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Abstract
Purpose of Review Malaria transmission depends on the development and survival in humans of mature sexual stage parasites,
known as gametocytes which further develop within the mosquito midgut to eventually form sporozoites that are reintroduced to
the human host to complete the transmission cycle. This review discusses some recent findings on phagocytic clearance of the
gametocytes for novel transmission-blocking strategies towards malaria elimination.
Recent Findings Antibodies to gametocytes are present after natural infection, and phagocytosis of immature gametocytes has
been shown. There is evidence that the mature live gametocytes evade the phagocytic clearance pathway possibly providing
transmission advantage. Dead gametocytes are effectively phagocytosed.
Summary Phagocytosis of gametocytes by macrophages can result in decreased gametocyte load in humans while concurrently
channel antigens into the antigen presentation pathways and induction of natural transmission-blocking antibodies. Thus, clear-
ing gametocytes as they develop in the human host to block transmission or preventing subsequent development of the parasite in
the mosquito should be an important component of malaria elimination strategies.
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Introduction

Major malaria-causing parasites in humans, predominantly
Plasmodium falciparum and Plasmodium vivax, are responsi-
ble for 300,000–500,000 deaths annually worldwide. The
World Malaria Report 2016 indicates that there were 212 mil-
lion new cases and 429,000 malaria deaths reported world-
wide in 2015. Children under the age 5 years and pregnant
women bear the greatest risk of malaria mortality. Significant
reductions in morbidity and mortality globally due to malaria
over the last decade have been attributed to the widespread use

of insecticide-treated nets (ITNs), indoor residual spraying
(IRS), and artemisinin combination therapies (ACT). In sub-
Saharan Africa alone, 43% of the population were not covered
by ITNs or IRS, 69% of pregnant women did not receive
required three doses of intermittent preventive treatment in
pregnancy (IPTp), and 36% of children with fever were not
provided care (http://apps.who.int/iris/bitstream/10665/
254912/1/WHO-HTM-GMP-2017.4-eng.pdf?ua=1). In
many countries with a high malaria burden, health systems
remain under-resourced and poorly accessible to those most
at risk of malaria. Similarly, substantial gaps remain in malaria
intervention programs in other parts of the world. In order to
effectively control and reach the goal of malaria elimination,
innovative approaches are still needed to understand the pat-
terns of malaria infection and transmission because despite
improvements in access to core malaria control tools, substan-
tial gaps remain (http://www.who.int/malaria/publications/
world-malaria-report-2016/en/).

The emergence of artemisinin-resistant parasites [1, 2] has
threatened some of the reported positive trends. There are no
effective vaccines currently available, drugs are continuously
losing their therapeutic efficacy due to development of resis-
tance to multiple antimalarial drugs, and mosquito vectors are
becoming resistant to insecticides [3]. These factors
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underscore and stress the need for developing effective malar-
ia vaccine(s) to help with the long-term goal of gradual ma-
laria elimination and eradication [4, 5•]. In particular, vaccines
targeting transmission of malaria are viewed as an important
tool for malaria elimination [6]. There are currently no li-
censed vaccines against malaria or any other human parasite.
The only malaria vaccine, Mosquirix™ (RTS,S/ASO1) based
on P. falciparum circumsporozoite protein (PfCSP), and ad-
vanced through phase III trials, has shown < 40% protective
efficacy [7]. Such a bleak outcome underscores the intricacy
of malaria vaccine development and need for renewed vaccine
discovery efforts towards better efficacious products to realize
the goal of malaria elimination via transmission reduction [8].
In this focused report, we will review the current knowledge
relating to malaria transmission reduction efforts targeting the
parasite and speculate on future research directions that may
help in achieving this goal.

Malaria Transmission and Plasmodium Life
Cycle

In general, asexually reproducing forms of the Plasmodium
parasites within their human hosts are responsible for pathology
and symptoms of malaria. But malaria transmission depends on
the development and survival in humans of mature sexual stage
parasites, known as gametocytes. Once ingested by a mosquito
taking a blood meal, gametocytes must complete sexual repro-
duction within the mosquito midgut and eventually form spo-
rozoites which are reintroduced to the human host to complete
the transmission cycle. Transmission of the malaria parasite
between humans and mosquitoes through several distinct de-
velopmental stages is required for malaria infection and disease
symptoms to be manifest. The life cycle of the Plasmodium is a
complex process involving the mosquito and the human. All
four Plasmodium species responsible for the transmission from
mosquitoes to humans, P. falciparum, P. vivax, P. ovale, and
P. malariae, exhibit similar life cycle with minor variations.
Malaria transmission depends upon the development of
intraerythrocytic sexual stages (male and female gametocytes),
ingestion by female anopheline mosquitoes, and subsequent
sexual development leading to formation of sporozoites [9,
10]. Sporozoites injected by infected Anopheles mosquitoes
invade hepatocytes, thus initiating malaria infection cycle.
Each life cycle stage of the malaria parasite presents specific
antigenic targets for vaccine development. Immune interven-
tions aimed at blocking the liver stage development (pre-eryth-
rocytic phase—PE) are expected to provide an effective way to
prevent infection. Immune response to various erythrocytic life
cycle forms (asexual and sexual) of Plasmodium plays an im-
portant role in resistance to malaria and in reducing malaria
transmission through Anopheles mosquitoes.

To be an effective tool for malaria elimination and eradica-
tion, a vaccine must have a direct impact on malaria transmis-
sion. A vaccine based on the antigens expressed in the eryth-
rocytic sexual and mosquito stages (gametocytes, gametes,
zygotes, and ookinetes, Fig. 1) will have a direct impact on
the transmission process. Previous studies have identified key
target antigens of transmission-blocking vaccines (TBVs),
which in P. falciparum include Pfs230 and Pfs48/45
(expressed in gametocytes and gametes) and Pfs25 and
Pfs28 (zygotes and ookinetes), with known orthologs in
P. vivax. Pre-clinical studies in mice and non-human primates
with adjuvant-formulated recombinant Pfs25, Pvs28, and
Pfs48/45 and clinical trials with Pvs28 and Pfs25 [11–17]
have firmly established them as target antigens for the devel-
opment of effective TBVs (Fig. 1).

Natural Immunity Against Malaria

Natural immunity against asexual stage parasites develops
with repetitive exposure to malaria parasites and thus forms
the basis of clinical immunity against malaria [18–23].
Though clinical immunity to malaria has been shown to de-
velop in individuals, it does not prevent reinfection due to
several factors including the complex life cycle of the parasite
and insufficiency of the magnitude of effective antibodies.
Susceptibility to P. falciparum was shown to be independent
of the number of years of exposure to the parasite, and age-
dependent protective immunity developed over a 2-year peri-
od of repeated exposure to infection pressure [19]. Studies
have shown the presence of antibodies recognizing stage-
specific parasite antigens in the sera of malaria-exposed indi-
viduals [24]. Some of these proteins are important for parasite
invasion while others are responsible for sequestration of par-
asites in the blood vessels and in bone marrow niches among
others. In addition to asexual stages, antigens expressed on
erythrocytic sexual (male and female gametocytes) stages
have also been shown to elicit antibody responses during nat-
ural infection and the antibody levels increase with repeat
transmission cycles. Studies have established that some of
these antigens are targets of antibody responses during natural
infection [9] and are being pursued as candidate antigens for
transmission-blocking vaccines.

Immune Responses to Gametocytes
During Natural Infection

The development of gametocytes begins when some of the
replicating asexual erythrocytic stages become either a male
or a female gametocyte, which are non-dividing sexual stages
[25]. The gametocytes undergo maturation through distinct
antigenically and morphologically defined stages I through
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V [26]. Stages II–IV are sequestered in the bone marrow
[27–29] while the mature stage V gametocytes are observed
in the blood. These newly formed gametocytes developing as
intraerythrocytic stages present several new antigens to the
human immune system during each infection cycle. These
immunologically identifiable forms are clear targets for the
host immune system and both innate and adaptive immune
responses are expected to become active against them.
Naturally acquired antibodies against gametocytes exist
[30–33] and may play a role in controlling transmission by
limiting the gametocyte development in the circulation or by
interrupting gamete development and fertilization in the mos-
quito following ingestion. In particular, antibodies against
Pfs48/45 and Pfs230 gametocyte proteins effectively target
male and female gamete surface and block mosquito stage
development of the malaria parasites.

Analyses of investigations carried out in areas of different
malaria endemicity have shown wide variation in the frequen-
cy and prevalence of these antibodies [9]. Studies have dem-
onstrated that while natural immunity does develop against
sexual stages, little is known about age-dependent pattern of
the antibodies. Age dependency of the humoral response can
be associated with repetitive exposure to the parasite [34–37],
and as such, the development of the naturally occurring
transmission-blocking antibodies can be assumed to be due
to priming and boosting during repeated bouts of natural in-
fection. Using cross-sectional design with only one sampling
point, it has been reported that sera from 30 to 65% of exposed
adults contain partially effective (> 65% transmission-
blocking effect) antibodies. A much larger proportion (>
70%, approaching 100%) of sera from endemic populations
have antibodies against an internal gametocyte protein
(Pfg27) and it can be used as a proxy to gametocyte exposure
[38]. Finally, an immune response may also target antigens
present on the surface of gametocytes [39, 40]. Thus, age,
frequency of infection, exposure to gametocytes, and multi-
plicity of infection are all likely to have an impact on natural
transmission-reducing activity.

Analysis of antibody targets of naturally acquired immuni-
ty against gametocytes can be instrumental in discovery of
novel molecules leading to the development of effective
TBV approaches. Several reports provide in-depth analysis
of the immunity against the sexual stages of Plasmodium

which are critical for malaria transmission. Paul et al. provide
an in-depth analysis of the immunity against the sexual stages
of Plasmodium which are critical for malaria transmission
[37], both during gametocyte development in humans, as well
as after gametocyte activation in the mosquito midgut.
Epitopes on the gametocyte-infected erythrocyte surface and
on the gametes have been studied for potential transmission-
blocking activity and future vaccine targets [41].

Role for Macrophages in Malaria Infection

While much is understood about the adaptive immune re-
sponses (both cellular and humoral), little is understood about
the role of innate immune responses in malaria. Innate immune
responses are the inherent defense mechanisms that are trig-
gered by the host in response to a new or foreign antigen.
Innate defensemechanisms are preexisting quiescent responses
that are activated by the recognition of pathogen-associated
molecular patterns (PAMP) or newly formed non-self antigens
by immune cells of the host through its pattern recognition
receptors (PRR). Resident phagocytic cells, predominantly
macrophages, also known as scavenger cells, essentially re-
move biological debris and unwanted harmful pathogens from
tissue sites by recognizing PAMP or non-self antigens on in-
fected cells. These early immune responses are non-specific
generated by PAMP-PRR interactions, and complement acti-
vation and opsonization of parasites by complement factors.
Pre-formed antibodies specifically recognizing antigens on the
surface of infected erythrocytes can also opsonize erythrocytes
infected with asexual and sexual stages resulting in immune
clearance via antibody-dependent cellular inhibition or cyto-
toxicity [42] or immunophagocytosis [43]. Opsonization trig-
gers phagocytosis either via binding to complement receptors
that bind complement factor-coated parasites or via Fc recep-
tors that will bind antibody-coated parasites.

Previous studies have reported on phagocytosis of var-
ious opsonized stages of erythrocytic asexual stages of the
parasite and these studies revealed evidence for phagocy-
tosis of free merozoite [44] and erythrocytes infected with
parasites at various degrees of maturity (ring, trophozoite,
and schizont) [45, 46].

Sporozoites PE Asexual Gametocytes Gametes Zygote Ookinete/Oocyst Sporozoite
(Sal. Gland) (Liver) (Erythrocytes) (Midgut) (Midgut) (Midgut) (Sal. Gland)

D

Human Host Mosquito Vector
Plasmodium development stages in the human host and mosquito vector and major vaccine targets

D D

Fig. 1 A schematic representation of the various life cycle stages of the malaria parasite. The red arrows mark the targets of vaccine efforts. The red
arrows with the half circles depict targets of transmission-blocking vaccines
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Phagocytosis of Gametocytes

Several published studies have suggested that leukocytes or
white blood cells mediate reduction in transmission of
P. falciparum primarily via their phagocytic activity [47, 48].
Smith et al. reported that immature stages I and II of gameto-
cytes can be phagocytosed by macrophages [49]. However,
there is scant information on phagocytic clearance of mature
stage V gametocytes that are in circulation. It is only the ma-
ture gametocyte stages that circulate and mediate transmission
to blood feeding mosquitoes. Recently, Bansal et al. for the
first time demonstrated that livemature stages ofP. falciparum
gametocytes are not phagocytosed by activated monocytes
in vitro. In contrast, when gametocytes were released as free
forms by saponin treatment or heat killed (65 °C, 5–10 min),
activated monocytes were able to phagocytose the gameto-
cytes [50••]. Their studies evaluated phagocytic uptake of ma-
ture gametocytes by a human monocyte cell line in the ab-
sence of immune sera. Most previous published studies were
not clear about phagocytic uptake of live vs killed gameto-
cytes. Phagocytosis of the extracellular gametocytes of
P. falciparum has been demonstrated in the blood meal
in vitro (prior to ingestion) and in vivo within the mosquito
midgut [47]. Infected blood fed to mosquitoes was examined
over time for evidence of extracellular parasites by microsco-
py of Giemsa-stained slides. Up to 84% of the gametocytes
were phagocytosed within two hours in vitro, compared to 7%
in the same period in the mosquito gut.

Opsonization by circulating antibodies may further en-
hance phagocytosis of gametocytes, and we expect that
opsonizing activity in the immune sera will demonstrate age-
related patterns due to repeat exposures. Additionally, identi-
fication of parasite surface molecules recognized by
opsonizing antibodies will identify novel targets of innate im-
mune clearance of gametocytes.

Antibodies recognizing antigens on the surface of gameto-
cytes and immune clearance by macrophages of such opson-
ized gametocytes may override the mechanism by which di-
rect phagocytosis of live mature gametocytes is thwarted. It is
reasonable to hypothesize that mature gametocytes not trans-
mitted to mosquitoes in a blood meal are likely internalized by
the phagocytic cells, either as dead or opsonized live parasites,
resulting in reduced availability for transmission.
Simultaneously, phagocytosed parasites undergo presentation
of gametocyte antigens to the adaptive immune system
resulting in elicitation of specific antibodies. Understanding
these mechanisms will inform ways to effectively exploit in-
nate immune parameters for inducing immune responses for
transmission reduction. It is interesting to speculate on the
mechanism by which live mature gametocyte evades being
phagocytosed. Several investigators have published on the
role of CD47, “a marker of self” molecule in the inhibition
of phagocytosis by monocytes and macrophages. CD47 is a

ubiquitously expressed cell surface glycoprotein which regu-
lates the integrin responsiveness to RGD containing extracel-
lular matrix proteins and was subsequently reported to be
present on the surface of erythrocytes which do not express
integrins [51]. Four different isoforms of CD47 attributed to
tissue-specific expression are currently known. Immune cells
are responsible for recognizing healthy host cells as self and
not mount an immune response against them. This was recog-
nized to be due to the recognition of the CD47 molecule on
self cells by the signal regulatory protein-α (SIRP-α) which
functions to inhibit the phagocytic property of the macro-
phage. Ayi et al. and Banerjee et al. demonstrated that expres-
sion of CD47 on the surface of erythrocytes prevents phago-
cytosis of the infected erythrocytes and also that infection
leads to a decrease in CD47 expression. These studies were
done with asexual stages of the parasite which are very differ-
ent from the sexual stages and in particular the mature stage V
gametocyte [51–55].

Conclusion

The consequences of immune responses to sexual stages of
Plasmodium can have an important bearing on developing
strategies in a malaria elimination plan. Since the sexual
stages, most critically the mature gametocyte stage, are essen-
tial for the continued transmission cycle, any interruption to
the further development of the malaria parasite will result in
no transmission of viable parasites to initiate infection in
humans. This will also result in decreased disease manifesta-
tion. Thus, understanding immune responses against the de-
veloping gametocytes in the human host can inform the design
of more effective approaches to prevent transmission.

It is unclear whether gametocytes of varying degree of
developmental maturity differ in their ability to be phagocy-
tosed. Likewise, it is also not firmly established how natural
antibody responses to the gametocytes came to be. For im-
mune responses to be manifest, these circulating gametocytes
clearly have had to be recognized by the antigen-presenting
cells of the immune system, such as macrophages, and trig-
gered a B cell response. If live gametocytes resist being
phagocytosed [50••], clearly there are other mechanisms at
play that led to the development of an antibody response.
Opsonization by antibodies or complement factors provides
a highly likely route for ingestion and antigen processing by
macrophages. Dead or senesced circulating mature gameto-
cytes likely are readily phagocytosed directly or after
opsonization with specific antibodies present in immune sera
from people exposed to malaria. Depending upon exposure
frequency and intensity of infection, this may amount to effi-
cient clearance of gametocytes and maintenance of natural
transmission-reducing immune status. In general, malaria im-
munity during repeat infection is slow to develop, and it is
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expected that opsonizing activity by gametocyte-specific an-
tibodies in the immune sera will demonstrate age-related
patterns.

The unexpected findings of Bansal et al. that intact mature
gametocyte stages are not phagocytosed suggest that the in-
ability of macrophages to phagocytose mature gametocytes
may actually provide transmission advantage to the malaria
parasite. In contrast, mature gametocytes that are not picked
up in a blood meal by mosquitoes and remain in the human
host will eventually die and be phagocytosed. They will sub-
sequently invoke immune responses that may possess
transmission-blocking potential. Therefore, improved under-
standing of early immune responses to gametocytes initiated
by macrophages may elucidate novel molecules that the par-
asite uses to avoid being phagocytosed, or identify additional
mature gametocyte antigens that can be exploited for
transmission-blocking strategies. Opsonic and non-opsonic
phagocytosis-mediated immune activation and presentation
of gametocyte-specific antigens in the form of dying parasites
will together contribute to overall natural transmission-
blocking immunity. It is logical to propose that, on the one
hand, such clearance of parasites will decrease the parasite
load and, on the other hand, it will also channel specific anti-
gens for immune activations and induction of immunity
targeting sexual stages. Both processes will account for re-
duced malaria transmission potential. Thus, vaccines aimed
at generating an immune response against gametocyte anti-
gens would be expected to influence survival of gametocytes
that are crucial to the transmission process and prevent further
sexual development in the mosquito midgut.
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