster sporozoite
production and transmission [8]. The nutri-
tional status of the mosquito in the field
may also become important: Werling’s
mosquitoes were all optimally fed. The out-
comeof a life-time of suboptimal blood feed-
ing might well be to promote parasite
growth, frequency of blood feeding, and
thereby, transmission. Another open ques-
tion which will require future work is to es-
tablish the mechanism behind 20E-
dependent lipid accumulation and parasite
growth in the midgut. How can the parasite
adjust its growth pattern in a 20E-depen-
dent manner? It will be fascinating to see
whether Plasmodium uses mechanisms
similar to those recently discovered for the
mammalian host to sense the nutritional sta-
tus of the vector and to adjust its proliferation
rate accordingly [9]. Furthermore, it would
be important to expand the findings of this
study to other mosquito–Plasmodium com-
binations as well as to investigate their im-
pact in other vector-borne pathogens.
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effective, radiation-attenuated sporozoite
(RAS) vaccination have been well charac-
terized [1]. Here, we briefly review the
host response to the liver stage of Plasmo-
dium spp., and discuss the recent findings
of Kurup et al. [2] on the role of hepatic in-
flammatory dendritic cells (DCs) in priming
CD8 T cells against the liver stage of
Plasmodium yoelii infection in this context.

Liver-Stage Immunity to
Plasmodium spp.
Liver-stage infection with Plasmodium
spp. induces both innate and adaptive im-

leading to Plasmodium immunity are be-
ginning to be well understood, induction
of immunity to infectious sporozoites
has not been well explored [1,5]. The
recent study by Kurup et al. identified a
subset of hepatic CD11c+ cells that pres-
ent antigens upon mosquito transmission
of P. yoelii and P. berghei infection [2].
While the frequencies of Kupffer cells
(CD45+ CD11c− MHC-II+ F4/80+ CD11bint

CX3CR1lo-int), macrophages (CD45+

CD11c− F4/80+ CD11bhi CX3CR1hi), and
monocytes (CD45+ MHC-IIint CD11c− F4/
80− Ly6C+) remain unchanged in the livers

Trends in Parasitology
Spotlight

Initiating the T Cell
Response to Liver-
Stage Malaria
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Kurup et al. (Cell Host Microbe
2019;25:565–577.e6) define the
liver-based antigen-presenting cell
driving CD8 T cell responses to
mosquito transmission of Plasmo-
dium spp., and show direct interac-
tion of CD11c+ cells with infected
hepatocytes. We discuss this work
in context, highlighting gaps and
new approaches suggested by the
work to target liver-stage vaccine
antigens.

Malaria remains an important parasitic in-
fection in the world, with 217 million
cases and 435 000 deaths in 2018. During
the blood meal, infected Anopheles mos-
quitos introduce Plasmodium spp. sporo-
zoites into the host dermis, which quickly
transit to the liver of the host. The liver
stage of Plasmodium is a potential target
to induce immunity by vaccination. The
mechanisms of immunity to the very

mune responses. The live parasite is now
known to trigger interferon (IFN)-inducible
genes in infected hepatocytes, recruiting
CD8α+ DCs and T cells to the liver more
strongly than RAS [3,4]. Liver-localized
DCs have been shown to take up both
RAS and sporozoites after infection, and
drive generation of T cell responses [1,4,5].
In humans, immune responses to liver-
stage parasites have been measured. Anti-
bodies to liver-stage antigens, such as
LSA-3, are generated from the earliest ex-
posures. The specificity for the antigens
LSA-1 and STARP was present in most
children of 8–10 years of age during a
malaria-free rainy season, but fewer
showed this specificity in the group with
clinical disease [6]. These antibody re-
sponses likely require CD4 T cell help. How-
ever, most T cell epitopes tested to date
have elicited responses in only a small frac-
tion of infected people, thoughmore are de-
tected when epitopes are human leukocyte
antigen (HLA)-matched [7]. Interactions be-
tween liver macrophages, or Kupffer cells,
and the Plasmodium sporozoites are nec-
essary for hepatocyte invasion. While this
interaction induces cytokines [8], mecha-
nisms of antigen presentation are unclear
in the case of liver infection.

CD11c+ Cells Find Infected
Hepatocytes and Prime CD8 T Cell
Immunity
Although pathways of antigen presentation
in the liver, including RAS vaccination,

of infected mice, the numbers of CD11c+

cells increased, suggesting a possible
role for CD11c+ DCs in antigen presentation
[2,4]. The authors showed that CD11c+ cells
from the liver primed a CD8 T cell response
to liver-stage-restricted antigens using
CD11c-reporter and T cell receptor (TCR)
retrogenic mice, and fluorescent parasites.
While DCs in the liver have been observed
with blood-stage parasites or RAS inside,
tissue-localized antigen-presenting cells
had not been previously observed in the
less inflammatory liver stage. It had been hy-
pothesized that hepatocyte apoptosis led to
priming of liver-stage responses. However, it
is now clear that Mda5 can initiate the intra-
cellular response to Plasmodium infection,
suggesting that the infection is not silent
[3]. The authors carefully demonstrated
that T cell priming requires hepatocyte inva-
sion, ruling out an exclusive role for dead
parasites as antigen for priming in the local
lymph node. In addition, live video micros-
copy shows CD11c+ cells taking up
merosomes. Intriguingly, the cytokine,
chemokine, and integrin signals used by
DCs to find infected hepatocytes may also
be used by T cells that could then find and
kill them. These signals, which are not yet
understood, could reduce the need for an
extremely large number of CD8 T cells to
be retained after vaccination to allow identifi-
cation and elimination of the parasite.
Though generally thought to inhibit liver-
stage immunity, the inflammation caused in
the liver from the blood stage of infection
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