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Background. Millions of individuals being treated for human immunodeficiency virus (HIV) live in malaria-
endemic areas, but the effects of these treatments on malaria transmission are unknown. While drugs like HIV pro-
tease inhibitors (PIs) and trimethoprim-sulfamethoxazole (TMP-SMX) have known activity against parasites
during liver or asexual blood stages, their effects on transmission stages require further study.

Methods. The HIV PIs lopinavir and saquinavir, the nonnucleoside reverse-transcriptase inhibitor nevirapine,
and the antibiotic TMP-SMX were assessed for activity against Plasmodium falciparum transmission stages. The ala-
marBlue assay was used to determine the effects of drugs on gametocyte viability, and exflagellation was assessed to
determine the effects of drugs on gametocyte maturation. The effects of drug on transmission were assessed by cal-
culating the mosquito oocyst count as a marker for infectivity, using standard membrane feeding assays.

Results. Lopinavir and saquinavir have gametocytocidal and transmission blocking activities at or approaching
clinically relevant treatment levels, while nevirapine does not. TMP-SMX is not gametocytocidal, but at prophylactic
levels it blocks transmission.

Conclusions. Specific HIV treatments have gametocyte killing and transmission-blocking effects. Clinical
studies are warranted to evaluate these findings and their potential impact on eradication efforts.
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When human immunodeficiency virus (HIV) and
malaria parasites are both present in an individual, they
exert copathogenic effects [1]. This interaction may
contribute to increased malaria transmission. The
World Health Organization recommends HIV man-
agement with combination antiretroviral therapy, com-
posed of a nonnucleoside reverse-transcriptase inhibitor
(NNRTI) and a nucleoside reverse-transcriptase in-
hibitor (NRTI) as first-line therapy, with second-line

therapy including an HIV protease inhibitor (PI) and 2
NRTIs [2]. HIV PIs affect Plasmodium development in
vitro and in animal models [4, 5]. Clinical studies are
beginning to examine HIV PI impact on malaria in
children [6]. Separately, the antibiotic trimethoprim-
sulfamethoxazole (TMP-SMX) is frequently used in
HIV-exposed infants and HIV-infected patients [3].
TMP-SMX also reduces the incidence of clinical ma-
laria in areas of varying transmission intensities and
where the mutation conferring antifolate resistance
among malaria parasites is prevalent [1, 7]. Given the
use of these drugs in HIV management in malaria-
endemic areas, the effect of different antiretrovirals and
TMP-SMX prophylaxis on malaria transmission requires
further study.

The malaria parasite has several distinct life cycle
stages: preerythrocytic stage (sporozoite and liver),
asexual and sexual erythrocytic stages, and mosquito
stages. Sexual stage parasites, or gametocytes, are trans-
mitted to the mosquito, where they develop into
oocysts and then sporozoites, the infective form of the
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parasite. Gametocytes are usually found in the blood of an in-
fected patient, even after treatment, as most treatments target the
asexual stage, which is associated with symptoms. These gameto-
cytes serve to perpetuate the cycle of transmission [8].

HIV PIs have antimalarial effects on erythrocytic asexual
stages [5], and certain HIV PIs have been shown to affect game-
tocytogenesis and reduce gametocyte viability [9], but their
specific effects on early and late stage gametocytes and transmis-
sion require further investigation. Additionally, while NNRTIs
have little to no effect on liver or asexual stage parasites at clini-
cally relevant concentrations [10–12], their effect on malaria ga-
metocytes or transmission requires further investigation. Last,
TMP-SMX has been shown to reduce clinical episodes of
malaria in HIV-infected and HIV-exposed patients [1, 13], but
the influence of TMP-SMX prophylaxis on transmission
requires further study.

The effect of drugs on transmission may involve killing ga-
metocytes or blocking parasite transmission to or development
within the mosquito [8]. Using an assay that screens for game-
tocytocidal compounds [14], we evaluated a panel of HIV anti-
retrovirals (HIV PIs and an NNRTI) and TMP-SMX for their
effect on P. falciparum gametocyte viability. We then evaluated
a selection of these compounds for transmission-blocking
effects in a standard membrane-feeding assay (MFA) [15].

METHODS

Parasites
P. falciparum strains NF54 and 3D7, a clone of the parental
isolate NF54, were used in all assays. Gametocyte stage was de-
termined by morphology, as previously described [16].

HIV Drug Preparation
HIV PIs were obtained from the National Institutes of Health
AIDS Research and Reference Reagent Program. Stocks were
prepared in dimethyl sulfoxide (DMSO), and final concentra-
tions for experiments were prepared by diluting stock with
culture medium. For all experiments, DMSO in culture
medium alone was added to the control wells. Lopinavir-
ritonavir was tested in a 4:1 ratio based on molecular weight to
mimic the clinical formulation, and ritonavir was tested alone
or in combination with lopinavir at a range of 1–20 µM (the
lower concentrations based on the 4:1 clinical formulation). Sa-
quinavir and lopinavir were tested at 5–20 µM. Nevirapine con-
centrations ranged from 3.75 µM to 15 µM, and TMP-SMX
concentrations ranged from 20 µM to 40 µM. Drug concentra-
tions were based on levels achieved by standard drug regimens
in HIV-infected patients receiving antiretroviral treatment and
TMP-SMX prophylaxis [11, 17–20]. Drugs were tested across a
wider range of concentrations if they had significant effects at
the higher concentrations on initial screens.

Gametocyte Viability Assessment
Drug-treated and control cultures of 3D7 P. falciparum early
stage (stage II–III) gametocytes and late stage (stage III–V) ga-
metocytes were compared using the alamarBlue indicator assay,
which reflects metabolic activity and, thus, viability of gameto-
cytes [14]. This assay was performed as described previously,
with few modifications [14]. Briefly, parasites were treated with
50 mM N-acetyl glucosamine to kill asexual stage parasites on
days 6–8 and 9–11 for early and late stage gametocytes, respec-
tively. Infected red blood cells (RBCs) were enriched by Percoll
density-gradient centrifugation on days 9 and 12 for early and
late stages, respectively. Cultures were adjusted to 10% gameto-
cytemia, and assay plates were set up on days 10 and 13 for
early and late stages, respectively. At this time, gametocytes
were mixed with DMSO-diluted HIV drug; with epoxomicin, a
proteasome inhibitor that kills all gametocytes (a positive
control, which provided a background measurement attribut-
able to RBCs only); or with DMSO alone (negative control).
The gametocyte mixtures were then cultivated under standard
conditions until days 13 and 16 for early and late stages, respec-
tively. For the early and late stages, alamarBlue was then added
on days 13 and 16, and fluorescence was detected on days 14
and 17. Background fluorescence from RBCs was subtracted
using epoxomicin values. Z-factor values were calculated to
account for well-to-well variability [21]. Three to four experi-
ments were conducted for early and late gametocytes, with each
experiment run in duplicate or triplicate.

To record the morphologic appearance of treated and
control early and late stage gametocytes, Giemsa-stained
smears were prepared after alamarBlue detection, and pictures
of smears were taken (original magnification, ×1000).

Transmission Assessment
Drugs may affect transmission at the level of the gametocyte or
mosquito infectivity. Therefore, we then assessed transmission
blocking effect by means of the mosquito oocyst count, which
reflects mosquito infectivity, in mosquitoes that fed on drug-
treated or control parasite cultures. Standard membrane
feeding assays (MFAs) were carried out as previously described,
with few modifications [15]. Briefly, cultures containing NF54
strain day 15–16 stage V gametocytes were diluted with O + RBC
and heat-inactivated O+ serum to achieve a 0.15% ± 0.05% stage
V gametocyte concentration in 50% hematocrit. Then, 200-µL
aliquots mixed with 60 µL of phosphate-buffered saline were
mixed with DMSO-diluted HIV drugs or 1 µM primaquine,
which corresponds to the gametocytocidal primaquine dose
levels achieved for P. falciparum [22–24], or with DMSO
alone. After mixing, cultures were immediately fed to 3–5-day-
old Anopheles stephensi mosquitoes. Eight days later, mercuro-
chrome-stained oocysts were counted on midguts of ≥20
dissected mosquitoes per condition, and the percentage inhibi-
tion of oocyst development was calculated. To assess prolonged
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treatment and to distinguish drug effects on gametocyte versus
mosquito stages, gametocytes were also exposed to drugs for
72 hours prior to performance of MFAs.

Gametocyte Maturation Assessment
Mosquito infectivity requires maturation and development of
the parasite. We tested whether the HIV PIs affected gameto-
cyte maturation in the above experiments by assessing exflagel-
lation after 24, 48, and 72 hours of incubation with drug, as
previously described with few modifications [25]. Briefly, all
culture and reagent materials were kept at 37°C, and 1–1.5 mL
of culture was centrifuged. After supernatant was aspirated, an
equal volume of O+ serum was added to the pellet and mixed.
After 10 minutes at room temperature, 10 µL of pellet-serum
mix was placed on a slide, covered with a coverslip, and exam-
ined under a light microscope (original magnification, ×400).
The average number of exflagellation centers per field was
counted in ≥7 fields.

Statistics
For all experimental analysis, data were normalized to the
DMSO negative control. One-way analysis of variance was used
to compare treated parasites to control, taking into account
multiple replicates. The Tukey method was used to identify
statistically significant differences at the P < .05 level, and P
values are associated with comparisons of mean values of
treated samples to the DMSO control. Statistical analyses were
performed using GraphPad Prism software (version 5).

RESULTS

HIV PIs, but Not the NNRTI or TMP-SMX, Kill Early and Late
Stage Gametocytes
Assessment of drug effect on transmission includes assessment
of drug effect on gametocyte viability, which we measured with
the alamarBlue assay (Figure 1). Neither TMP-SMX, nevirapine,
nor ritonavir alone significantly reduced early stage gametocytes
(P > .05). In contrast, saquinavir at 20 µM and 10 µM signifi-
cantly reduced gametocyte viability (P < .001), but not at 5 µM
(P > .05). Lopinavir at 20 µM and 10 µM reduced viability
(P < .001), but not at 5 µM (P > .05). Lopinavir/ritonavir at 20
µM/4 µM, 10 µM/2 µM, and 5 µM/1 µM significantly reduced
viability (P < .001). Treatments with lopinavir alone compared
with lopinavir/ritonavir were not significantly different from
each other (P > .05), except at the lowest concentration (P < .05).
The mean well-to-well Z′-factor (±SD) was 0.88 ± 0.02.

Late stage gametocyte drug treatment results (Figure 2) par-
alleled the early stage gametocyte treatment results described
above. Neither TMP-SMX, nevirapine, nor ritonavir alone sig-
nificantly reduced late stage gametocyte viability (P > .05). In
contrast, saquinavir at 20 µM significantly reduced gametocyte
viability (P < .01), but not at 10 µM or 5 µM (P > .05).

Lopinavir at 20 µM and 10 µM reduced viability (P < .001), but
not at 5 µM (P > .05). Lopinavir/ritonavir at 20 µM/4 µM and
10 µM/2 µM reduced viability (P < .001 and P < .05, respective-
ly), but not at 5 µM/1 µM (P > .05). Treatments with lopinavir

Figure 1. Human immunodeficiency virus (HIV) drug effect on early
stage gametocyte viability, as assessed by the alamarBlue assay. Day 10
gametocytes were mixed with dimethyl sulfoxide (DMSO)–diluted HIV
drug or DMSO alone, and viability was assessed on day 14. Shown is the
mean percentage (±SD) of control fluorescence for 3 independent experi-
ments. A, The highest concentrations for each drug tested is shown. B,
The full range of drug concentrations tested with significant effect is
shown. The mean well-to-well Z′-factor (±SD) was 0.88 ± 0.02.
***P < .001, vs control. Abbreviation: TMP-SMX, trimethoprim-sulfame-
thoxazole.
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alone compared with lopinavir/ritonavir did not differ at any
concentration (P > .05). The mean well-to-well Z′-factor (±SD)
was 0.79 ± 0.11.

To evaluate the morphology of the treated gametocytes,
Giemsa-stained smears were prepared. Saquinavir, lopinavir,

ritonavir, and epoxomicin treatment altered early (Figure 3A)
and late stage (Figure 3B) gametocyte morphology (pyknotic
cells, decreased nucleus size relative to cytoplasm), whereas ne-
virapine and TMP-SMX did not.

HIV PIs, but Not the NNRTI or TMP-SMX, Reduce Oocyst Count
To directly assess drug effect on transmission to the mosquito,
stage V gametocyte–containing cultures were mixed with
DMSO-diluted HIV drugs, P. falciparum–gametocytocidal
doses of primaquine [22–24], or DMSO alone and then fed to
A. stephensi mosquitoes. The percentage inhibition of oocyst
development in these mosquitoes was measured. For MFA, all
drugs were tested at a range of concentrations, including clini-
cally relevant concentrations.

When MFA was undertaken immediately after parasite-drug
exposure, only TMP-SMX 40 µM reduced the oocyst count
(P < .001; Figure 4). However, in MFA performed after pro-
longed parasite-drug exposure, TMP-SMX at 40 µM, lopinavir
at 20 µM, and saquinavir at 20 µM each reduced the oocyst
count (P < .001), while nevirapine at 15 µM increased the
oocyst count (P < .01), and primaquine had no effect (P > .05;
Figure 5A). Saquinavir and lopinavir were then tested at lower
concentrations that included clinically relevant levels (20 µM,
10 µM, and 5 µM), and both drugs significantly reduced oocyst
count after prolonged exposure (P < .001 for both comparisons;
Figure 5B).

HIV PIs, but Not the NNRTI or TMP-SMX, Inhibit Gametocyte
Exflagellation/Maturation
Gametocytes must mature to be taken up by the mosquito in
an infectious blood meal, and the measure of this maturity in
male gametocytes is exflagellation, which takes place prior to
fertilization, ookinete formation, and oocyst formation [26]. To
pinpoint the time at which HIV PIs might exert their effect
within transmission, we evaluated the effect of HIV PIs on ex-
flagellation. In the MFA in which prolonged parasite-drug ex-
posure occurred prior to feeding, neither TMP-SMX nor
nevirapine affected exflagellation (P > .05; Figure 6A and 6B).
In contrast, lopinavir and saquinavir treatment significantly
reduced exflagellation during the 72-hour period of incubation
(after 24 hours, P < .01 for saquinavir at 10 µM and 5 µM; after
48 hours, P < .05 for saquinavir at 20 µM and P < .01 for lopina-
vir at 20 µM; after 72 hours, P < .001 for saquinavir at both 20
µM and 10 µM and P < .001 for lopinavir at both 20 µM and
10 µM). Primaquine showed significant reduction in exflagella-
tion after 48 and 72 hours (P < .05 and P < .001, respectively;
Figure 6C–E) Thus, the HIV PIs (and primaquine) decreased
exflagellation over the 3-day drug exposure period, and except
for saquinavir at 24 hours, this effect was more pronounced
with higher concentrations.

Figure 2. Human immunodeficiency virus (HIV) drug effect on late
stage gametocyte viability, as assessed by the alamarBlue assay. Day 13
gametocytes were mixed with dimethyl sulfoxide (DMSO)–diluted HIV
drug or DMSO alone, with viability assessed on day 17. Shown is the
mean percentage (±standard error of the mean) of control fluorescence for
4 independent experiments. A, The highest concentrations for each drug
tested is shown. B, The full range of drugs concentrations for the HIV pro-
tease inhibitors lopinavir and ritonavir is shown. The mean well-to-well
Z′-factor (±SD) was 0.79 ± 0.11. **P < .01 and ***P < .001, vs control.
Abbreviation: TMP-SMX, trimethoprim-sulfamethoxazole.
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DISCUSSION

We showed that the HIV PIs lopinavir and saquinavir, but not
the NNRTI nevirapine, reduce early and late stage gametocyte
viability and alter gametocyte morphology at (for lopinavir) or
approaching (for saquinavir) clinically relevant treatment
levels. In contrast, TMP-SMX did not reduce gametocyte via-
bility at prophylactic levels. We also demonstrated that HIV
PIs at or approaching treatment levels [11, 18, 19] reduce mos-
quito infectivity and impair gametocyte exflagellation under
conditions of prolonged parasite-drug exposure in a dose-
dependent manner. Again, lopinavir achieved all this at clinically
relevant concentrations, whereas saquinavir activity occured at
levels only approaching clinical relevance. Last, we showed that,

at prophylactic levels, TMP-SMX does not kill gametocytes but
reduces mosquito infectivity [20]. These findings underscore
the potential impact that HIV treatments may have on malaria
transmission and, thus, eradication efforts in the field.

HIV PIs have antimalarial effects on liver stage parasites [4]
and asexual blood stage parasites, in contrast to NNRTIs,
which have little or no antimalarial effect on liver and asexual
blood stage parasites [10–12]. The HIV PIs lopinavir, ritonavir,
saquinavir, and tipranavir have been previously shown to
impair gametocytogenesis, with only tipranavir having gameto-
cytocidal activity [9]. We have expanded this work by assessing
drug effects on early and late stage gametocytes, separately, and
also by assessing drug effects on transmission. We showed that
early and late stage gametocytes are killed by the HIV PIs

Figure 3. Human immunodeficiency virus (HIV) drug effect on gametocytes, by optical microscopy. Images of representative Giemsa-stained smears of
early stage (A) and late stage (B ) gametocytes are shown, drawn from assays described in Figure 1A and 2A, respectively. Treatment with dimethyl sulfox-
ide (DMSO) alone, trimethoprim-sulfamethoxazole (TMP-SMX), or nevirapine (NVP) did not affect gametocyte morphology. In contrast, treatment with rito-
navir (RTV), saquinavir (SAQ), lopinavir (LPV), lopinavir/ritonavir (LOP/RTV), and a known gametocytocidal agent, epoxomicin (EPOX), resulted in altered
gametocyte morphology (pyknotic cells and decreased nucleus size relative to cytoplasm).
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saquinavir, lopinavir, and lopinavir/ritonavir, approaching or at
clinically relevant concentrations.

HIV PIs vary in potency against malaria in liver and asexual
blood stage studies. Lopinavir is the most potent HIV PI, with
antimalarial effect against liver and asexual blood stage parasites
[4, 5], consistent with our findings for lopinavir, compared with
those for saquinavir, with regard to transmission stage effects. It
remains unclear why lopinavir has this activity. Interestingly, in
our hands, ritonavir is ineffective at gametocyte killing, in con-
trast to its effect on asexual stage parasites [5]. Adding ritonavir
to lopinavir-treated cultures, however, enhances the gametocyte-
killing effect. Although ritonavir is typically added to boost levels
of another HIV PI, the effect observed here is likely due to an ad-
ditive antiparasitic effect, as lopinavir-ritonavir metabolism takes
place in the liver, not the RBC [18, 19].

Our MFA data showed that lopinavir and saquinavir have
dose-dependent transmission blocking activity with pro-
longed parasite-drug exposure, conditions that better reflect

continuous administration of these drugs, as is done in clinical
practice. Although the exflagellation experiments revealed that
saquinavir at lower doses decreased maturation as early as day
24 at lower concentrations, the overall trend for both HIV PIs
tested was a more pronounced effect of the drugs at higher
doses and with more time (prolonged incubation). Because ga-
metocytes are incubated with drug during the prolonged para-
site-drug exposure prior to performance of the MFA, it is likely
that the drugs are affecting parasites in the gametocyte stage
more than those in the mosquito stages. This is consistent with
our alamarBlue assay data, which showed that HIV PIs also kill
late stage gametocytes. Additionally, and consistent with previ-
ous data, we showed that primaquine only inhibits transmis-
sion with prolonged parasite-drug exposure; because of this
observation, it has been hypothesized that primaquine requires
additional metabolism in the RBC for its transmission-blocking
effects [8, 27]. Such an explanation also could be offered for
the HIV PIs, although, again, these drugs are metabolized

Figure 3. (Continued)
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primarily in the liver [17–19]. It is unknown whether there are
metabolites of HIV PIs or NNRTIs produced in RBCs that
would affect malaria parasites.

The mechanism for the observed HIV PI effects against
P. falciparum remains unclear. The proposed targets of the
HIV PI in the malaria parasite are either aspartyl proteases or
plasmepsins, since HIV PIs inhibit HIV aspartyl proteases [28],
and investigations for HIV PI antimalarial activity have cen-
tered around this hypothesis [9, 29–31]. HIV PIs interfere with
plasmepsin V and PEXEL signal sequence processing [32, 33],
which is involved in export of parasite proteins to the host RBC [32].
However, this processing occurs in earlier sexual stages [34],
suggesting that the HIV PI effects observed with both early and
late stages could not be fully explained by interference with this
process. HIV PIs could also work through other pathways or
other aspartyl proteases: HIV PIs kill other Apicomplexan par-
asites [35], whose genomes do not encode PEXEL motifs [36].
HIV PIs could block other plasmepsins expressed in gameto-
cytes, such as plasmepsin VI, VII, VIII, and IX [37]. Indeed, as-
partyl proteases are involved in microgamete formation and in
gametocyte activation [38]. Knowledge of HIV PI stage-specific
activity should guide further investigation into mechanisms of
action and may continue to focus on plasmepsins, which are
expressed and perhaps important in these parasite stages.

Our data also show increased oocyst counts and exflagella-
tion centers resulting from prolonged parasite-nevirapine expo-
sure, although changes are significant in only the former. These

differences could be explained if an unknown nevirapine me-
tabolite produced within the RBC accounted for the increase in
oocyst count. Also, since there was no increase in gametocytes
by alamarBlue signal at day 16, the increased oocyst counts ob-
served with nevirapine could also occur in the mosquito stages.
Nevirapine could alter the mosquito gene expression, influenc-
ing patterns of parasite defenses, as chloroquine does [39]. Ne-
virapine could do this by altering oxidation/reduction reactions,
which impact malaria parasite survival [40]. Other NNRTIs
have been shown to alter oxidation/reduction reactions in

Figure 4. Human immunodeficiency virus (HIV) drug effect on transmis-
sion immediately after drug exposure. Day 15 cultures containing stage V
gametocytes were mixed with dimethyl sulfoxide (DMSO)–diluted HIV
drugs, primaquine, or DMSO alone and immediately fed to 3–5-day-old
Anopheles stephensi mosquitoes. Mercurochrome-stained oocysts were
counted on the midguts of ≥20 dissected mosquitoes. Pooled results of 2
independent experiments are shown. ***P < .001, vs control. Abbreviation:
TMP-SMX, trimethoprim-sulfamethoxazole.

Figure 5. Human immunodeficiency virus (HIV) drug effect on transmis-
sion after prolonged parasite-drug exposure. From day 13 of culture, stage
V gametocytes were incubated in dimethyl sulfoxide (DMSO)–diluted HIV
drugs, primaquine, or DMSO alone, each added daily, and were then fed
to 3–5-day-old Anopheles stephensi mosquitoes on day 16. Mercuro-
chrome-stained oocysts were counted on the midguts of ≥20 dissected
mosquitoes per condition 8 days later. Pooled results of 2 independent ex-
periments are shown. A, The highest concentrations for each drug tested
are shown. B, The full range of tested concentrations of the HIV protease
inhibitor lopinavir and ritonavir are shown. **P < .01 and ***P < .001, vs
control. Abbreviation: TMP-SMX, trimethoprim-sulfamethoxazole.
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mammalian cells, although the data are less clear with regard to
nevirapine [41].

Separately, TMP-SMX prophylaxis has been shown to reduce
clinical malaria incidence [1, 7], but its effect on transmission
remains incompletely understood. In limited clinical studies, 5–7
days of TMP-SMX antimalarial treatment did not reduce game-
tocyte count [42, 43] or transmission [44]. However, the latter
study was small and did not characterize background anti-
folate resistance, the existence of which dates back to this period
[45]. TMP-SMX prophylaxis taken by HIV-infected patients
has been associated with reduced malaria incidence in HIV-
negative family members, indirectly suggesting a reduction of

transmission [46]. Treatment with sulfadoxine-pyrimethamine
(SP), another antifolate, has also been shown to reduce mosquito
infectivity in the context of high drug efficacy [47].

Our data demonstrate that TMP-SMX does not reduce ga-
metocyte viability at prophylactic levels in vitro: we observed an
increase in the alamarBlue signal, which itself relies on oxida-
tion/reduction reactions to generate fluorescence. Antifolates
have been associated with increasing oxidative stress in animal
models of malaria [48], and an increase in oxidative stress
could itself theoretically have increased the signal. We also
showed that TMP-SMX decreased mosquito infectivity, consis-
tent with prior studies that tested the influence of SP, TMP, and

Figure 6. Human immunodeficiency virus (HIV) drug effect on exflagellation after prolonged parasite-drug exposure. Gametocyte maturation was as-
sessed by testing exflagellation capacity after prolonged incubation with drug. The average number of exflagellation centers per field were counted in ≥7
fields. Exflagellation centers were counted after 24, 48, and 72 hours of incubation with drug. Pooled results from 2–4 experiments are shown. A and B,
The highest concentrations for each drug tested are shown. C and D, The full range of tested concentrations of the HIV protease inhibitors lopinavir and ri-
tonavir are shown. Lopinavir and saquinavir treatment significantly reduced exflagellation during the 72-hour period of incubation (after 24 hours, P < .01
for saquinavir at 10 µM and 5 µM; after 48 hours, P < .05 for saquinavir at 20 µM and P < .01 for lopinavir at 20 µM; after 72 hours, P < .001 for saquinavir
at both 20 µM and 10 µM and P < .001 for lopinavir at both 20 µM and 10 µM). Primaquine showed significant reduction in exflagellation after 48 and 72
hours (P < .05 and P < .001, respectively; C–E).
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SMX on mosquito infectivity [25, 49]. In contrast to these
studies, though, we did not find that TMP-SMX affected exfla-
gellation. However, our study differs in the timing of drug addi-
tion, drug levels, and, in the case of SP studies, possibly parasite
drug sensitivity [50].

A possible limitation of our study is the differential drug
effect observed in vitro versus what may occur in vivo because
of protein binding. Additionally, it is possible that metabolites
of these drugs may have additional effects on transmission, and
this will require further study.

In conclusion, drugs used to care for HIV-infected or HIV-
exposed patients have effects on malaria transmission stages in
the laboratory. Clinical studies are warranted to understand the
impact of these drugs on malaria transmission, given routine
administration of these drugs in regions where HIV infection
and malaria are prevalent. Variables such as the concentrations
at which drugs have activity and antimalarial resistance pat-
terns should be carefully assessed for their influence. Clinical
assessment of the impact of HIV treatments on malaria trans-
mission will inform optimal pharmacologic management of
HIV-infected patients in malaria-endemic areas.
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