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Abstract

Controlled human malaria infection (CHMI) is a powerful method for assessing the efficacy of anti-malaria vaccines and
drugs targeting pre-erythrocytic and erythrocytic stages of the parasite. CHMI has heretofore required the bites of 5
Plasmodium falciparum (Pf) sporozoite (SPZ)-infected mosquitoes to reliably induce Pf malaria. We reported that CHMI using
the bites of 3 PfSPZ-infected mosquitoes reared aseptically in compliance with current good manufacturing practices
(cGMP) was successful in 6 participants. Here, we report results from a subsequent CHMI study using 3 PfSPZ-infected
mosquitoes reared aseptically to validate the initial clinical trial. We also compare results of safety, tolerability, and
transmission dynamics in participants undergoing CHMI using 3 PfSPZ-infected mosquitoes reared aseptically to published
studies of CHMI using 5 mosquitoes. Nineteen adults aged 18-40 years were bitten by 3 Anopheles stephensi mosquitoes
infected with the chloroquine-sensitive NF54 strain of Pf. All 19 participants developed malaria (100%); 12 of 19 (63%) on
Day 11. The mean pre-patent period was 258.3 hours (range 210.5-333.8). The geometric mean parasitemia at first diagnosis
by microscopy was 9.5 parasites/uL (range 2-44). Quantitative polymerase chain reaction (qPCR) detected parasites an
average of 79.8 hours (range 43.8-116.7) before microscopy. The mosquitoes had a geometric mean of 37,894 PfSPZ/
mosquito (range 3,500-152,200). Exposure to the bites of 3 aseptically-raised, PfSPZ-infected mosquitoes is a safe, effective
procedure for CHMI in malaria-naive adults. The aseptic model should be considered as a new standard for CHMI trials in
non-endemic areas. Microscopy is the gold standard used for the diagnosis of Pf malaria after CHMI, but qPCR identifies
parasites earlier. If qPCR continues to be shown to be highly specific, and can be made to be practical, rapid, and
standardized, it should be considered as an alternative for diagnosis.
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Introduction ASO1, relied on CHMI to optimize dosing, formulation, and the
immunization regimen [8-11]. Recognizing the important role
that CHMI plays in malaria vaccine development and the
increased need for centers that conduct this type of specialized
cytes has been shown to be safe and effective for testing the efficacy clinical trial [12], the World Health Organization (WHO) recently
of anti-malarial drugs and malaria vaccine candidates for more prioritized optimization of the current CHMI model [13,14].

than 25 years, including early studies of subunit malaria vaccines The exposure of malaria-naive persons to the bites of infected
and atovaquone efﬂcacy [1-7]. CHMIL is in.creasingly recog_nized mosquitoes has been performed for almost 100 years [15,16]. The
as essential for testing the efficacy of malaria vaccine candidates carliest recorded use of purposeful exposure to malaria, termed
malariatherapy, resulted in a Nobel Prize to Julius Wagner-
Juaregg for the treatment of general paresis of the insane, or

Controlled human malaria infection (CHMI) using mosquitoes
infected on cultures containing Pf gametocyte-infected erythro-

targeting pre-erythrocytic and erythrocytic stages of the parasite.
The most advanced malaria vaccine candidate to date, RTS,S/
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neurosyphilis [16]. CHMI was pioneered for vaccine development
in the early 1970s before Pf could be cultured i vitro [17,18], and
became an established method to test candidate malaria vaccine
and drug efficacy during the 1980s [3,4,6,7,19]. Since that time,
numerous malaria vaccine candidates have been tested using
CHMI [6,7].

The traditional CHMI model requires the bites of 5 infected,
insectary-raised mosquitoes to reliably induce malaria. Disadvan-
tages of this model include the requirement for an insectary and
entomology expertise, secure transportation from the insectary to
the clinical trial site, precise timing of mosquito rearing to
coordinate with malaria candidate vaccine dosing, and the
theoretical risk of participant exposure to microorganisms other
than malaria that may be carried by standard laboratory-raised
mosquitoes [20,21]. A cGMP-produced, aseptic mosquito reduces
this latter theoretical risk, and was conceived as a preliminary step
towards the administration of malaria sporozoites parenterally by
needle and syringe, which would overcome the practical
disadvantages of CHMI using mosquitoes.

We previously reported on an improved CHMI system using
the bites of 1, 3 or 5 aseptically-raised mosquitoes. This study
demonstrated that the aseptic model is safe, associated with a
precise pre-patent period, and transmitted malaria to all 6
participants (100%) bitten by 3 Anopheles stephensi mosquitoes
[22]. In the current study, we evaluated the aseptic model using
the bites of 3 mosquitoes in an additional 19 malaria-naive adults,
for a combined total of 25 adults, to confirm the efficiency of the 3
mosquito model and assessed the safety, tolerability, and
transmission dynamics as compared to those reported in published
CHMI studies.

Methods

Ethics Statement

The study was approved by the University of Maryland School
of Medicine Institutional Review Board and was conducted in
compliance with the Declaration of Helsinki. Independent site
monitoring was conducted to ensure that human subject
protection, study procedures, laboratory procedures, study inter-
vention administration, and data collection processes met GCP/
ICH and regulatory guidelines. An independent safety monitoring
committee was convened to review study participant safety data
and clinical results. The clinical trial was registered on clinical-

trials.gov, registry number NCT00744133.

Objectives

The main objective of this study was to validate in a larger study
our preliminary results on the minimum number of aseptic,
PtSPZ-infected A. stephenst required to achieve 100% Pf parasit-
emia in malaria-naive adults [22]. The study outcomes assessed
included occurrence of a positive thick blood smear in the 56-day
follow-up period following CHMI, occurrence and severity of
solicited and unsolicited adverse events (AEs) after CHMI, and
occurrence of serious AEs throughout the study. A secondary
outcome was the occurrence of real time quantitative polymerase
chain reaction (qPCR) positivity for Pf DNA conducted on
samples retrospectively during the 56-day surveillance period. We
compared results from the previous cohort of 6 participants to the
current cohort of 19 participants bitten by 3 aseptic mosquitoes.
Combined results from all 25 participants were then compared to
results from 18 infectivity control participants [23] who underwent
traditional CHMI using 5 mosquitoes and whose samples were
evaluated for qPCR using identical methods in our laboratory.
The protocol for this trial and supporting CONSORT checklist
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are available as supporting information (See Checklist S1 and
Protocol S1).

Study Population and Design

Healthy, malaria-naive U.S. volunteers aged 18-40 years were
recruited to be infected by the bites of 3 aseptically raised A.
stephenst mosquitoes infected with the chloroquine-sensitive NF54
strain of Pf at the Center for Vaccine Development at the
University of Maryland School of Medicine in Baltimore,
Maryland. All participants provided written informed consent
prior to study screening procedures, including documentation of
medical history, assessment of cardiovascular risk [24], a physical
examination, and laboratory analyses (urinalysis, hemoglobin,
hemoglobin electrophoresis, white blood cell count, platelet count,
serum aspartate aminotransferase (AST), alanine aminotransferase
(ALT), glucose, and creatinine). Results were combined with
previously collected data in 6 individuals who underwent CHMI
by exposure to the bites of 3 Pf-infected mosquitoes [23].

Dosage, Preparation and Administration of Study
Product

Details of the administration of the study product including
dosage, preparation, and quantification of salivary gland assess-
ment; post-exposure assessment; evaluation of safety and tolera-
bility; and malaria diagnostics were identical to those reported
previously [22]. Briefly, participants who met eligibility criteria
were exposed to 3 aseptically-reared, Pf-infected A. stephensi
mosquitoes [23,25] for 5 minutes. Mosquitoes were then
euthanized and the midgut was examined to confirm a blood
meal was taken. The paired salivary glands from each mosquito
were removed by dissection to verify that at least 1000 PfSPZ per
mosquito were present and to quantify PfSPZ load [22]. If
necessary, additional mosquitoes were used until exactly 3 PfSPZ-
infected mosquitoes had fed on each study participant.

Assessment of Safety and Tolerability

All adverse events were graded for severity and relatedness and
solicited symptoms and signs were assessed as previously described
[22]. Due to an adverse cardiac event that occurred in the setting
of malaria challenge at another challenge center, electrocardio-
grams (ECG) and troponin levels were done on day 3 and 10 after
the malaria diagnosis for exploratory purposes [26].Safety labs
including a complete blood count and serum creatinine, glucose,
AST, and ALT were drawn on all days of positive blood smear.

Malaria Diagnostics

Daily malaria diagnostic screening began 5 days after CHMI by
direct examination of thick blood smears for presence of Pf
parasites. All therapeutic decisions were based on thick blood
smear results. If a participant developed symptoms or signs
consistent with malaria, additional thick blood smears were
evaluated at 8-12 hour intervals.

Blood smears were prepared as previously described [22] with
10 pL of blood and Giemsa-staining for Pf parasites. Two trained
investigators each examined approximately 0.5 pL of blood using
the 100x oil immersion lens of calibrated microscopes (1000x
magnification). This was doubled to approximately 1 pL of blood
for symptomatic individuals. Parasite density was quantified as
number of asexual parasite forms/uL. A senior malaria micros-
copist (MBL) confirmed smear positivity, quantified parasite
burden for all positive smears, and resolved discrepancies. The
minimum criterion for a positive smear was identification of 2
unquestionable Pf parasites confirmed by at least 1 investigator
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and MBL. Participants with positive microscopy results were
treated with 1500 mg of chloroquine base over 48 hours. Two
participants missed follow-up visits on the day before patency by
microscopy and were excluded from analyses of microscopy
patency.

qPCR was performed on DNA extracted from 0.5 mL of
venous blood collected contemporancously with blood smears,
using published methods with minor adaptation [27]. PCR
primers were based on the published sequence of the highly
conserved [28], stage-specific [6] Pf 18S ribosomal RNA gene.
Primer sequences were identical to the corresponding sequence of
the NF54 strain. Samples were blinded and assays were run daily.
Each sample was run in duplicate along with a negative control. A
standard curve consisting of 200 k, 20 k, 2 k, 200, and 20 parasites
per mL diluted in whole blood, then leukocyte-depleted, were run
in each plate. The data were analyzed using the Applied Biosystem
7300 Absolute Quantification Software. The assay limit of
sensitivity was determined to be 40 parasites/mL. Study investi-
gators and blood smear readers were blinded to qPCR results.

Statistical Analysis

Sample size calculations factored in the 6 individuals from the
previous study [22] added to an additional 20 volunteers (n = 26)
anticipated in the current study. Assuming a 100% infectivity rate
for 26 volunteers, the 95% confidence interval (CI) for infectivity
would be 83-100%. The differences in total sporozoites present in
dissected mosquitoes, parasite quantification by group, and days to
positive patency were calculated using a two-tailed Mann Whitney
test. Statistical calculations were performed using GraphPad
Prism® version 5.01, GraphPad Software, San Diego, California,
USA. The blood-stage parasite multiplication rate was calculated
as described in the literature by Bejon et al. [29] and Roestenberg
et al. [30] and represents the fold-replication of Pf parasites in 48
hours. A representation of the multiplication rate was evaluated
graphically for each participant and those with a negative slope as
well as those with fewer than 4 qPCR measurements were not
included in the analysis.

Results

Study Population and Malaria Challenge Event

Thirty-six potential participants underwent screening, and 20
who met study inclusion criteria were scheduled for CHMI (Figure
S1). One individual failed to return on the day of CHMI, and the
remaining 19 participants (8 females) aged 20-39 (mean 29.8
years) were enrolled and underwent CHMI in October 2010.
Results from all 19 participants were added to 6 previously
challenged individuals for a combined total of 25.

A total of 142 mosquitoes were required on the day of CHMI
(mean 7.5 per participant). Of these, 88 mosquitoes (62%) took a
blood meal and were dissected to determine the presence and
quantity of PfSPZ. Fifty-seven mosquitoes (65%) were found to
have detectable PfSPZs with a geometric mean PfSPZ load of
37,894 per mosquito (range 3500-152,000). No mosquito had
fewer than 1,000 PfSPZs per paired salivary glands. Participants
were exposed to 3 mosquitoes with a combined total geometric
mean PfSPZ load of 132,269 (range 48,000-240,000). This was a
greater number of PfSPZ per 3 mosquitoes than the 6 participants
exposed to 3 mosquitoes in the previous study [22], who were
exposed a total geometric mean PfSPZ load of 57,187 during
CHMI (range 18,000-112,000 (p =0.003 by Mann Whitney test).
Table 1 summarizes demographic information and study results
for all participants infected with 3 mosquitoes, including the 6
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Table 1. Demographic information and study results for participants receiving Plasmodium falciparum sporozoites by the bites of 3 aseptic mosquitoes.
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subjects from the previous trial. Table S1 lists gPCR results for all
25 participants infected using 3 mosquitoes reared aseptically.

Safety Assessment

Local symptoms and signs were solicited from days 2-7 after
CHMI and are presented in Table 2 for participants exposed to 3
mosquitoes from the combined studies. Reactogenicity data from
days 01 after CHMI were not collected because mild reactoge-
nicity to the mosquito exposure was expected in all volunteers.
Severe solicited symptoms and signs were detected in only 1
individual and included local erythema and induration of 5.1 cm
that resolved by day 3 after CHMI. Moderate solicited reactoge-
nicity events included 2 instances of erythema and malaise and 1
headache, all reported in different participants. Mild reactogenic-
ity was reported most commonly as erythema, induration, and
malaise, occurring in a minority of participants. Two participants
reported mild symptoms that continued until malaria patency: 1
experienced mild arthralgia starting on day 7 and another
described malaise starting on days 6 and 7. These symptoms
were attributed to malaria illness. The only unsolicited event
reported during the 7 days after mosquito exposure and deemed
associated with mosquito biting was pruritus at the bite site.

Malaria Diagnostics

All 19 participants (100%) developed patent parasitemia by
microscopy, with 12/17 (71%) detected on Day 11 after mosquito
exposure. Two participants missed study visits including Day 11
just before patency detection by microscopy and were not included
in analyses of patency by microscopy. The geometric mean time to
patency by microscopy was 258 hours (range 211-334) or 10.8
days (range 8.8-13.9). Geometric mean parasite density by
microscopy at patency was 9.5 parasites/ul. (range 2-44).
Compiled microscopy data from 23 participants bitten by 3
mosquitoes, incorporating results from the previous study, shows
similar results, with 17 (74%) developing patent parasitemia 11

Three Mosquito-Bite Aseptic Malaria Infection

days after exposure, a geometric mean time to patency of 257
hours (range 210.5-333.8) or 10.7 days (range 8.8-13.9), and
geometric mean parasite density of 10.8 parasites/pulL at diagnosis
(range 2—44).

Parasitemia by qPCR was detected in all 19 participants
(100%); 14 (74%) became positive on day 7 after exposure. The
geometric mean time from exposure to detection of parasitemia by
qPCR was 177 hours (range 162-286) or 7.4 days (range 6.7—
11.9). Geometric mean parasite density by qPCR analysis on the
first day of qPCR positivity was 1.66 parasites/uL (range 0.11—
18.21). Combined qPCR data from all 25 participants bitten by 3
mosquitoes shows similar results with 17/25 (68%) turning positive
on Day 7 post-exposure. For these same 25 participants, the
geometric mean parasite density on the first day of gPCR positivity
was 0.88 parasites/uL (range 0.42-18.21). Combined data from
23 participants of both studies exposed to 3 aseptic mosquitoes
demonstrated that qPCR detected patency an average of 79.0
hours before microscopy (95% CI 70.0-88.0). Before smear
detection, no false positive or false negative qPCR assays were
detected. Geometric mean parasite density on the first day of
qPCR positivity in the current study was greater than the 6
participants exposed to 3 mosquitoes in the initial study [22] (3.63
versus 0.16 parasites/pul, p=0.002 by Mann Whitney test).
Evaluation of the relationship of total mosquito PfSPZ load to
parasite density by qPCR analysis on the first day of qPCR
positivity for all 25 participants exposed to 3 mosquitoes showed
no correlation (R?=0.05).

We compared our malaria diagnostic results in the 25 study
participants exposed to 3 mosquitoes in the current study and our
previous study [22] to those of 18 unvaccinated infectivity controls
from an unrelated study with NF54 parasites using the traditional
5 mosquito methodology and identical microscopy and qPCR
diagnostic techniques [23]. The traditional 5 mosquito CHMI
resulted in a longer time (in study days) to patent parasitemia by
microscopy (10.9 vs. 11.5 days, p=0.04 by Mann Whitney test).
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Table 2. Maximum intensity of solicited symptoms and signs during days 2-7 after receiving Plasmodium falciparum sporozoites
by the bites of 3 aseptic mosquitoes.

Study Group

Previous Study [22] (n=6) Current Study (n=19) Total (n=25)

None Mild Moderate Severe  None Mild Moderate Severe  None Mild Moderate Severe
Symptom (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Local
Erythema 2(333) 4(66.7) 00 0 (0) 11(579) 6(316) 2(105) 0(0) 13 (52.0) 10 (40.0) 2 (8.0) 1(4.0)
Induration 4(667) 2(333) 0(0) 0 (0) 13 (684) 5(263)  0(0) 1(53) 17 (68.0) 7(280) 0 (0) 1 (4.0)
Site Pain 6 (1000 0 (0) 0(0) 0 (0) 17 (89.5) 1 (5.3) 0(0) 1(53) 23 (92.0) 1 (4.0) 0 (0) 0 (0)
Systemic
Malaise 4667) 1(167) 1(167) 0(0) 14(737) 4(21.1) 1(53) 0 (0) 18 (72.0) 5(200) 2 (8.0) 0 (0)
Myalgia 6(100)  0(0) 0 (0) 0 (0) 19 (100) 0 (0) 0 (0) 0 (0) 25 (100.0) 0 (0) 0 (0) 0 (0)
Arthralgia 6(100) 0 (0) 0 (0) 0 (0) 18 (947) 1 (5.3) 0 (0) 0 (0) 24 (96.0) 1 (4.0) 0 (0) 0 (0)
Nausea 5(83.3) 1(16.7) 0 (0) 0 (0) 18 (94.7) 1(5.3) 0 (0) 0(0) 23 (92.0) 2(8.0) 0 (0) 0(0)
Abdominal Pain 6 (100) 0 (0) 0 (0) 0 (0) 19 (100) 0 (0) 0 (0) 0 (0) 25 (100.0) 0 (0) 0 (0) 0(0)
Diarrhea 4 (66.7) 2 (333) 0 (0) 0 (0) 19 (100) 0 (0) 0 (0) 0(0) 23 (92.0) 2(8.0) 0 (0) 0(0)
Fever 6 (1000 0 (0) 0 (0) 0 (0) 16 (84.2) 3 (158 0(0) 0(0) 22(880) 3(120) 0(0) 0 (0)
Urticaria 6 (100) 0 (0) 0 (0) 0 (0) 18 (94.7) 1 (5.3) 0 (0) 0 (0) 24 (96.0) 1 (4.0) 0 (0) 0 (0)
Headache 4(667) 2(333) 0(0) 0 (0) 18 (94.7) 0 (0) 1(53) 0(0) 22 (88.0) 2 (8.0) 1 (4.0) 0 (0)
doi:10.1371/journal.pone.0068969.t002
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Geometric mean parasitemia levels at malaria diagnosis were
higher in the traditional CHMI compared to the 3 mosquito
aseptic challenge (49.3 vs. 15.2 parasites/uL; p=0.03 by Mann
Whitney test). Detection by qPCR measured by study day
occurred an average of 1.1 days earlier (7.5 vs. 8.6 days,
p=0.006 by Mann Whitney test) in the 3 mosquito aseptic
challenge compared to traditional CHMI (Figure 1). Moreover,
the geometric mean parasite density at time of first gPCR
positivity was higher in the 3 mosquito aseptic challenge compared
to the traditional CHMI (2.80 vs. 0.38/pL, p=0.003 by Mann
Whitney test). The results of PCR for both studies are shown in
Figure 2.

While we performed the gPCR analysis primarily for diagnostic
purposes, we calculated the parasite multiplication rate for all 25
participants exposed to 3 mosquitoes reared aseptically. Using the
sine wave method described by Bejon et al. [29] and accounting
for time in hours, the geometric mean parasite multiplication rate
was 4.4. Using the model proposed by Roestenberg et al. [30], the
geometric mean parasite multiplication rate was 5.2. Both results
fall within the range of parasite multiplication rates reported at
other centers conducting CHMI [30]. By convention, all
participants with fewer than 4 qPCR positive measurements
(n=6), or demonstrating a negative slope (n=3), were excluded
from analysis for a total of 15 evaluable samples.

Clinical Malaria

A total of 25 participants combined from the previous and
current study were evaluated. We removed two individuals from
diagnostic analysis due to a missed study visit, which would alter
conclusions. Eight of the remaining 23 participants (35%) bitten by
3 mosquitoes developed clinical symptoms consistent with malaria
before diagnosis by thick blood smear, while 11/23 (48%)
developed symptoms on the day of diagnosis and 6/23 (17%) of
the participants were symptom-free until the days after blood
smear diagnosis. Among the 8 volunteers who were symptomatic
before diagnosis, symptoms developed a mean of 2.8 days (range
1-5) before diagnosis by microscopy. All symptoms were reported
as mild and did not interfere with daily activities. No individuals
experienced temperature above 37.5°C (lower threshold for Grade
1 fever) on the days before malaria diagnosis. All of the remaining
6 volunteers developed symptoms or signs consistent with malaria
within 24 hours after diagnosis and initiation of treatment. Fever
=37.5°C was recorded in 19 participants (76%) on the day of
diagnosis. The mean duration of fever was 2.3 days (range 14
days). Severe fever (>39.0°C) was the only solicited severe
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8 —3 bite aseptic, n=25
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Figure 1. Percent of participants infected over time by
quantitative PCR, 3 aseptic mosquito participants compared
to 5 mosquito historical controls [23].
doi:10.1371/journal.pone.0068969.g001
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Figure 2. Comparison of geomean quantitative PCR diagnos-
tics following challenge with 3 aseptic mosquitoes versus the
traditional 5 mosquito challenge [23]. Error bars represent 95%
confidence intervals.

doi:10.1371/journal.pone.0068969.9002

symptom recorded during the time of malaria illness and was
present in 11/25 participants (44%). The most common solicited
symptoms and signs during the malaria illness period were
headache (88%), measured fever (76%), malaise (76%), chills
(76%), and myalgia (72%) (Table 3). Solicited symptoms peaked in
number and intensity during the 24-hour period after malaria
diagnosis and treatment initiation.

Four of 25 participants (16%) bitten by 3 mosquitoes developed
clinical symptoms at least possibly related to malaria exposure
before or at the time of gPCR positivity. A total of 7 solicited
symptoms were recorded with the most common being headache.
In the time between positive malaria diagnosis by qPCR and
microscopy (mean 79 hours), an additional 64 solicited symptoms
at least possibly related to malaria exposure were recorded.

Laboratory abnormalities were noted in 20 of 25 (80%)
participants challenged by the bite of 3 aseptically-reared
mosquitoes, with mild aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) elevations being the most
common (44% and 36%, respectively) (Table 4). Twelve (48%)
participants experienced moderate or severe laboratory abnor-
malities following CHMI, and low platelet count was the only
severe laboratory abnormality detected (16%). The lowest platelet
counts in the 4 participants who experienced Grade 3 thrombo-
cytopenia were 97, 89, 89, and 73x10°/uL. No hypoglycemic
events were recorded. All laboratory abnormalities resolved after
malaria treatment. All results of ECG testing and serum troponin
levels were normal.

Discussion

The use of 3 Pf-infected, aseptically-reared A. stephensi mosqui-
toes bites safely and effectively transmitted malaria to all 25
participants (100%) tested in this and a previous study. Preliminary
results from a previous smaller study had suggested that the 3
mosquito regimen was reliable and safe in 6 participants [22], and
this has been confirmed in the current study with an additional 19
participants. Both groups experienced similar reactogenicity,
developed parasitemia at similar levels and intervals, and had
similar clinical symptoms, signs and laboratory abnormalities
associated with malaria infection.

The use of 3 aseptically-raised mosquitoes bites for CHMI
studies appears to be safe and well-tolerated. Symptoms and signs
experienced by participants were generally mild or moderate, and
the only severe symptom or sign experienced in the post-CHMI
was fever >39.0°C (maximum 39.9°C) in 44% of participants.
This is comparable to severe fever and other signs and symptoms
seen in traditional 5 mosquito CHMI [30]. Symptoms associated
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with malaria illness seemed to peak on the day of microscopy
diagnosis and the following day, likely the result of an inflamma-
tory response triggered by patent blood stage infection and
corresponding to the pyrogenic threshold described by Ross and
Thomson [31] and/or the killing of parasites by chloroquine.
Laboratory abnormalities were mostly mild and a few were
moderate, with the exception of severe thrombocytopenia that was
transient and not clinically apparent. All laboratory abnormalities
are similar to those described in traditional 5 mosquito CHMI
[30]. None of the 25 participants experienced severe malaria as
defined by the WHO [32].

There has been controversy in the field as to whether the
intensity of salivary gland infections with PfSPZ affects the
infectivity and/or pre-patent period after CHMI. In our earlier
study, 6 participants were exposed to a geometric mean total of
57,187 PISPZ (range 18,000-112,000) corresponding to 16,645
PfSPZ/mosquito (range 2500-57,500). In the current study, 19
volunteers were exposed to more than 2 times as many total PfSPZ
(geometric mean 132,269; range 48,000-240,000) and PfSPZ/
mosquito (geometric mean 37,894; range 3500-152,000). Yet both
studies achieved 100% infectivity and the pre-patent periods,
incubation periods, and parasite density in blood by microscopy at
time of diagnosis were similar. Thus, despite the presence of 2-3
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Table 4. Laboratory abnormalities recorded during malaria illness after receiving Plasmodium falciparum sporozoites by the bites
of 3 aseptic mosquitoes.
Study Group

Normal Range Initial Study [22] (%) Current Study (%) Total (%)
AST (IU/L)
None 0-40 4 (67) 9 (47) 13 (52)
Mild 41-99 2 (33) 9 (47) 11 (44)
Moderate 100-199 0(0) 1(5) 14
Severe =200 0 (0) 0 (0) 0 (0)
ALT (IU/L)
None 0-55 07; 0-40 @ 4 (67) 11 (58) 15 (60)
Mild 56-137 O; 41-99 @ 2(33) 7 (37) 9 (36)
Moderate 138-274 ©; 100-199 @ 0 (0) 1(5) 1(4)
Severe =275 o; =200 @ 0 (0) 0 (0) 0 (0)
Hemoglobin (g/dL)
None 12.5-17.0 0; 11.5-15.0 6 (100) 19 (100) 25 (100)
Mild 10.6-124 0; 11.1-114 Q 0 (0) 0 (0) 0 (0)
Moderate 10,0-10.5 ©7; 9.6-10.0 Q 0 (0) 0 (0) 0 (0)
Severe <10.0 0; =9.59Q 0(0) 0 (0) 0 (0)
WBC (x 10°*/mm?)
None 4.0-10.5 3 (50) 12 (63) 15 (60)
Mild 2.5-3.9 2 (33) 5 (26) 7 (28)
Moderate 1.5-2.4 1(17) 2(11) 3(12)
Severe <1.5 0 (0) 0 (0) 0 (0)
Platelets (x 10%/mm?)
None =140 2 (33) 10 (53) 12 (48)
Mild 125-139 0(0) 3 (16) 3(12)
Moderate 100-124 3 (50) 3 (16) 6 (24)
Severe* 20-99 1(17)* 3 (16)* 4 (16)*
AST =aspartate aminotransferase; ALT =alanine aminotransferase; ' = male; ¢ =female.
*Thrombocytopenia was the only severe laboratory abnormality noted during the study.
doi:10.1371/journal.pone.0068969.t004

times as many PfSPZ in the mosquito salivary glands, we did not
see measureable differences in patency parameters, suggesting that
similar numbers of PfSPZ were inoculated effectively into the
volunteers. This may be because volunteers were exposed for a
defined period of time (5 minutes) and based on the anatomy and
diameter of the salivary duct, the PfSPZ generally move in single
file down the duct and into the skin [33], thus limiting the numbers
of PISPZ inoculated. Even during our earlier study, the mosquitoes
may have had significantly more PfSPZ/mosquitoes than in other
studies [22]. Although there are limited data for comparison, since
most other groups only report on PfSPZ/mosquito using a semi-
quantitative glandular scale at which 4+ (>1000 PfSPZ/mosquito)
is the most intensely infected, in many other studies mosquitoes
had 3+ (101-1000 PfSPZ/mosquito), which is far below the
density of PISPZ/mosquito in our studies.

Compared to infectivity controls in a recent study of CHMI
utilizing the traditional 5 mosquito methodology in malaria-naive
adults, the 3 mosquito aseptic CHMI resulted in detectable
malaria patency by qPCR an average of 1.1 days earlier (Figure 1)
with qPCR parasite densities measured as approximately 4 times
higher. Increased sporozoite inoculation and liver burden could
result in reduced pre-patent periods [34] or prolonged parasit-
emias as merozoites presumably continue to be released from the
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liver [35]. A. stephensi mosquitoes reared in standard insectaries are
contaminated with bacteria and fungi, which may reduce
mosquito fitness and infection by the malaria parasite [36-38].
The high sporozoite load carried by the aseptically-reared
mosquitoes may partially explain the reduced pre-patent period
compared to the traditional challenge model. However, sporozoite
injection in P. yoeliz has proven to be highly variable, ranging from
0-1,297 per bite (mean 123) and is only weakly correlated to
sporozoite gland quantity [39]. Moreover, the total sporozoite
salivary gland load measured in the 3 mosquito population was less
in our prior study compared to the current study (57,187 vs.
132,269) with no discernible difference in pre-patent periods. The
goal of CHMI is to expose volunteers to the optimal quantity of
mosquito bites necessary to reliably induce infection without
overwhelming the immune system or the vaccine-induced
protection mediated by a study intervention. These findings
suggest an advantage to the use of the 3 mosquito aseptic CHMI
model in place of the traditional 5 mosquito bite model.

If these earlier results are borne out in further studies, the
predictable pre-patent periods, earlier diagnosis of malaria and
earlier antimalarial treatment administration of aseptic 3 mosquito
CHMI will allow termination of the infection sooner than in the
traditional model. As more experience is gained in conducting
CHMI trials the use of qPCR to achieve earlier diagnoses is
attractive, but it also carries risks. A false negative or false positive
result in a small challenge trial of a malaria vaccine could
profoundly alter study results. Moreover, the presence of Pf DNA
does not necessarily prove the presence of live, blood-stage asexual
parasites. Although DNA fragments are quickly eliminated from
the bloodstream, making it less likely that PCR would detect dead
parasite forms [40], gPCR Pf DNA methods also identify the post-
treatment appearance of gametocytes [41]. Gametocyte develop-
ment is delayed relative to asexual Pf forms [42-44] and
gametocytes are resistant to most of the antimalarial drugs. This
suggests that while pre-patency qPCR is highly likely to represent
incipient microscopy-positive blood-stage infection, post-treatment
qPCR may be of questionable value in the evaluation of patent
asexual parasitemia, and should be interpreted with caution.
Mounting experience with qPCR methods during CHMI may
allow for this technique to be considered as an alternative method
for malaria diagnosis under controlled conditions [45-47].
However, this will require rigorous measures to standardize and
eventually validate the assay. Additionally, the use of qPCR testing
as a basis for diagnosis and treatment would preclude analysis of
parasite multiplication rates and estimation of liver loads, but the
benefit of early treatment of participants in abrogating clinical
symptoms should be weighed against the need for data collection
beyond protection against patent parasitemia.

The accuracy of microscopy-confirmed diagnosed malaria in
parallel with qPCR diagnosis has been studied in the context of
CHMI by mosquito bite [27,48-54]. Among these 8 reports, a
total of 63 non-vaccinated “controls” were followed for develop-
ment of parasitemia by microscopy before treatment. For these 63
controls, the average time to positive parasitemia by microscopy
was 9.9 days compared to 7.2 days by qPCR. None of these studies
reported a positive qPCR that did not later turn microscopy-
positive, and none reported a false negative result. These
observations are consistent with our finding that gPCR-confirmed
malaria patency occurred ~3 days before microscopy-confirmed
malaria patency. If CHMI participants were to be treated based
on patency by qPCR rather than microscopy, this would
presumably mitigate the risks of malaria symptoms while
maintaining a high diagnostic standard of high sensitivity and
100% specificity in CHMI by mosquito challenge studies to date.
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We report, herein, successful application of an aseptic CHMI
technique and 100% malaria infectivity using 3, rather than 3,
mosquitoes in a CHMI study. Although tested in only 25
participants to date, the 5 mosquito CHMI was introduced as
the standard after assessment in only 6 volunteers [1]. Fewer
mosquitoes required would streamline the CHMI process by
reducing resources needed to produce, infect, transport and store
more mosquitoes; the potential local reactogenicity experienced by
CHMI participants at mosquito bite sites; and the theoretical risk
of infective mosquito escape to the environment. Future studies
could easily confirm this model by including both the 5 mosquito
traditional CHMI model and the 3 aseptic mosquito model for
infectivity controls in parallel. More importantly, this is the next
step toward developing and evaluating the infectivity of aseptic,
purified, cryopreserved Pf sporozoites administered by needle and
syringe to infect volunteers rather than relying on the bite of a
mosquito [55]. This would allow institutions without the capability
of rearing infectious mosquitoes to safely, and reliably conduct
malaria challenge trials, and such studies are currently underway.

Conclusions

The novel use of 3 aseptically reared mosquitoes is a safe and
effective means to transmit malaria infection to malaria-naive
adults in a controlled setting. Confirmatory studies would
potentially set a new standard for evaluation of malaria vaccines
and antimalarial drugs in non-endemic areas using this model.
Microscopy continues to be the gold standard used for the
diagnosis of malaria in centers conducting CHMI, but qPCR
diagnoses parasitemia several days earlier than thick blood smear.
Further work to establish the specificity, practicality, rapidity, and
standardization of qPCR should be considered with the intent of
eventually transitioning from thick blood smear to qPCR for
diagnosis in CHMI.

Supporting Information

Figure S1 Participant Flow Diagram.

(TTFF)

Table S1 Quantitative Polymerase Chain Reaction
Results.

DOCX)

Checklist S1 CONSORT checklist.
DOC)

Protocol S1 Study Protocol.

DOC)

Acknowledgments

We thank the volunteer population from Baltimore, MD for their
participation in this trial. Lee Hall and Steven Rosenthal, and Walter
Jones of the Department of Microbiology and Infectious Diseases at the
National Institute of Health offered invaluable support and advice,
although program staff from the NIAID played no role in the collection,
analysis or interpretation of data, writing the paper, or the decision to
submit it for publication. Our special thanks go to Lisa Chrisley, Maria
Johnson, Panagiota (Naya) Komninou and James Freeman for coordina-
tion of the trial, data entry, and for regulatory oversight, and to the Sanaria
manufacturing, quality systems, and regulatory teams for production of the
infected mosquitoes.

Author Contributions

Conceived and designed the experiments: MBL PB AR AGE MA TL SC
AG BKLS RE CVP SLH KEL. Performed the experiments: MBL PB AR
AGE MA TL SC BKLS RE KEL. Analyzed the data: MBL. MA CGJ CVP

July 2013 | Volume 8 | Issue 7 | 68969



SLH KEL. Contributed reagents/materials/analysis tools: MBL MA AR
SC BKLS SLH KEL. Wrote the paper: MBL. CVP SLH KEL.

References

1.

20.

21.

22.

Chulay JD, Schneider I, Cosgriff TM, Hoffman SL, Ballou WR, et al. (1986)
Malaria transmitted to humans by mosquitoes infected from cultured
Plasmodium falciparum. Am J Trop Med Hyg 35: 66-68.

. Herrington DA, Clyde DF, Murphy JR, Baqar S, Levine MM, et al. (1988) A

model for Plasmodium falciparum sporozoite challenge and very early therapy of
parasitaemia for efficacy studies of sporozoite vaccines. Trop Geogr Med 40:
124-127.

. Ballou WR, Hoffman SL, Sherwood JA, Hollingdale MR, Neva FA, et al. (1987)

Safety and efficacy of a recombinant DNA Plasmodium falciparum sporozoite
vaccine. Lancet 1: 1277-1281.

. Herrington DA, Clyde DF, Losonsky G, Cortesia M, Murphy JR, et al. (1987)

Safety and immunogenicity in man of a synthetic peptide malaria vaccine
against Plasmodium falciparum sporozoites. Nature 328: 257-259. 10.1038/
328257a0 [doi].

Shapiro TA, Ranasinha CD, Kumar N, Barditch-Crovo P (1999) Prophylactic
activity of atovaquone against Plasmodium falciparum in humans. Am J Trop

Med Hyg 60: 831-836.

. Church LW, Le TP, Bryan JP, Gordon DM, Edelman R, et al. (1997) Clinical

manifestations of Plasmodium falciparum malaria experimentally induced by
mosquito challenge. J Infect Dis 175: 915-920.

. Epstein JE, Rao S, Williams F, Freilich D, Luke T, et al. (2007) Safety and

clinical outcome of experimental challenge of human volunteers with
Plasmodium falciparum-infected mosquitoes: an update. J Infect Dis 196:

145-154.

. Kester KE, McKinney DA, Tornieporth N, Ockenhouse CF, Heppner DG, et

al. (2001) Efficacy of recombinant circumsporozoite protein vaccine regimens
against experimental Plasmodium falciparum malaria. J Infect Dis 183: 640
647.

. Kester KE, McKinney DA, Tornieporth N, Ockenhouse CF, Heppner DG Jr, et

al. (2007) A phase I/Ila safety, immunogenicity, and efficacy bridging
randomized study of a two-dose regimen of liquid and lyophilized formulations
of the candidate malaria vaccine RTS,S/AS02A in malaria-naive adults.

Vaccine 25: 5359-5366. 10.1016/j.vaccine.2007.05.005 [doi].

. Kester KE, Cummings JF, Ockenhouse CF, Nielsen R, Hall BT, et al. (2008)

Phase 2a trial of 0, 1, and 3 month and 0, 7, and 28 day immunization schedules
of malaria vaccine RTS,S/AS02 in malaria-naive adults at the Walter Reed
Army Institute of Research. Vaccine 26: 2191-2202. 10.1016/j.vac-
¢ine.2008.02.048 [doi].

. Kester KE, Cummings JF, Ofori-Anyinam O, Ockenhouse CF, Krzych U, et al.

(2009) Randomized, double-blind, phase 2a trial of falciparum malaria vaccines
RTS,S/ASO1B and RTS,S/AS02A in malaria-naive adults: safety, efficacy, and
immunologic associates of protection. J Infect Dis 200: 337-346. 10.1086/
600120 [doi].

. (2010) Malaria 2010: more ambition and accountability please. Lancet 375:

1407.

. Moorthy VS, Diggs C, Ferro S, Good MF, Herrera S, et al. (2009) Report of a

consultation on the optimization of clinical challenge trials for evaluation of
candidate blood stage malaria vaccines, 18-19 March 2009, Bethesda, MD,
USA. Vaccine 27: 5719-5725.

. Laurens MB, Roestenberg M, Moorthy VS (2012) A consultation on the

optimization of controlled human malaria infection by mosquito bite for
evaluation of candidate malaria vaccines. Vaccine. 10.1016/j.vac-
cine.2012.04.088 [doi].

. Driver JR, Gammel JA, Darnosh LJ (1926) Malaria treatment central nervous

system “syphilis”. Journal of the American Medical Association (Ixxxvii), 1921,
Cited in Bunker ‘Recent treatment of general paralysis’.

. Brown EM (2000) Why Wagner-Juaregg won the Nobel Prize for discovering

Malaria Therapy for General Paresis of the Insane. Journal of Psychiatry xi:

371-382.

. Clyde DF, Most H, McCarthy VC, Vanderberg JP (1973) Immunization of man

against sporozite-induced falciparum malaria. Am J Med Sci 266: 169-177.

. Rieckmann KH, Carson PE, Beaudoin RL, Cassells JS, Sell KW (1974) Letter:

Sporozoite induced immunity in man against an Ethiopian strain of Plasmodium
falciparum. Trans R Soc Trop Med Hyg 68: 258-259.

Sauerwein RW, Roestenberg M, Moorthy VS (2011) Experimental human
challenge infections can accelerate clinical malaria vaccine development. Nat
Rev Immunol 11: 57-64. 10.1038/nri2902 [doi].

Maguire T (1970) The laboratory transmission of Coxsackic A6 virus by
mosquitoes. ] Hyg (Lond) 68: 625-630.

Weissenbock H, Hubalek Z, Bakonyi T, Nowotny N (2010) Zoonotic mosquito-
borne flaviviruses: worldwide presence of agents with proven pathogenicity and
potential candidates of future emerging diseases. Vet Microbiol 140: 271-280.
10.1016/j.vetmic.2009.08.025 [doi].

Lyke KE, Laurens M, Adams M, Billingsley PF, Richman A, et al. (2010)
Plasmodium falciparum malaria challenge by the bite of aseptic Anopheles
stephensi mosquitoes: results of a randomized infectivity trial. PLoS One 5:
¢13490. 10.1371/journal.pone.0013490 [doi].

PLOS ONE | www.plosone.org

23.

26.

27.

28.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

46.

47.

Three Mosquito-Bite Aseptic Malaria Infection

Epstein JE, Tewari K, Lyke KE, Sim BK, Billingsley PF, et al. (2011) Live
attenuated malaria vaccine designed to protect through hepatic CD8 T cell
immunity. Science 334: 475-480. science. 10.1126/science.1211548 [doi].
Gaziano TA, Young CR, Fitzmaurice G, Atwood S, Gaziano JM (2008)
Laboratory-based versus non-laboratory-based method for assessment of
cardiovascular disease risk: the NHANES I Follow-up Study cohort. Lancet
371: 923-931.

. Hoffman SL, Billingsley PF, James E, Richman A, Loyevsky M, et al. (2010)

Development of a metabolically active, non-replicating sporozoite vaccine to
prevent Plasmodium falciparum malaria. Hum Vaccin 6: 97-106.

Nieman AE, de Mast Q), Roestenberg M, Wiersma J, Pop G, et al. (2009)
Cardiac complication after experimental human malaria infection: a case report.
Malar J 8: 277.

Spring MD, Cummings JF, Ockenhouse CF, Dutta S, Reidler R, et al. (2009)
Phase 1/2a study of the malaria vaccine candidate apical membrane antigen-1
(AMA-1) administered in adjuvant system ASOIB or ASO2A. PLoS ONE 4:
e5254.

Gunderson JH, Sogin ML, Wollett G, Hollingdale M, de la Cruz VF, et al.
(1987) Structurally distinct, stage-specific ribosomes occur in Plasmodium.
Science 238: 933-937.

. Bejon P, Andrews L, Andersen RF, Dunachie S, Webster D, et al. (2005)

Calculation of liver-to-blood inocula, parasite growth rates, and preerythrocytic
vaccine efficacy, from serial quantitative polymerase chain reaction studies of
volunteers challenged with malaria sporozoites. J Infect Dis 191: 619-626.
10.1086/427243 [doi].

. Roestenberg M, O’Hara GA, Duncan CJ, Epstein JE, Edwards NJ, et al. (2012)

Comparison of clinical and parasitological data from controlled human malaria
infection trials. PLoS One 7: €38434. 10.1371/journal.pone.0038434 [doi].
Ross R, Thomson D (1910) Some Enumerative Studies on Malaria Fever.
Proc R Soc Lond 83: 159-173.

World Health Organization (2000) Severe falciparum malaria. Communicable
Diseases Cluster. Trans R Soc Trop Med Hyg 94 Suppl 1: S1-90.

Menard R (2000) The journey of the malaria sporozoite through its hosts: two
parasite proteins lead the way. Microbes Infect 2: 633-642.

Jeffery GM, Young MD, Burgess RW, Eyles DE (1959) Early activity in
sporozoite-induced Plasmodium falciparum infections. Ann Trop Med Parasitol
53: 51-58.

. Murphy JR, Clyde DF, Herrington DA, Baqar S, Davis JR, et al. (1990)

Continuation of chloroquine-susceptible Plasmodium falciparum parasitemia in
volunteers receiving chloroquine therapy. Antimicrob Agents Chemother 34:
676-679.

George J, Blanford S, Domingue M]J, Thomas MB, Read AF, et al. (2011)
Reduction in host-finding behaviour in fungus-infected mosquitoes is correlated
with reduction in olfactory receptor neuron responsiveness. Malar J 10: 219.
10.1186/1475-2875-10-219 [doi].

Blanford S, Chan BH, Jenkins N, Sim D, Turner RJ, et al. (2005) Fungal
pathogen reduces potential for malaria transmission. Science 308: 1638-1641.
10.1126/science.1108423 [doi].

Yoshida S, Ioka D, Matsuoka H, Endo H, Ishii A (2001) Bacteria expressing
single-chain immunotoxin inhibit malaria parasite development in mosquitoes.
Mol Biochem Parasitol 113: 89-96.

Medica DL, Sinnis P (2005) Quantitative dynamics of Plasmodium yoelii
sporozoite transmission by infected anopheline mosquitoes. Infect Immun 73:
4363-4369.

Jarra W, Snounou G (1998) Only viable parasites are detected by PCR following
clearance of rodent malarial infections by drug treatment or immune responses.
Infect Immun 66: 3783-3787.

McCutchan TF, Li J, McConkey GA, Rogers MJ, Waters AP (1995) The
cytoplasmic ribosomal RNAs of Plasmodium spp. Parasitol Today 11: 134-138.
Eichner M, Diebner HH, Molineaux L, Collins WE, Jeffery GM, et al. (2001)
Genesis, sequestration and survival of Plasmodium falciparum gametocytes:
parameter estimates from fitting a model to malariatherapy data. Trans R Soc

Trop Med Hyg 95: 497-501.

. Collins WE, Jeffery GM (2003) A retrospective examination of mosquito

infection on humans infected with Plasmodium falciparum. Am J Trop Med
Hyg 68: 366-371.

. McKenzie FE, Jeffery GM, Collins WE (2007) Gametocytemia and fever in

human malaria infections. J Parasitol 93: 627-633. 10.1645/GE-1052R.1 [doi].

. Andrews L, Andersen RF, Webster D, Dunachie S, Walther RM, et al. (2005)

Quantitative real-time polymerase chain reaction for malaria diagnosis and its
use in malaria vaccine clinical trials. Am J Trop Med Hyg 73: 191-198.

Bejon P, Andrews L, Hunt-Cooke A, Sanderson F, Gilbert SC, et al. (2006)
Thick blood film examination for Plasmodium falciparum malaria has reduced
sensitivity and underestimates parasite density. Malar J 5: 104. 10.1186/1475-
2875-5-104 [doi].

Rockett RJ, Tozer SJ, Peatey C, Bialasiewicz S, Whiley DM, et al. (2011) A real-
time, quantitative PCR method using hydrolysis probes for the monitoring of

July 2013 | Volume 8 | Issue 7 | 68969



48.

49.

50.

51.

Plasmodium falciparum load in experimentally infected human volunteers.
Malar J 10: 48. 10.1186/1475-2875-10-48 [doi].

Porter DW, Thompson FM, Berthoud TK, Hutchings CL, Andrews L, et al.
(2011) A human Phase I/1la malaria challenge trial of a polyprotein malaria
vaccine. Vaccine 29: 7514-7522. 10.1016/j.vaccine.2011.03.083 [doi].
Thompson FM, Porter DW, Okitsu SL, Westerfeld N, Vogel D, et al. (2008)
Evidence of blood stage efficacy with a virosomal malaria vaccine in a phase Ila
clinical trial. PLoS One 3: ¢1493. 10.1371/journal.pone.0001493 [doi].
Hermsen CC, de Vlas SJ, van Gemert GJ, Telgt DS, Verhage DF, et al. (2004)
Testing vaccines in human experimental malaria: statistical analysis of
parasitemia measured by a quantitative real-time polymerase chain reaction.
Am ] Trop Med Hyg 71: 196-201.

Roestenberg M, Teirlinck AC, McCall MB, Teelen K, Makamdop KN, et al.

(2011) Long-term protection against malaria after experimental sporozoite

PLOS ONE | www.plosone.org

10

53.

54.

Three Mosquito-Bite Aseptic Malaria Infection

inoculation: an open-label follow-up study. Lancet 377: 1770-6. 10.1016/
S0140-6736(11)60360-7 [doi].

. Lavstsen T, Magistrado P, Hermsen CC, Salanti A, Jensen AT, et al. (2005)

Expression of Plasmodium falciparum erythrocyte membrane protein 1 in
experimentally infected humans. Malar J 4: 21. 10.1186/1475-2875-4-21 [doi].
McCall MB, Netea MG, Hermsen CC, Jansen T, Jacobs L, et al. (2007)
Plasmodium falciparum infection causes proinflammatory priming of human
TLR responses. J Immunol 179: 162-171.

Roestenberg M, McCall M, Hopman J, Wiersma J, Luty AJ, et al. (2009)
Protection against a malaria challenge by sporozoite inoculation. N Engl ] Med

361: 468-477. 10.1056/NEJMo0a0805832 [doi].

. Roestenberg M, Bijker EM, Sim BK, Billingsley PF, James ER, et al. (2013)

Controlled human malaria infections by intradermal injection of cryopreserved
Plasmodium falciparum sporozoites. Am J Trop Med Hyg 88: 5-13. 10.4269/
ajtmh.2012.12-0613 [doi].

July 2013 | Volume 8 | Issue 7 | 68969



