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Abstract

Background—Improved control efforts are reducing the burden of malaria in Africa, but may result
in decreased antimalarial immunity.

Methods—A cohort of 129 children aged 1-10 years in Kampala, Uganda were treated with
amodiaquine+sulfadoxine-pyrimethamine for 396 episodes of uncomplicated malaria over a 29
month period as part of a longitudinal clinical trial.

Results—The risk of treatment failure increased over the course of the study from 5% to 21%
(HR=2.4/yr, 95%CI=1.3-4.3). Parasite genetic polymorphisms were associated with an increased
risk of failure, but their prevalence did not change over time. Three markers of antimalarial immunity
were associated with a decreased risk of treatment failure: increased age (HR=0.5/5yrs, 95%CI1=0.2—
1.2), living in an area of higher malaria incidence (HR=0.26, 95%CI1=0.11-0.64), and recent
asymptomatic parasitemia (HR=0.06, 95%CI=0.01-0.36). In multivariate analysis, adjustment for
recent asymptomatic parasitemia, but not parasite polymorphisms, removed the association between
calendar time and the risk of treatment failure (HR=1.5/yr, 95%CI1=0.7-3.4), suggesting that
worsening treatment efficacy was best explained by decreasing host immunity.

Conclusion—Declining immunity in our study population appeared to be the primary factor
underlying decreased efficacy of amodiaquine+sulfadoxine-pyrimethamine. With improved malaria
control efforts, decreasing immunity may unmask resistance to partially efficacious drugs.
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Background

Increased funding, implementation of effective antimalarial combination therapy, and
improved disease prevention efforts appear to be decreasing malarial morbidity and mortality
inmany areas of Africa[1,2]. These changes are encouraging, but with partial control of malaria
will come new challenges. In particular, malaria is characterized by the development of partial
immunity after repeated exposure to parasites [3-5], and improved malaria control efforts are
likely to delay and diminish the acquisition of immunity [6]. Limited data exist on the
consequences of loss of acquired immunity in African children.

While disease prevention has become an increasingly important component of malaria control
efforts in Africa, prompt treatment with effective drugs will remain the cornerstone of control
for the foreseeable future [7]. Response to antimalarial therapy depends upon both drug-
parasite and host-parasite interactions. Drug-parasite interactions can be altered by parasite
mutations which enable the parasites to persist following drug treatment [8—10]. Host-parasite
interactions are primarily determined by the acquisition of antimalarial immunity. With
increasing immunity, the likelihood of successful response to partially efficacious antimalarials
increases, with the immune system helping to clear parasites not killed by antimalarials. Indeed,
prior studies have shown associations between increasing age or transmission intensity, both
surrogates of acquired immunity [3], and a lower risk of antimalarial treatment failure [11-
14].

Treatment for uncomplicated malaria has changed dramatically in Africa in recent years in
response to increasing drug resistance, moving from chloroquine or sulfadoxine-
pyrimethamine (SP) monotherapy to, recently, broad advocacy for combination therapy [15].
Artemisinin-based combination therapies (ACTSs) have shown the greatest efficacy [16], but
an older combination regimen, amodiaquine plus SP (AQ+SP), has been highly efficacious in
some areas [17-19], and is recommended by the World Health Organization to treat
uncomplicated malaria when ACTs are unavailable [15]. We recently observed a rapid decrease
in the efficacy of AQ+SP for uncomplicated malaria in children in Kampala, Uganda. To
determine whether the decreased efficacy of AQ+SP was due to increasing drug resistance,
decreasing host immunity, or a combination of these factors, we analyzed the contributions of
both parasite and host factors to treatment outcomes.

Materials and Methods

Recruitment and follow-up of study participants

Between November 2004 and April 2005, children aged 1 to 10 years from households
randomly selected from a neighborhood of Kampala, Uganda [20] were enrolled in a
randomized trial of combination antimalarial therapies; an interim analysis of comparative
results through June 2006 has been published [21]. Briefly, parents or guardians of study
participants were asked to bring their children to a designated study clinic for all medical care.
Malariawas diagnosed if a child had fever and parasitemia. Upon diagnosis of their first episode
of uncomplicated malaria, study participants were randomly assigned to receive 1 of 3
antimalarial regimens (AQ+SP, artesunate plus AQ, or artemether-lumefantrine) for all
episodes of uncomplicated malaria over the duration of the study. After treatment for malaria,
study participants received active follow up for 28 days and then passive follow up for malaria
after 28 days. Children underwent routine assessment and blood smear monthly (or every 3
months after June, 2006) to assess asymptomatic parasitemia. All participants were given long-
lasting insecticide-treated bednets between May and June of 2006.
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Treatment Outcomes and Laboratory Techniques

Early treatment failures within 3 days of treatment were classified according to 2005 WHO
guidelines[22]. Recurrent episodes of malaria occurring more than 63 days after a prior episode
were considered new infections. For recurrent episodes of malaria occurring 4-63 days after
a prior episode, parasites were genotyped with 6 markers to distinguish new infection from
recrudescence [23]. Plasmodium species was evaluated using a species-specific polymerase
chain reaction [24]. Parasite polymorphisms were assessed using polymerase chainreaction
followed by sequence-specific restriction enzyme digestion [25,26].

Statistical Analysis

Statistical analysis was performed using Stata SE version 10 (StataCorp., College Station,
Texas) and R version 2.5.1 (R Foundation for Statistical Computing, Vienna, Austria). Only
data from the AQ+SP study arm were analyzed, as only this arm had adequate numbers of
treatment failures for meaningful associations. Treatments with AQ+SP were given from
November, 2004 until March, 2007 when, after a planned interim analysis and review by our
data and safety monitoring board, this treatment arm was stopped due to an unacceptably high
risk of treatment failure.

Our outcome measure was the 63-day risk of treatment failure, defined as recurrent malaria
due to recrudescent parasites. We only considered treatments for new P. falciparum infections
and excluded treatments for which no genotyping result was obtained. Treatments resulting in
early treatment failures were also excluded, as these are commonly due to factors other than
drug resistance [26,27]. Risk of failure was estimated using the Kaplan-Meier product limit
formula. Data were censored for subjects who did not complete 63 days of follow-up and for
new infections. Predictor variables of interest included calendar time, parasite polymorphisms,
age of subjects at enrollment, distance of residence from a swamp, recent asymptomatic
parasitemia, and parasite density at the time of treatment. Calendar time was evaluated as a
continuous variable. Parasite polymorphisms with mixed alleles were categorized as containing
the resistance-mediating polymorphism, as suggested by the similar risk of treatment failure
in samples containing mixed alleles or only the polymorphism of interest. Age at enroliment
was analyzed instead of age at the time of treatment to enable independent evaluation of the
effects of time and age, and was evaluated as a continuous variable. Distance from a swamp,
a surrogate marker of parasite exposure [28], was dichotomized at 50 meters to best reflect the
relationship with the risk of recrudescence. Asymptomatic parasitemia, a surrogate marker of
host immunity[5], was defined as the presence of a positive blood smear in the absence of fever
at least 28 days after and 5 days before treatment for malaria. Recent asymptomatic parasitemia
was defined as the presence of at least one episode of asymptomatic parasitemia in the prior
180 days. Parasite density was dichotomized at 100,000 parasites/pl to best reflect the
relationship with the risk of recrudescence. Associations between predictor variables of interest
and the risk of treatment failure were estimated using Cox proportional hazards. Left-censoring
of recent asymptomatic parasitemia was accounted for using inverse probability of censoring
weighting, with weights determined using logistic regression for covariates which significantly
predicted censoring. Robust inference accounting for repeated measurements in the same
subject was performed using the grouped jackknife method. Possible confounding or
interaction between duration of the interval of assessment for asymptomatic parasitemia and
the presence of recent asymptomatic parasitemia was ruled out. Associations between time and
the presence of parasite polymorphisms were estimated using logistic regression with time
evaluated as a continuous variable. P < 0.05 was considered statistically significant for all tests.
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Characteristics of Malaria Episodes

A total of 396 treatments for malaria with AQ+SP were given to 129 children during the course
of the study (Figure 1). Of these treatments, 324 given to 126 children were included in the
analysis. Considering treatments included in the analysis, 47 children were treated once, 35
were treated twice, and the remaining 44 were treated up to 13 times over the course of the
study. The median age at the time of treatment was 7.2 years (IQR 4.9-8.9) and the geometric
mean parasite density was 14,515 parasites/ul (range 16-464,000 parasites/ul).

Increasing Risk of Treatment Failure Over Time

The 63-day risk of recurrent malaria after treatment with AQ+SP was 34%, and the 63-day
risk of recrudescence (treatment failure) as determined by genotyping was 11% (Figure 1). The
risk of recrudescence after treatment with AQ+SP increased significantly over the 29 months
of the study, from 5% during the first quarter of the study to 21% during the last quarter
(HR=2.4/yr, 95%CI=1.3-4.3, p=0.002) (Figure 2). In contrast, the risk of new infection after
treatment was stable for the first three quarters, and then decreased in the last quarter when
compared with the first three quarters (HR=0.49, 95%CI1=0.25-0.95, p=0.04). Thus, our results
indicate decreasing antimalarial efficacy of AQ+SP, a drug that until recently showed excellent
efficacy in Uganda [17,18].

Parasite Polymorphisms are Associated with Treatment Failure but Do Not Explain Changes

Over Time

To investigate whether the observed increased risk of failure after treatment with AQ+SP was
the result of increased parasite resistance to these drugs, we evaluated parasites collected at
the time of each treatment for polymorphisms associated with resistance to SP or AQ. These
included single nucleotide polymorphisms (SNPs) in dhfr and dhps that are associated with SP
treatment failure [10,29], and SNPs in pfcrt and pfmdrl that appear to be associated with AQ
treatment failure [30-33].

Considering markers of SP resistance, the SNPs dhfr 511 and dhfr 108N were present in nearly
all of a random subset of 90 samples (99% and 100% respectively). We therefore assumed in
data analysis that they were present in all samples. Of greater interest were the SNPs dhfr 59R,
dhps 437G, and dhps 540E, which have demonstrated varied prevalence across Africa, and
which most clearly associate with SP treatment failure [27,34]. These SNPs were assessed in
all 324 samples. Prevalence of all three of these SNPs was high (Table 1). Compared to
infections without these polymorphisms, parasites with dhfr 59R, dhps 437G, and dhps 540E
were all associated with a higher risk of failure. The presence of all three of these SNPs along
with dhfr 511 and dhfr 108N (dhfr/dhps quintuple polymorphism) resulted in almost four times
the hazard of treatment failure compared to infections which contained less than 5 of these
polymorphisms. However, in the context of high baseline prevalence of the polymorphisms,
none of these associations reached statistical significance. We found only 2 samples (0.6%)
which contained the dhfr 164L allele, which has been associated with very poor response to
SP [35].

Considering potential markers of AQ resistance, all 90 randomly selected samples contained
pfcrt 76T, so this SNP was assumed to be present in all samples. Conversely, none of the 90
randomly selected samples contained pfmdrl 1034C or 1042D, so these SNPs were assumed
to be absent from all samples. Other relevant pfmdrl SNPs were evaluated in all 324 samples
(Table 1). We found a higher risk of treatment failure with AQ+SP in subjects whose parasites
contained pfmdrl 86N, 184F, or 1246Y. None of these individual associations approached
statistical significance, however the combined presence of pfmdrl 86N and 184F (pfmdrl
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double polymorphism) significantly predicted treatment failure. When considering the
combined effects of SNPs associated with SP and AQ resistance, subjects whose parasites did
not contain the dhfr/dhps quintuple polymorphism had a low risk of failure regardless of the
presence of the pfmdrl double polymorphism (Table 1). The presence of the dhfr/dhps
quintuple polymorphism increased the hazard of failure 3-fold, and the addition of the
pfmdr1 double polymorphism increased this hazard another 3-fold.

Since the clinical efficacy of AQ+SP decreased over the course of our study, it was of interest
to determine whether the prevalence of key resistance-mediating polymorphisms increased
over this time frame. In fact, neither the prevalence of the dhfr/dhps quintuple polymorphism,
the pfmdrl double polymorphism, nor both together changed significantly during the course
of the study (p=0.4, 0.3, and 0.7, respectively) (Figure 3). In addition, adjusting for these
polymorphism combinations did not change the association between time and the risk of
treatment failure (HR=2.4/yr, p=0.004 excluding polymorphisms; HR=2.4/yr, p=0.004
including polymorphisms). These findings indicate that, although there were significant
associations between certain parasite polymorphisms and the risk of treatment failure, the
increased risk of failure that we observed over the course of our study was not due to an increase
in parasite drug resistance mediated by the 12 SNPs that we evaluated.

Surrogate Markers of Host Immunity are Associated with Treatment Failure and Explain
Changes Over Time

Since the decreasing antimalarial efficacy of AQ+SP could not be explained by known markers
of resistance to these agents, we considered the possibility that decreasing treatment response
was due to waning host immunity. Although repeated infection is accompanied by the
acquisition of clinically relevant antimalarial immunity, there is currently no straightforward
marker for this immunity [36]. Therefore, to test the hypothesis that immunity influenced the
risk of treatment failure in our study, we measured associations between 3 surrogate markers
of immunity and failure: increasing age, exposure to parasites, and history of asymptomatic
parasitemia.

In our cohort, we found an association between increased age at enrollment and the risk of
treatment failure, but this association did not reach statistical significance (HR=0.5/5yrs, 95%
ClI=0.2-1.2, p=0.1). To further consider exposure to malaria parasites in our study population,
we used spatial data as a surrogate for exposure. We recently showed that those living close
to a swamp bordering the study site had a higher incidence of malaria then those living farther
away [28]. Considering AQ+SP treatment outcomes, those living within 50 meters of the
swamp (48% of subjects) had a significantly lower risk of treatment failure after therapy then
those living at least 50 meters away (5% vs. 18%, HR=0.26, 95%CI=0.11-0.64, p=0.003),
consistent with increased immunity in the group with highest exposure to parasites. Those
living at least 50 meters from the swamp showed a steady increase in risk of treatment failure
through the course of our study, consistent with a gradual decrease in host immunity in this
relatively non-immune group (HR=2.0/yr, 95%CI=1.1-3.7, p=0.02; Figure 4). In contrast,
those living within 50 meters of the swamp did not show increased risk of treatment failure
until late in the course of our study (HR=3.5, 4" quarter vs. 15t three quarters, 95%CI=0.8—
14.7, p=0.09). The prevalence of parasite polymorphisms was similar in samples taken from
those living within 50 meters and at least 50 meters from the swamp (data not shown). When
both surrogates of immunity were considered together, those expected to have the greatest
immunity based on age (> 5 years at enrollment) and exposure (living < 50 meters from the
swamp) had a much lower risk of treatment failure than those expected to have the least
immunity (age < 5 years at enrolment and living > 50 meters from the swamp) (3% vs. 28%,
HR=0.12, 95%CI=0.03-0.5, p=0.005). These findings suggest that antimalarial immunity
strongly influenced the risk of treatment failure in our study.
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Age at enrollment and distance from the swamp appear to be good surrogates for immunity,
but they are not markers that could change over the course of the study. To determine whether
declining immunity was responsible for the increase in treatment failure over time, a surrogate
marker of immunity which might vary over time was required. Another potential surrogate for
malarial immunity is asymptomatic parasitemia, since immunity is required to control
parasitemia and prevent the development of symptomatic malaria [3-5]. Recent asymptomatic
parasitemia (within the prior 180 days, present for 34% of treatments) was strongly associated
with a lower risk of failure after therapy with AQ+SP (1% vs. 18%, HR=0.06, 95%CI1=0.01-
0.36, p=0.002). To test the hypothesis that a decrease in host immunity was responsible for the
increasing risk of failure over the course of the study, we performed a multivariate analysis
first excluding and then including recent asymptomatic parasitemia as an explanatory variable.
After adjusting for parasite resistance-mediating SNPs, parasite density, distance from the
swamp, and age at enrollment, the association between time and risk of treatment failure
remained strong (HR=2.9/yr, p=0.001) (Table 2). However, the inclusion of recent
asymptomatic parasitemia reduced the association between time and the risk of failure
(HR=1.5, p=0.3). This finding suggests that a decrease in antimalarial immunity over the course
of our study largely drove the observed decrease in efficacy of AQ+SP.

Discussion

Earlier analysis of data from our ongoing clinical trial showed that AQ+SP was inferior to two
ACT regimens [21]. An additional 9 months of follow-up showed further decrease in efficacy
(Figure 2), and the AQ+SP arm was subsequently discontinued from our study. Why did the
efficacy of AQ+SP decrease so rapidly? An obvious explanation might be increasing resistance
of malaria parasites in Kampala to the components of AQ+SP. However, during our study we
did not find changes in prevalence of key polymorphisms that mediate diminished responses
to AQ or SP. An alternative explanation for the loss of drug efficacy is diminished host
immunity, as antimalarial treatment responses to partially efficacious drugs are dependent on
host immunity [11-14,37], and study subjects benefitted from a number of study-specific and
national malaria control measures that likely decreased their exposure to parasites. A
straightforward measure of antimalarial immunity is not available [36], but a number of
reasonable surrogates of immunity have been established. Two such surrogates, increasing age
at enrollment and residence near a local area of high transmission, both showed an association
with greater treatment efficacy, suggesting that baseline immunity played a major role in
efficacy. A surrogate marker of immunity that was able to change over time recent
asymptomatic parasitemia appeared to explain the majority of the decrease in AQ+SP efficacy
over the course of our study. Thus, our results suggest that, in the setting of pre-existing
diminished parasite susceptibility to AQ and SP, worsening drug efficacy was mediated not
by increasing parasite resistance, but by diminishing host immunity.

Antimalarial immunity usually increases with increasing age in individuals living in endemic
areas, but appeared to wane in our cohort. Factors which may have contributed to declining
immunity in our study population included improved access to antimalarial combination
therapy, community-wide changes in antimalarial treatment, and distribution of insecticide
treated bednets (ITNs). At the time our study began, chloroquine monotherapy was by far the
most common antimalarial used in the community [38]. We know from prior data in Kampala
that although symptoms often improve after treatment with chloroquine, almost 90% of patients
fail to clear their parasites, exposing them to continued parasitemia [39]. Access to prompt
combination therapy improved the overall health of children in all three treatment arms of our
trial, and dramatically decreased the prevalence of asymptomatic parasitemia [21].
Asymptomatic parasitemia has been associated with protection from subsequent symptomatic
malaria [40-44] and, in this study, we now show a strong association with protection from
subsequent treatment failure with partially effective therapy. On a community level, the highly
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effective antimalarial artemether-lumefantrine, which began to be widely dispensed in
Kampala in early 2006, may have decreased transmission intensity of parasites in the area as
this therapy is highly effective in clearing parasites[21] and artemisinins may provide
additional transmission-blocking effects [45]. Finally, we distributed ITNs to all study
participants in May through June of 2006, cutting the incidence of malaria in half [28].
Although AQ+SP efficacy began to decline before ITN distribution, the decrease in parasite
exposure afforded by this control measure may have further contributed to declining immunity.

It should be emphasized that the effect of immunity on the efficacy of AQ+SP in our study
was likely only relevant because local parasites were partially, but not completely, resistant to
this therapy. With therapy to which there is a high level of parasite resistance, such as
chloroquine or SP, drug efficacy may improve with increased immunity, although not to
acceptable levels [46]. With therapy to which there is little or no resistance, efficacy will not
vary significantly with immune status since the drug will be able to clear parasites in almost
all subjects. Despite our finding of a very high prevalence of parasite polymorphisms that are
known to confer moderate resistance to SP, the presence of a polymorphism known to confer
high level resistance to SP (dhfr 164L) remains rare in Kampala. We also found polymorphisms
in pfcrt and pfmdrl associated with resistance to amodiaquine; specific associations in prior
studies have varied, but none have yet been associated with high level resistance [30-33].
Surprisingly, we found an association between pfmdrl 86N and treatment failure. This
relationship was even stronger in infections caused by parasites that also contained the SP
resistance-mediating quintuple mutation discussed above. A number of prior studies have noted
the 86N polymorphism to associate with a lower risk of failure after treatment with AQ-
containing regimens [30-33]. The reason for this discrepancy is unknown. While we cannot
exclude the possibility that additional, unmeasured parasite polymorphisms conferring high
level resistance to SP or AQ were present, it is unlikely that such polymorphisms would have
increased enough in prevalence during the course of our study to explain the rapid decrease in
efficacy we observed. Rather, it is most likely that declining immunity in our cohort unmasked
pre-existing moderate resistance to AQ+SP in Kampala.

Given the treatment failure rate of 21% at the end of our study, AQ+SP is no longer an
appropriate antimalarial therapy in Kampala. Fortunately, data from our ongoing trial have not
revealed decreasing efficacy of the ACTs AQ plus artesunate or artemether-lumefantrine (data
not shown), and recommendations to use these drugs as first-line therapy across Africa seem
to be appropriate. However, with limited availability of ACTs, non-ACT regimens are still
widely used to treat uncomplicated malaria in Africa. In addition, the continued efficacy of
antifolates in preventing malaria, such as the important role of SP in intermittent preventive
therapy of pregnant women, may require underlying antimalarial immunity [47]. Decreasing
immunity may additionally increase selective pressure for drug resistant parasites, facilitating
further decline in efficacy [48].

With increased malaria control efforts now starting to make a significant impact on malaria
transmission in Africa [2,7] and regional elimination under discussion [49,50], declines in
antimalarial immunity for many living in Africa are likely to be at least as dramatic as that in
children in our cohort. Thus, as malaria prevention efforts successfully decrease the burden of
malaria in Africa, these efforts must be coupled with access to highly effective antimalarial
therapy. In addition, careful monitoring of drug efficacy will be critical to identify emerging
drug resistance which may be unmasked due to decreasing antimalarial immunity.
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72 excluded:
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21 non-falciparum

h 4

324 treatments with AQ+SP of new
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(126 children)

v

v

9 early treatment failure
4 did not complete assigned therapy
3 no genotyping result

214 no recurrent malaria
within 63 days

110 recurrent malaria
within 63 days

v

77 new infection

Figure 1.
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Malaria Treatments and Outcomes Included in the Analysis.

J Infect Dis. Author manuscript; available in PMC 2010 March 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Greenhouse et al.

40%
30%

20%

) j—,—‘ i i
0% 1 v v .

Nov 04 -May 05 Jun05-Dec05 Jan06-Jul06 Aug 06 - Mar 07

63 day risk of recrudescence

50% 1

40% 1
30% o
20% o
10% o
0% v T 3

Nov04-May 05 Jun05-Dec05 Jan06-Jul06 Aug 06 - Mar 07

63 day risk of new infection

Figure 2.
Risk of Recurrent Malaria Over Time After Treatment with AQ+SP.
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(A) Risk of recrudescence (treatment failure). Vertical bars, 95% confidence intervals.

(B) Risk of new infection. Vertical bars, 95% confidence intervals.
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Risk of Treatment Failure in Subjects Over Time Stratified by Distance from the Swamp.
Vertical bars, 95% confidence intervals.
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