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Abstract
Reducing host carriage of transmission-stage malaria parasites (gametocytes) is expected to decrease the population-wide burden of
malaria. Some malaria disease severity is attributed to the induction of the pro-inﬂammatory cytokines TNF-a and lymphotoxin-alpha
(LT-a), and we are interested in whether anti-malaria interventions which ameliorate the symptoms induced by those cytokines may have
the capacity to alter malaria transmission. As many functions of TNF-a and LT-a are exerted through TNF receptor 1 (TNFR1), we
investigated the eﬀect TNFR1 blockade exerted on parasite transmission using the rodent malaria Plasmodium chabaudi chabaudi. We
found that blocking TNFR1 simultaneously increased gametocyte density and infectivity to mosquitoes, whilst reducing disease severity
(weight loss). These transmission-enhancing and severity-reducing eﬀects of TNFR1 blockade were independent of asexual parasite load
and were observed for several P. c. chabaudi genotypes. These results suggest that the eﬀects of candidate malaria interventions on infectivity should be examined alongside eﬀects on disease severity so that the epidemiological consequences of such interventions can be
evaluated.
Ó 2007 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Malaria disease severity has both parasite- (e.g., Cross
and Langhorne, 1998; Mackinnon and Read, 2004) and
immune-mediated (immunopathology) (e.g., Omer and
Riley, 1998; Dodoo et al., 2002; Torre et al., 2002; Raberg
et al., 2006) components. Clinical protection against severe
malaria can therefore be achieved either indirectly, by
reducing parasite burden (anti-parasite treatments) (Good,
2005; Good et al., 2005), or directly, by targeting the dis-
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ease symptoms themselves (anti-disease treatments) (Schoﬁeld et al., 2002; Schoﬁeld and Mueller, 2006). As the
evolutionary success of a parasite is ultimately determined
by successful transmission, and disease epidemiology by
the infectiousness of individual cases, we are interested in
the eﬀects anti-malaria treatments may exert on parasite
transmission.
The pro-inﬂammatory cytokine TNF-a, for example,
has dual roles during malaria infection; it has protective
anti-parasitic properties that can reduce parasite load
(Langhorne et al., 1989; Stevenson et al., 1995; Jacobs
et al., 1996; Sam et al., 1999), but unregulated or excessive
levels contribute to malaria disease severity (Grau et al.,
1987; Clark and Chaudhri, 1988a, 1988b; Kern et al.,

0020-7519/$34.00 Ó 2007 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijpara.2007.12.001

Author's personal copy

1074

G.H. Long et al. / International Journal for Parasitology 38 (2008) 1073–1081

1992). Thus, optimal control of malaria infection requires a
balanced immune response (Dodoo et al., 2002; ArtavanisTsakonas et al., 2003). Our laboratory has recently demonstrated that TNFR1 blockade ameliorated the weight loss
induced during Plasmodium chabaudi chabaudi infection
in resistant C57BL/6 mice, but had negligible eﬀects on
asexual parasite density (Long et al., 2006). Given that disease severity was decreased despite there being no change
in asexual parasite density, it raises the question of what
eﬀect TNFR1 blockade may have on parasite transmission.
Can anti-malaria interventions which aim to reduce immunopathology, for example, inadvertently aﬀect gametocyte
biology and alter the transmission eﬃciency of malaria?
Compared with the wealth of knowledge regarding the
immune response directed against asexual malaria parasites
(Good et al., 2005), surprisingly little is known about how
host immunity aﬀects gametocytes. The interaction of host
serum TNF-a and related cytokines with peripheral blood
leucocytes is associated with a substantial loss of gametocyte infectivity to mosquitoes (Naotunne et al., 1991;
Karunaweera et al., 1992). This has been attributed to
the nitric oxide-dependent inactivation of intracellular
gametocytes (Motard et al., 1993; Naotunne et al., 1993).
Although a role for TNF-a in targeting gametocytes and
reducing their infectiousness to mosquitoes is supported
by studies such as these, the exact mode of anti-gametocyte
activity, as well as the identity of the downstream eﬀectors,
are currently unknown.
In this study, the P. c. chabaudi rodent model of malaria
infection was used to investigate the eﬀects of in vivo TNFa and lymphotoxin-alpha (LT-a) – through the administration of a TNF-a receptor fusion protein (TNFR-Ig) – on
parasite transmission. Firstly, we investigated the eﬀect of
blocking TNFR1 on gametocyte and asexual parasite densities, the infectivity of gametocytes to mosquitoes and disease severity (in terms of weight and red blood cell (RBC)
loss). Second, we used a panel of four genetically distinct P.
c. chabaudi clones known to diﬀer in the disease severity
they induce (Mackinnon and Read, 1999a; Long et al.,
2006), to determine whether the eﬀects of TNFR1 blockade
on gametocyte density are clone-speciﬁc. We found evidence that blocking TNFR1 can simultaneously increase
the transmission potential and reduce the disease severity,
across TNFR-Ig doses and malaria genotypes.
2. Materials and methods

et al., 2002; Stevenson and Riley, 2004a). Clones were
derived from thicket rat isolates and stored as frozen stabilities (Walliker et al., 1971), with subscript codes denoting
their exact clonal history; clone AJ4992 was used in experiment one and clones CW640, AS11915, BC200 and AJ4762
(herein referred to as CW, AS, BC and AJ) in experiment
two. Mice were inoculated with 106 parasitised RBCs and
housed as described previously (Long et al., 2006) and all
procedures were carried out according to UK Home Oﬃce
guidelines.
2.2. Experimental design
TNFR-Ig (kindly provided by the Therapeutic Antibody Centre, University of Oxford, UK) targets and blocks
TNFR1 in vivo (Dick et al., 1996). As detailed previously
(Long et al., 2006), mice were administered either TNFRIg or a human IgG1 isotype control (hu-IgG; Sigma) every
morning from days 5 through 8 p.i., before daily disease
severity and parasite measurements were collected, as
described below. In experiment one, the eﬀect of TNFRIg dose on P. c. chabaudi AJ infection dynamics was investigated by administrating three diﬀerent doses of TNFR-Ig
or hu-IgG: 19, 38 or 75 lg (four mice per dose, per treatment). In experiment two, the eﬀect of TNFR1 blockade
on four genetically distinct P. c. chabaudi clones was investigated. Single-clone infections of these four distinct clones
were initiated and, based on the results of experiment one,
mice received 75 lg of either TNFR-Ig or hu-IgG (ﬁve mice
per clone, per treatment).
2.3. Monitoring parasitaemia, gametocytaemia and disease
severity
Thin blood smears obtained daily from the tail vein were
Giemsa stained and microscopically analysed (1,000 magniﬁcation) to determine the proportion of RBCs parasitised
with gametocytes (gametocytaemia), asexual parasites
(parasitaemia) and the proportion of RBCs that were
immature (RBC precursors), which was comprised of both
erythroblasts and reticulocytes. For 14 days p.i., RBC densities were obtained by ﬂow cytometry (Beckmann Coulter)
by standard methods (Long et al., 2006). We calculated
asexual parasite, gametocyte and RBC precursor densities
(per ml of blood) by multiplying each corresponding proportion by daily RBC densities. Mouse weights were
recorded to the nearest 0.1 g on days 0–14 p.i.

2.1. Hosts and parasites
2.4. Mosquito transmission
Both experiments used 6–8-week-old female inbred
C57BL/6 mice (bred in-house). We used the rodent
malaria, P. c. chabaudi (Landau, 1965), because it is one
of the best laboratory models for understanding parasite
genetic variation in malaria virulence and transmission
(Mackinnon and Read, 1999b, 2003; Gandon et al., 2001;
Mackinnon et al., 2002) and the molecular basis of innate
immunity to malaria infection (Li et al., 2001; Langhorne

In experiment one, mice receiving the highest antibody
dose (75 lg) were used to investigate the relationship
between TNFR1 blockade and infectivity to mosquitoes.
Mosquito feeds took place 14 days after mouse malaria
infection. Groups of 4–5-days-old female Anopheles stephensi mosquitoes were arranged in mesh-covered pots and
each group fed on an anesthetised mouse (three mice per
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treatment group and a mean of 62 mosquitoes per pot), as
described previously (Ferguson et al., 2003). Mosquitoes
which had not fed were removed from pots and the remainder maintained at 25–30 °C, 70–80% humidity with 12:12 h
light–dark cycle and fed 5% glucose, 0.05% para-aminobenzoic acid (PABA) solution ad libitum. On days 8 and
9 post blood-feeding, mosquitoes were dissected to assess
infection status by counting the number of oocyst in each
infected mosquito midgut.

parasites was analysed using binomial logistic regression,
blocked by mouse to avoid pseudo-replication. The maximal model was ﬁt to the data including, when relevant,
covariate, treatment, dose or clone, and an interaction
between treatment and dose or clone. The cut-oﬀ for significance was P < 0.05. For clarity, only signiﬁcant explanatory variables are reported here.

2.5. Trait deﬁnition

3.1. Malaria-induced weight loss was ameliorated when
TNFR1 was blocked, independent of both dose and asexual
parasite load

In both experiments, parasite and gametocyte load were
quantiﬁed as the cumulative parasite and gametocyte densities produced throughout the infection (days 5–14 p.i.
inclusive). In experiment one, the proportion of asexual
parasites that produced gametocytes on days 6, 8, 10 and
12 p.i. was estimated using a simple model of exponential
growth as described previously (Buckling et al., 1999)
and the ‘average gametocyte conversion rate’ was calculated over this time and used as an estimate of gametocytogenesis. For measures of disease severity, the ‘average
weight loss’ or ‘average loss in RBC density’ over the
course of the primary infection was calculated for each
mouse. Previous experiments from our laboratory show
weight loss correlates with other measures of malariainduced morbidity – including anaemia and temperature
loss – and is an important surrogate predictor for death
(e.g., Mackinnon and Read, 2004). In experiment one,
‘average RBC precursor density’ was calculated. Prior to
statistical analysis, the following transformations were
applied to meet the necessary normality and homogeneity-of-variance assumptions: square root (asexual parasite
density) and log10 (weight, RBC density, gametocyte density and gametocyte conversion rate).
2.6. Statistical analysis
Data were analysed using ANOVAs and ANCOVAs in
Minitab (v. 13.30, Minitab Inc.). In experiment one, the
explanatory variables used were antibody ‘treatment’
(TNFR-Ig or hu-IgG) and ‘dose’ (19, 38 or 75 lg). In
experiment two, the explanatory variables used were antibody ‘treatment’ (TNFR-Ig or hu-IgG) and infecting P.
c. chabaudi ‘clone’ (CW, AS, BC or AJ). Mice that died
before either the disease severity or parasite load had
peaked were removed from the analyses (two TNFR-Ig
and two IgG-treated mice in experiment one; and one
TNFR-Ig-treated BC-infected mouse and two IgG-treated
AJ-infected mice in experiment two). For disease severity
analyses, a covariate for either starting weight or RBC density (average days 0 and 1 p.i.) was ﬁtted to control for the
mouse’s initial values. To determine whether treatment,
dose or clone had eﬀects on disease severity and gametocytes beyond those exerted by asexual parasite load, data
were analysed with and without asexual parasite load as
a covariate. The proportion of mosquitoes infected with

3. Results

The role TNF-a plays in contributing to malaria disease
severity is well established for P. c. chabaudi AS infection
(Langhorne et al., 2004; Stevenson and Riley, 2004b). In
this study we have conﬁrmed malaria disease severity was
similarly reduced by blocking TNFR1 during infection
with the more virulent P. c. chabaudi clone AJ. Following
infection with 106 P. c. chabaudi AJ-infected RBCs,
C57BL/6 mice were administered TNFR-Ig on days 5 to
8 p.i. inclusive. Data were statistically analysed to assess
whether changes in disease severity – quantiﬁed in terms
of loss of weight and RBC density, with the initial conditions of each mouse taken into account – could be
explained by TNFR-Ig treatment or antibody dose. Inclusion of asexual parasite load into these statistical models
allowed us to determine whether changes in asexual density
were responsible for driving TNFR-Ig-mediated eﬀects on
disease severity.
TNFR1 blockade protected against average AJ-induced
weight loss (Fig. 1A; treatment: F1, 15 = 4.5, P = 0.05. Our
choice of average in these analyses is justiﬁed in Section 2).
Although TNFR-Ig treatment did not signiﬁcantly aﬀect
the average density of RBCs (Fig. 1B), average RBC precursor densities were higher in the TNFR-Ig-treated group
(Fig. 1C; treatment: F1, 15 = 5.35, P = .035). The dose of
treatment did not signiﬁcantly aﬀect live weight, RBC or
reticulocyte density (thus, although dose was always controlled for in our statistical analyses, virulence data are
pooled by dose in our ﬁgures for pictorial ease; Fig. 1A,
B and C). Controlling for asexual parasitaemia did not
alter any of these conclusions. Thus, TNFR1 aﬀects
malaria-induced weight loss, but not RBC loss, independently of asexual parasite load.
3.2. TNFR1 blockade increased the density of malaria
gametocytes, independent of asexual parasite load
Next, we investigated the eﬀect of TNFR1 blockade on
malaria transmission potential during infections with virulent P. c. chabaudi clone AJ. Data were statistically analysed to assess whether changes in cumulative gametocyte
density could be explained by TNFR-Ig treatment or antibody dose. Inclusion of asexual parasite or RBC precursor
load into these statistical models allowed us to determine
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highest antibody dose, regardless of antibody type
(Fig. 2A; dose: F2, 15 = 14.52, P = 0.002). That the statistically signiﬁcant eﬀect of TNFR-Ig on the cumulative gametocyte density was observed controlling for antibody dose,
conﬁrmed that treatment eﬀects did not depend on dose.
However, neither TNFR-Ig treatment nor the dose of
TNFR-Ig administered signiﬁcantly aﬀected asexual parasites (Fig. 2B). In addition, controlling for average asexual
parasite or RBC precursor load did not alter the conclusion
that TNFR-Ig increased gametocyte load. Finally, the
average rate of gametocytogenesis was not aﬀected by
TNFR1 blockade (data not shown), suggesting that the
increase in gametocytes observed during TNFR-Ig treatment was not due to an increased investment in gametocytes. Thus, the TNFR-Ig-driven increase in cumulative
gametocyte density observed here is most consistent with
a direct gametocidal role for TNF-a or LT-a in vivo.
3.3. The infectivity to mosquitoes was increased by TNFR1
blockade

Fig. 1. Eﬀect of tumour necrosis factor receptor (TNFR)-Ig treatment on
loss of body mass, anaemia and red blood cell (RBC) precursor density in
malaria-infected mice. Plots represent the change in live weight (A), RBC
density (B) or RBC precursor density (C) induced by infection with
virulent Plasmodium chabaudi chabaudi clone AJ in TNFR-Ig treated mice
(open symbols) or control IgG-treated mice (solid symbols). Treatment
dose, although always controlled for statistically in our analyses, did not
signiﬁcantly aﬀect any virulence parameter measured. Therefore virulence
data are pooled by dose in this ﬁgure for pictorial ease. Each line
represents the mean of 16 mice (±SEM), except where deaths occurred as
noted in Section 2. Dotted lines represent periods of antibody administration. hu-IgG, human IgG1 isotype control.

whether changes in these parameters were responsible for
driving TNFR-Ig-mediated eﬀects on gametocyte load.
Finally, we used a simple model (Buckling et al., 1999) to
calculate the rate of gametocytogenesis on days 6 to
12 p.i. inclusive, allowing us to explore whether an
increased commitment of asexual parasite to gametocytes
was responsible for changes in gametocyte load.
TNFR-Ig treatment signiﬁcantly increased the cumulative gametocyte density reached during infection
(Fig. 2A; treatment: F1, 15 = 10.96, P = 0.005). In addition,
gametocyte densities were greatest in mice receiving the

Since mice receiving the highest antibody dose (75 lg)
had the highest gametocyte densities – which is expected
to maximise chances of transmission to mosquitoes (Buckling et al., 1997; Taylor and Read, 1998; Mackinnon and
Read, 1999a) – this cohort was chosen to investigate the
eﬀect of TNFR1 blockade on malaria infectivity. This provided a stringent test of whether TNFR1 blockade drove
changes in transmissibility, rather than merely gametocyte
density. Blocking TNFR1 signiﬁcantly increased the proportion of mosquitoes infected, with TNFR-Ig-treated
mice 2.5 times more likely to infect mosquitoes than control mice (Fig. 3; 95% Conﬁdence Interval (C.I.) for odds
ratio 2.5: 1.1–5.7, P = 0.03). When gametocyte density on
the day of the mosquito feed was controlled for statistically, TNFR-Ig-treated mice still supported greater transmission to mosquitoes. These data suggest increased
mosquito infectivity of gametocytes in TNFR-Ig treated
mice.
3.4. The TNFR-Ig driven increase in transmission potential
was observed across several malaria genotypes
We were interested in whether the transmission potential
of distinct parasite genotypes is diﬀerentially aﬀected by
TNFR1 blockade. After infection with 106 parasites from
one of four genetically distinct P. c. chabaudi clones,
C57BL/6 mice were treated with TNFR-Ig on days 5–
8 p.i. As in experiment one, and now across genetically distinct P. c. chabaudi infections, TNFR-Ig-treated mice had
higher gametocyte densities compared with control mice
(Fig. 4; treatment: F1, 29 = 4.5, P = 0.042, clone:
F3, 29 = 3.02, P = 0.046). Although the clones appeared to
vary in their response to TNFR-Ig treatment – for example, a TNFR-Ig driven increase in gametocytes is evident
for clone CW, but not for clone AS (Fig. 4) – there is no
evidence to suggest that this clone to clone variation is
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Fig. 2. Eﬀect of tumour necrosis factor receptor (TNFR)-Ig treatment and dose on the kinetics of gametocyte and asexual parasite density. Plots represent
the kinetics of gametocyte density (A) and asexual parasite density (B) during infection with virulent Plasmodium chabaudi chabaudu clone AJ in TNFR-Igtreated mice (open symbols) or control IgG-treated mice (solid symbols). Three diﬀerent doses of antibody were used (19, 38 and 75 lg) and dotted lines
represent periods of antibody administration. Each line represents the mean of 5 mice (±SEM), except where deaths occurred as noted in Section 2. huIgG, human IgG1 isotype control.

Fig. 3. Eﬀect of tumour necrosis factor receptor (TNFR)-Ig treatment on
transmission of the Plasmodium chabaudi chabaudi clone AJ to mosquitoes. Bars represent the proportion of mosquitoes infected after feeding on
AJ-infected mice, treated with either 75 lg of control IgG (solid bar) or
TNFR-Ig (open bar). Means are based on six mice from which totals of
217 (hu-IgG) and 185 (TNFR-Ig) mosquitoes took a blood meal (±95%
Conﬁdence Interval). Infection with oocysts of clone AJ was assessed by
microscopic dissection of the mosquito midgut. hu-IgG, human IgG1
isotype control.

more than we would expect by chance alone (clone  treatment: F3, 29 = 1.01, P = 0.40). Regardless of parasite clone,
TNFR-Ig-treated mice produced on average 44% more
gametocytes than control mice. Again, TNFR-Ig treatment
did not signiﬁcantly aﬀect asexual parasite density (Long
et al., 2006), and controlling for asexual parasite load did
not alter either clone or treatment eﬀects on gametocyte
density. TNFR1 blockade ameliorated the malaria-induced
weight loss, but not RBC loss, regardless of asexual parasite load or parasite genotype (Long et al., 2006). Thus,
across several P. c. chabaudi clones, TNFR1 blockade
simultaneously increased the density of gametocytes and
protected against malaria-induced weight loss, independently of asexual parasite load.
In summary, although there were quantitative diﬀerences between the experiments in terms of the average
gametocyte density and loss in body weight, in both experiments TNFR1 blockade was associated with increased
gametocyte density and protection against weight loss
(Table 1). Thus, in vivo TNFR1 blockade simultaneously
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Fig. 4. Eﬀect of tumour necrosis factor receptor (TNFR)-Ig treatment and parasite clone on the kinetics of gametocyte density. Plots represent the kinetics
of gametocyte density during infection with one of four Plasmodium chabaudi chabaudi clones (CW, AS, BC or AJ) in TNFR-Ig-treated mice (open
symbols) or control IgG-treated mice (solid symbols) and dotted lines represent periods of antibody administration. Each line represents the mean of ﬁve
mice (±SEM), except where deaths occurred as noted in Section 2. hu-IgG, human IgG1 isotype control.

Table 1
The eﬀect of TNF receptor 1 (TNFR1) blockade on the average
gametocyte density (106/ml) and average loss in live weight (g) during
Plasmodium chabaudi chabaudi infection
Experiment
and trait
Experiment 1
Gametocyte
density
Body weight
lost
Experiment 2
Gametocyte
density
Body weight
lost

TNFR-Ig
means ± SE

Control
means ± SE

Signiﬁcance of
treatment eﬀects

1.13 ± 0.13

0.30 ± 0.14

0.98 ± 0.19

1.60 ± 0.21

F1, 15 = 10.96,
p = 0.005
F1, 15 = 4.5, p = 0.05

0.82 ± 0.08

0.67 ± 0.08

F1, 29 = 4.5, p = 0.042

0.24 ± 0.18

0.94 ± 0.19

F1, 28 = 7, p = 0.01

Data are least-squares means ± standard errors (SE).

increased gametocyte density and reduced weight loss
across doses of TNFR-Ig (Fig. 2A) and clones of P. c.
chabaudi (Fig. 4).
4. Discussion
The disease severity caused by P. c. chabaudi infection
has both parasite- (Cross and Langhorne, 1998) and
immune-mediated components (Li et al., 1999, 2003; Clark
et al., 2004). Here, we evaluated the eﬀect an anti-TNFR1based immunotherapy (TNFR-Ig) exerts on the transmission potential and disease severity of P. c. chabaudi infection. We showed that administering TNFR-Ig early

during primary infection protected against weight loss
(Fig. 1A). Despite the lack of protection against malariainduced anaemia (Fig. 1B), TNFR1 blockade signiﬁcantly
increased RBC precursor burdens from day 10 p.i. onwards
(Fig. 1C), consistent with the proposed inhibitory role for
TNF-a on erythropoeisis (Johnson et al., 1989). Importantly, we found that TNFR1 blockade signiﬁcantly
increased the cumulative gametocyte density (Figs. 2A
and 4) and infectivity to mosquitoes (Fig. 3), independently
of asexual parasite load. Indeed, asexual parasite load was
not signiﬁcantly aﬀected by TNFR-Ig (Fig. 2B), consistent
with a major role for TNFR1-independent factors in controlling asexual parasite burdens (Jacobs et al., 1996; Li
and Langhorne, 2000; Long et al., 2006). These data suggest that during P. c. chabaudi infection, therapies which
block TNFR1 may have antagonistic eﬀects on ameliorating malaria disease burden, reducing some infectioninduced pathologies while increasing parasite transmission.
A public health goal of malaria treatments is to reduce
the infectious reservoir. Although the biological details
could be quite diﬀerent in human malaria, we have shown
here that in at least one malaria system, anti-cytokine
receptor therapy can enhance malaria transmission potential while alleviating symptoms. We suggest there is a
strong case that, in clinical trials, the eﬀect of candidate
interventions on infectivity be examined alongside eﬀects
on disease severity so that treatment eﬃcacy can be more
fully evaluated – i.e., at the population as well as the individual patient levels. In a recent ﬁeld study, careful monitoring of the eﬃcacy of intermittent anti-parasitic
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preventive treatment revealed that intervention signiﬁcantly decreased both asexual and gametocyte prevalence,
as well as the incidence of anaemia, compared with placebo
control groups (Schellenberg et al., 2005). That particular
anti-parasite treatment thus beneﬁted both the individual
and the population. Indeed, in principle, anti-parasite
treatments such as the cinchona alkaloids quinine and
quinidine or conventional vaccines which are targeted at
killing the parasite or reducing its growth rate, pose relatively little risk of leading to increased transmission (Gandon et al., 2001; Mackinnon et al., in press). This is
because, by reducing the pool of asexual parasites from
which gametocytes are derived, anti-parasite treatments
are expected to greatly reduce both disease severity and
transmission potential. We would encourage studies to test
this prediction by routinely monitoring gametocytes following anti-parasite clinical interventions, particularly
those expected to alter immune response induction. In contrast, because anti-disease therapies are thought to protect
the host without necessarily killing the parasite, their eﬀects
on malaria transmission are far from clear. Thus, the case
for monitoring gametocyte biology is particularly strong
for interventions which target symptoms rather than parasites (Gandon et al., 2001; Mackinnon et al., in press) with
anti-toxin vaccines (Schoﬁeld, 2002) potentially falling into
this category. Indeed, anti-glycosylphosphatidylinositol
(GPI) vaccination ameliorated the virulence and mortality
induced by Plasmodium berghei infection (Schoﬁeld et al.,
2002), but its eﬀects on transmission stage parasites have
yet to be determined. Just as individuals with reduced
immune competence may act as reservoirs for gametocytes
(Abu-Raddad et al., 2006) so too might individuals treated
with anti-cytokine, anti-cytokine receptor, or other antidisease therapies.
The increased gametocyte density and mosquito infectivity we observed during TNFR-Ig treatment may be
caused by several mechanisms. An increase in the proportion of asexual parasites becoming committed to the sexual
stage might drive increases in lifetime transmission potential. However, as the commitment of asexual parasites to
gametocytes and development to full maturity takes 24–
48 h during rodent malaria infections (Carter and Walliker,
1975), the rapidity with which TNFR1 blockade caused
gametocyte densities in both experiments to increase – levels were elevated within 4 h of TNFR-Ig treatment (Figs.
2A and 4) – rules out gametocyte conversion being the
main causal factor driving increased gametocyte load. In
support of this, neither asexual parasite nor RBC precursor
density (Trager et al., 1999) helped to explain gametocyte
load in our statistical models and no diﬀerence in gametocyte conversion rate was found between treatments.
Instead, we propose that protection from anti-gametocyte
activity (Naotunne et al., 1991, 1993) explains the
TNFR-Ig-driven increase in gametocyte density and infectivity. Gametocyte-speciﬁc immune responses during Plasmodium falciparum infection have been implicated in
regulating gametocyte density, independently of asexual
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stage immunity (Baird et al., 1991) and our data are consistent with TNF-a or LT-a being directly gametocidal
in vivo; however, this was not directly tested.
As with all models, there are caveats with our experimental system. For example, our treatment represented
the addition of an extrinsic molecule – albeit one currently
in use for autoimmune conditions (Doan et al., 2006;
Woolacott et al., 2006) – which may avoid normal homoeostatic regulation. Therefore, exactly how our treatment
relates to, for example, vaccine-induced changes in immunity have yet to be elucidated. In addition, TNFR-Ig does
not distinguish between TNF-a and the closely related
cytokine LT-a, and as both cytokines can signal through
TNFR1, we have been careful to attribute treatment eﬀects
in these experiments to TNFR1 blockade. Recent ﬁndings
support distinct roles for these cytokines during malaria
infection; LT-a, and not TNF-a, is thought to play a more
important role in driving severe disease during P. berghei
infection (Engwerda et al., 2002) and in regulating early
immune responses against P. chabaudi parasites (Clark
et al., 2007). These data suggest that TNF-a may not be
on the critical path for toxin-mediated pathogenesis or
immune regulation in these particular model systems. It
would be very interesting to determine whether these cytokines possess diﬀerent anti-gametocytic properties in vivo
during infection with P. c. chabaudi as well as other malarias. LT-a appears to be particularly associated with T-cellmediated immunity (McCarthy et al., 2006); therefore
immune responses induced by anti-parasite vaccines – particularly if T-cells are skewed away from LT-a production
– may have similar eﬀects on gametocytes to those documented here. Finally, we did not distinguish the form or
the cellular source of TNF-a/LT-a aﬀected by our experimental manipulation; macrophages (Stevenson et al.,
1992), dendritic cells (Seixas et al., 2001) and CD4+ T-cells
(Hirunpetcharat et al., 1999) have been shown to produce
TNF-a during malaria infection and we would encourage
future experiments aimed at deducing the cellular source
of these cytokines. Regardless of the exact mechanism,
the TNFR-Ig-driven increase in gametocyte load and infectivity to mosquitoes strongly suggests a TNFR1-dependent
gametocidal pathway exists in vivo and highlights the need
for a more complete understanding of gametocyte biology
in the context of the mammalian immune system.
We suggest that any beneﬁt aﬀorded by anti-disease
treatments that reduce malaria-induced immunopathology
or inﬂuence T-cell priming must be evaluated with respect
to their eﬀect on transmission-stage parasites. Indeed, measuring gametocyte carriage rates should probably be routine for malaria interventions planned for use in the
wider community (for example, during trials of vaccines
(Mackinnon and Read, 2004) or drugs). This would enable
careful consideration of whether the beneﬁts associated
with wide-spread treatments (reduced clinical symptoms),
outweigh any detrimental side-eﬀects associated with their
application (increased gametocyte carriage). Routine monitoring of how such therapies aﬀect gametocyte density as
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well as disease severity would allow more informed decisions to be made regarding the wide-spread application
of putative anti-malaria drugs. Another beneﬁt of routine
gametocyte monitoring may be sensitive early warning of
emerging drug resistance (Hallett et al., 2006). The transmission consequences of interventions aimed at blocking
immunopathology in other infectious (Aslam et al., 2005;
Holmgren et al., 2005) and non-infectious (Crum et al.,
2005) contexts should be similarly evaluated.
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