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     INTRODUCTION 

 Despite the need for new antimalarials for chemoprophy-
laxis, there have been no new drugs approved for this indica-
tion by the US Food and Drug Administration (FDA) since 
2000, and there has been little interest in the development 
of new agents by large pharmaceutical companies. Although 
there are multiple reasons for this, a contributing factor is that 
the traditional approach to showing prophylactic efficacy in 
clinical trials involves placebo-controlled studies conducted 
in malaria-endemic countries in semiimmune individuals. This 
approach has become problematic because of ethical consid-
erations and the possibility that prophylactic efficacy might be 
overestimated in populations with background immunity. 1  The 
ability to conduct efficacy studies using an active comparator 
drug would greatly facilitate the drug development process. 

 Conducting studies using an active comparator in place of 
a placebo arm requires a biomarker of infection to identify 
and confirm exposure; without this biomarker, a calculation 
of protective efficacy is impossible. Antibodies to the 42-kDa 
fragment of the  Plasmodium falciparum  blood-stage antigen 
merozoite surface protein-1 (MSP1 42 ) were selected for quali-
fication as a biomarker after retrospective analysis of serum 
from individuals taking mefloquine prophylaxis as part of a 
field study showed adequate rates of seroconversion in the 
absence of detectable parasitemia (Ohrt C and others, unpub-
lished data). 

 MSP1 42  is the major protein expressed on the surface of 
blood-stage  Plasmodium  parasites, and it is composed of four 
subunits. Both the 42-kDa fragment (MSP1 42 ) and its 19-kDa 
subfragment (MSP1 19 ) have been shown to elicit immune 
responses. 2,  3  Antibodies directed at MSP1 19  have been shown 
to correlate with malaria transmission intensity in endemic 
areas. 4  

 Mefloquine is an FDA approved drug for the prevention 
and treatment of  P. falciparum  malaria. 5  Mefloquine has no 
effect on the developing malaria parasite in the liver but 
does inhibit replication of blood-stage parasites. 6,  7  Therefore, 

patients are expected to be exposed to blood-stage antigens, 
such as MSP1 42 , even during successful prophylaxis. 

 To qualify this biomarker for use as an endpoint in piv-
otal efficacy studies of novel prophylactic drugs, we sought 
to determine its sensitivity in individuals exposed to  P. falci-
parum  malaria while taking suppressive doses of mefloquine. 

   MATERIALS AND METHODS 

  Ethics.   This study was conducted according to Good 
Clinical Practices under a protocol reviewed and approved 
by the Walter Reed Army Institute of Research (WRAIR) 
Institutional Review Board (IRB) as well as by the US Army 
Medical Research and Materiel Command Human Subjects 
Protection Office (USAMRMC-HRPO), and at its inception, 
it was registered with ClinicalTrials.gov (NCT00761020). 
Written informed consent was obtained from all potential 
participants before screening and enrollment. 

   Study design.   The study was a single-center, open-label, 
non-randomized challenge study conducted entirely on an 
outpatient basis. This study was conducted from September 
2008 to April 2009 at the WRAIR Clinical Trials Center, 
Silver Spring, MD. Twenty-nine subjects were recruited and 
enrolled by volunteer preference into either a mefloquine 
chemoprophylaxis cohort ( N  = 23) or an infectivity control 
cohort ( N  = 6). Members of the mefloquine cohort received 
250 mg of the drug (Lariam; F. Hoffman-La Roche Ltd., 
Basel, Switzerland) orally daily for 3 days beginning 2 days 
before malaria challenge and then weekly for 4 weeks post-
challenge. All subjects were challenged on the same day 
(day 0) and thereafter, were followed for a total of 6 months. 
A flow diagram for study volunteers is provided in  Figure 1 . 

    Sample size justification.   Mefloquine cohort size was 
based on the exact test for a single proportion, assuming 
a true biomarker sensitivity of 60%, a target power of 90% 
(minimum acceptable power is 80%) to rule out a sensitivity 
of 30% or less (null hypothesis), and a one-sided type I 
error of 5%. Under these assumptions, it was calculated that 
a sample size between 19 and 25 would provide an actual 
power between 81% and 92% (nQuery Advisor, version 6.0; 
Statistical Solutions Ltd., Boston, MA). 

   Study participants.   Potential volunteers were recruited 
from the Washington DC metropolitan area. Recruitment 
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was through IRB-approved advertisements in multiple 
media formats as well as by word of mouth. Healthy malaria-
naïve males and non-pregnant, non-lactating females were 
eligible for inclusion if they were 18–55 (inclusive) years 
of age, available and willing to participate for the planned 
duration of the study, able to score at least 80% on a written 
study comprehension test, and able to give written informed 
consent. In addition, female participants had to either have 
no childbearing potential (i.e., surgically sterilized or at least 
1-year post-menopausal) or be willing to practice abstinence or 
use adequate contraceptive precautions for the first 4 months 
after malaria challenge. Exclusion criteria included a history 
of malaria, receipt of any investigational malaria vaccines or 
significant malaria exposure, recent or chronic usage of agents 
with known antiplasmodial or immunomodulating activity, 
history of autoimmune or immunosuppressive conditions, 
splenectomy, psoriasis, clinically significant neuropsychiatric 
or physical abnormality on medical history, physical exam, or 
laboratory exam, and allergy or intolerance to mefloquine or 
mosquito bites. 

   Chemoprophylaxis.   A loading dose of mefloquine was 
given at 250 mg every day for 3 days beginning 2 days before 
challenge to reduce the medication burden on volunteers, 
shorten the study duration, and fully ensure an effective 
blood level before the emergence of schizonts post-challenge. 
Although not an FDA-approved regimen, the effectiveness, 
safety, and tolerability of this regimen has been established 
by others. 8,  9  After challenge, the cohort received 250 mg 
mefloquine weekly for 4 weeks per standard post-exposure 
prophylaxis recommendations. 

   Malaria sporozoite challenge.   On day 0 of the study, all 
participants underwent a malaria sporozoite challenge with 
 P. falciparum  parasites (strain NF54/clone 3D7) after a 
standardized challenge model that has been well-described 
previously. 10   In vitro  susceptibility to standard antimalarial 
drugs was verified for this isolate before challenge. The 
mean 50% inhibitory concentrations (IC 50 ) for chloroquine, 
mefloquine, and atovaquone were 10.5 ng/mL (susceptible), 
29.7 ng/mL (resistant), and 0.40 ng/mL (susceptible), respec-
tively (WRAIR, unpublished data). Parasites were thawed 
and expanded from a master seed lot. They were then used 
to infect laboratory-born and reared  Anopheles stephensi  
mosquitoes in a time frame (approximately 17–19 days) that 
would allow for an appropriate mean sporozoite density in 
the salivary glands of each mosquito on the day of challenge. 
During the actual challenge, groups of five mosquitoes 
were allowed to feed for 5 minutes on the forearm of each 
volunteer; then, they were dissected, and their salivary glands 
were scored to ensure the presence of a sufficient density of 
sporozoites. If required, additional mosquitoes were allowed 
to feed until a total of five mosquitoes with an appropriate 
sporozoite density had fed on a particular volunteer. 

    MANAGEMENT OF INFECTED HUMAN 
VOLUNTEERS 

  Infectivity control cohort.   Beginning on the fifth day after 
challenge, volunteers in the infectivity control cohort were 
evaluated daily for malaria symptoms, and daily Giemsa-
stained thick blood films (hereafter referred to as smears) 
were obtained and examined for the presence of malaria 
parasites. At least 200 high-power (oil immersion) fields 
on each smear were scanned for the presence of malaria 
parasites in asymptomatic volunteers; at least 1,000 fields in 
symptomatic volunteers were scanned. Smears were obtained 
more frequently (up to every 6–8 hours) in symptomatic 
volunteers. Volunteers who developed patent parasitemia 
were treated with a standard oral regimen of chloroquine 
(a total of 1,500 mg chloroquine base [2,500 mg salt] in divided 
doses: 600 mg [two 500-mg chloroquine salt tablets] initially 
followed by 300 mg [one 500-mg chloroquine salt tablet] 
given approximately 6, 24, and 48 hours later) under direct 
observation. After initiation of treatment, daily blood smears 
continued to be obtained until three consecutive smears were 
negative. 

   Mefloquine cohort.   Members of the mefloquine cohort 
received chemoprophylaxis with the regimen described above. 
Mefloquine cohort volunteers were assessed regularly for 
the presence of malaria symptoms after challenge as well as 
possible side effects or intolerance to their chemoprophylaxis. 
Any volunteer showing malaria symptoms was evaluated (to 
include smear as described above) and treated, if indicated, 
with a standard oral regimen of atovaquone/proguanil (1,000 
mg atovaquone/400 mg proguanil tablets; four tablets a day 
for 3 consecutive days). Likewise, any volunteer reporting or 
deemed by the investigators to be experiencing intolerable 
side effects related to mefloquine use was discontinued from 
further prophylaxis and presumptively treated for malaria with 
atovaquone/proguanil. In addition to any symptom-related 
assessments, each volunteer had four one-time weekly smears 
collected during the first month post-challenge that were read 
at the conclusion of that month. 

 Figure 1.    Study flow diagram. The numbers of subjects complet-
ing each phase of the study are shown.    
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   Safety.   Mefloquine cohort volunteers were assessed for 
adverse events at every scheduled encounter from the time 
of the administration of the first dose of chemoprophylaxis 
until 60 days after the final dose. Infectivity cohort volunteers 
were assessed for adverse events at every scheduled encounter 
from the time of challenge and for 60 days thereafter. 
Solicited adverse events included fever (≥ 37.5°C), nausea, 
vomiting, diarrhea, headache, malaise, myalgia, fatigue, joint 
pain, flush ing, hyper/hypotension, syncope, dizziness, par-
esthesia, tremor, ataxia, convulsions, seizures, sleep dis-
turbances, anxiety, depression, paranoia, mood changes, 
confusion, forgetfulness, hallucinations, and suicidal ideation. 
Fever was graded on an intensity scale related to recorded 
temperature as follows: 0 (< 37.5°C), 1 (37.5–38.0°C), 2 
(> 38–39°C), or 3 (> 39°C). Other symptoms were graded as 
follows: 0 (normal), 1 (easily tolerated), 2 (interferes with 
normal activity), or 3 (prevents normal activity). Serious 
adverse events, as defined by the FDA, were captured 
throughout the trial. 11  

    LABORATORIES 

  Serology.   Anti–MSP-1 42  antibody titers were measured using 
a validated enzyme-linked immunosorbant assay (ELISA) 
using antigen derived from  P. falciparum  (strain NF54/clone 
3D7), with a lower limit of detection of 0.015 μg antigen-
specific antibody per mL (House B and others, unpublished 
data). ELISAs were performed on the day of screening and 
days −2, 0, 7, 12, 21, 28, 42, 56, 70, 84, 98, 112, and 168 for the 
mefloquine cohort and on the day of screening and days −2, 0, 
7, 14, 21, 28, 35, 42, 56, 70, 84, 98, 112, and 168 for the infectiv-
ity control cohort. 12  Seroconversion was defined as a fourfold 
rise in titer. 

   Mefloquine levels.   Whole-blood concentrations of mefloquine 
were measured by high-performance liquid chromatography 
(HPLC) by the Centers for Disease Control and Prevention 
(CDC; Atlanta, GA) from mefloquine cohort volunteers on 
days −2, 0, 7, 12, 21, 28, 42, and 56. 13  

   Statistical analysis.   All statistical analysis was performed 
using Statistical Analysis Software (SAS) version 9.2 (Cary, NC). 

    RESULTS 

  Volunteer characteristics.   Twenty-three volunteers were 
enrolled into the mefloquine cohort, and 6 volunteers were 
enrolled into the control cohort. The two cohorts were similar 
with respect to demographic characteristics ( Table 1 ), with 
approximately equal numbers of males and females enrolled, 
with the majority of subjects being white and between 20 and 
29 years of age. 

        Challenge.   All 29 enrolled volunteers underwent mosquito 
challenge, which was well-tolerated by all. Patent parasitemia 
was detected by examination of thick blood films in six of 
six members of the control cohort. Parasitemia was first 
detected on the same study day (day 11 after challenge) for 
all six members of this cohort. Three of six members (50%) of 
the control cohort showed malaria-related symptoms before 
detection of parasitemia, and all members of the cohort 
showed at least one malaria-related symptom during the week 
after diagnosis. Parasitemia was not detected at any time in 
any member of the mefloquine cohort. 

   Safety.   A total of 134 adverse events (AEs) were reported 
in this study, of which 112 (84%) occurred in the mefloquine 
cohort. The majority of AEs reported were grade 1 ( Table 2 ). 
The most commonly reported AEs of all reported grades in 
the mefloquine cohort were diarrhea ( N  = 6), nausea ( N  = 9), 
vomiting ( N  = 4), fatigue ( N  = 5), upper respiratory infection 
( N  = 6), gastroenteritis ( N  = 5), abnormal dreams ( N  = 7), 
headache ( N  = 9), insomnia ( N  = 7), and nasal congestion 
( N  = 4). The most commonly reported AEs of all reported 
grades in the control cohort were upper respiratory infection 
( N  = 2), musculoskeletal pain ( N  = 2), and headache ( N  = 2). 
Only one unexpected adverse event was reported during the 
study. A volunteer within the control cohort was evaluated 
and diagnosed with hyperthyroidism (Grave’s disease) after 
reporting new onset agitation and tremors of the hands in 
the period after confirmation of infection and initiation of 
standard chloroquine treatment. This event was determined to 
be unrelated to study participation after testing of the subject’s 
pre-challenge blood samples revealed that this condition was 
present at the time of the subject’s entry into the study. 

       Mefloquine.   Despite the open-label nature of this study and 
considerable volunteer education about potential side effects 
of mefloquine, the drug was generally well-tolerated in this 
study; 22 of 23 (96%) mefloquine cohort subjects completed 
all seven planned doses of medication. A single individual 

 Table 1 
  Demographic and baseline characteristics  

Characteristic
Cohort 1 

(mefloquine;  N  = 23)
Cohort 2 

(infectivity control;  N  = 6)

Gender
 Male ( n ) 11 (47.8%) 3 (50%)
 Female ( n ) 12 (52.2%) 3 (50%)
Age (years)
 Mean (SD) 29.7 (6.8) 34.3 (9.9)
 Median 28 35
 Range 18–43 23–49
Body mass index
 Mean (SD) 25.1 (5.3) 28.3 (5.3)
 Median 24 27
 Range 20–46 23–38
Race ( n )
 American Indian or 

Alaskan Native 1 (4.3%) 0 (0%)
 Asian 1 (4.3%) 0 (0%)
 Black or African American 7 (30.4%) 2 (33.3%)
 White/Caucasian 13 (56.5%) 4 (66.7%)
 Other 1 (4.3%) 0 (0%)
Ethnicity ( n )
 Non-Hispanic or Latino 22 (95.7%) 5 (83.3%)
 Hispanic or Latino 1 (4.3%) 1 (16.7%)

  SD = standard deviation.  

 Table 2 
  Overall number of adverse events  

Population
Cohort 1 

(mefloquine;  N  = 23)
Cohort 2 

(infectivity control;  N  = 6)

Total number of AEs 112 22
Total number of subjects with 

any AE 20 (87.0%) 6 (100.0%)
Total number of subjects with 

grade 1 AE 19 (82.6%) 6 (100.0%)
Total number of subjects with 

grade 2 AE 13 (56.5%) 4 (66.7%)
Total number of subjects with 

grade 3 AE 2 (8.7%) 0 (0.0%)
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discontinued mefloquine after the fourth dose because of 
intolerance (insomnia) and was treated per protocol with a 
standard atovaquone/proguanil (Malarone; GlaxoSmithKline, 
Research Triangle Park, NC) treatment regimen. One vol-
unteer vomited after receipt of the first loading dose and 
required redosing, and 13 of 23 (57%) volunteers experienced 
a mefloquine-related neuropsychiatric AE, predominantly 
some form of sleep disturbance and/or vivid dreams. Five of 
these AEs were grade 1, whereas eight were grade 2. 

   Pharmacokinetics.   Mefloquine trough levels were highly 
variable among individual subjects receiving chemoprophy-
laxis. As expected, no subject had a detectable mefloquine 
level before the administration of the first dose; 17 of 23 
mefloquine cohort subjects (74%) showed drug levels greater 
than 620 ng/mL by day 12 of the study, and all cohort subjects 
exceeded this threshold at least one time by day 28 of the 
study. The mean whole-blood levels for mefloquine are shown 
in  Figure 2 . 

    Serology.   No subjects in the mefloquine cohort seroconverted 
to MSP-1 42  at any time during the course of the study. Four 
of six volunteers (67%) in the control cohort did develop an 
antibody response to this antigen. Seroconversions occurred as 
early as 21 days and as late as 84 days after challenge, with peak 
antibody levels occurring around day 42 with considerable 
individual variability. Antibody response persisted throughout 
the study period of 6 months. A box plot of MSP ELISA titers 
is provided in  Figure 3 . 

     DISCUSSION 

 In this study, through use of a human malaria challenge 
model, it was shown that antibodies to MSP1 42  are not elic-
ited in non-immune individuals receiving protective prophy-
lactic doses of mefloquine. As a result, this biomarker, when 
detected by the ELISA used in this study, does not have ade-
quate sensitivity to serve as a surrogate endpoint of malaria 
infection in malaria-naïve study populations taking meflo-
quine as a suppressive prophylactic agent. 

 These results conflict with those obtained by previous 
researchers, who noted a sensitivity of 45–64% (defined as 

in our study) in a retrospective analysis of field exposures to 
malaria in Indonesian soldiers taking mefloquine chemopro-
phylaxis (Ohrt C and others, unpublished data). It is possible 
that the difference in MSP antibody detection between these 
two studies stems from prior malaria exposure (61% of the 
Indonesian soldiers reported prior clinical malaria) and pos-
sibly larger or repeated malaria field exposures than provided 
under the controlled conditions of our study. It is also diffi-
cult to exclude the possibility that seroconverting individuals 
in the field study may have had episodes of undetected patent 
parasitemia as the cause of their seroconversion. 

 In our study, seroconversion to MSP1 42  had moderate sen-
sitivity (66%) in individuals with patent parasitemia. This is 
also lower than has been noted previously (Ohrt C and others, 
unpublished data). We speculate that early case detection by 
serial thick-film microscopy, as evidenced by 50% of control 
cohort subjects being asymptomatic at the time of diagnosis, 
and prompt treatment may have limited antigen exposure such 
that some individuals failed to generate a detectable immune 
response to this antigen. Interestingly, among individuals who 
did seroconvert, antibody response was long-lasting (at least 
6 months), raising the possibility that this assay may have use 
in retrospective diagnosis of cases of suspected malaria. 

 In our study, mefloquine prophylaxis was generally well-
tolerated and universally effective in preventing symptomatic 
malarial infection. Although therapeutic levels of mefloquine 
for prophylaxis have not been rigorously established, studies 
in the mid-1990s estimated a 95% rate of prophylactic success 
with serum levels above 620 ng/mL. 14  That we observed uni-
versal protection in non-immune volunteers, despite failing to 
achieve these levels in 6 of 23 individuals (26%) during the 
first 12 days of infection, indicates that, for susceptible par-
asite strains, drug levels < 620 ng/mL can still result in pro-
phylactic efficacy. Furthermore, the success of prophylaxis in 
our study supports the results of previous researchers regard-
ing the efficacy of the 3-day loading regimen for mefloquine 
chemoprophylaxis. 8,  9  

 In conclusion, the lack of sensitivity (0%) shown in this trial 
makes antibodies to MSP-1 42  a poor candidate for a biomarker 

 Figure 2.    The mean whole-blood concentration of mefloquine 
is presented ±1 standard deviation (SD) in ng/mL over time for the 
mefloquine cohort. All samples on study day −2 were below the limit 
of detection (dashed line) for the assay used (80 ng/mL).    

 Figure 3.    A box plot of fold changes in anti– Pf  MSP-1(42) ELISA 
titer by time (days) and treatment group is presented. Control cohort 
(C) and mefloquine cohort (MQ) mean (•), median (horizontal bar 
in box), interquartile (box), minimum, and maximum (vertical lines) 
titer values are plotted.    
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of malaria exposure in active comparator trials of drug effi-
cacy in completely malaria-naive study subjects. 

 Received December 8, 2010. Accepted for publication February 4, 
2011. 
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