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Microscopy, the gold standard for the detection and quantification of malaria parasites in blood, is in
many aspects deficient for this purpose. The method is poorly reproducible and can be inaccurate because
Plasmodium falciparum parasites sequester for a portion of each asexual cycle. Due to these deficiencies,
biomarkers such as P. falciparum histidine-rich protein 2 (PfHRP2) are increasingly being used. In this
study, we evaluated the use of a commercial PfHRP2 enzyme-linked immunosorbent assay (ELISA) kit
with some procedural modifications. We determined the linear range of the assay, including the lower
limits of detection and quantitation, using recombinant PfHRP2 (rPfHRP2). In 10 repeat experiments, the
linear range of optical densities (ODs) at 450 to 650 nm was from 0.05 � 0.002 to 2.28 � 0.042,
corresponding to 3.91 to 250 ng/ml of rPfHRP2. The coefficient of variation (CV) at each target concen-
tration ranged from 1.93 to 8.07%. Using cultured parasites, we confirmed the linear range of ODs as well
as the association between the PfHRP2 ELISA results and the microscopic parasite densities. For
whole-blood samples spiked with cultured, washed, ring-stage-infected red blood cells (iRBCs), the linear
range was 11.7 to 750 iRBCs/�l, with CVs of 0.29 to 7.56%. The same spiked samples evaluated by
microscopists had similar sensitivities, but the CVs were unacceptably high (20.7 to 161.6%). Stock
rPfHRP2 was stable through four freeze-thaw cycles (P < 0.05; paired t test). When different patient
sample types at different concentrations within the linear range of the assay are compared, the recoveries
of PfHRP2 from blood and serum were within �20%, whereas the recoveries from plasma ranged between
�35 and �41%. We conclude that PfHRP2 ELISA using whole-blood and serum samples is a suitable
adjunct to microscopy and could ultimately benefit malaria intervention trials.

Efficacy assessment of malaria intervention studies still relies
on microscopy for quantitation of malaria parasites in blood,
despite increasing evidence that its reliability is questionable
(1, 10, 18, 21, 22). The major attributes of malaria parasite
microscopy are its cost effectiveness and simplicity, which in
resource-poor countries are important considerations. The
major disadvantages of microscopy for Plasmodium falciparum
parasite quantitation include poor reproducibility, variable
sensitivity, and unacceptably high false-positive rates. In addi-
tion, the sequestration of parasites for a portion of each asex-
ual cycle makes mature trophozoite and schizont stages un-
available in the peripheral circulation (9).

The parasite biomarkers of choice for quantitative estimates
of the burden of infection would be those that are detectable in
whole blood or in its separated components, i.e., serum and
plasma, irrespective of the location of the parasite. Good can-
didates are histidine-rich protein 2 (HRP2), found only in P.
falciparum, and glycolytic lactate dehydrogenase (LDH) and

Plasmodium aldolase, both of which are found in all Plasmo-
dium species (19). Available evidence indicates that P. falcip-
arum HRP2 (PfHRP2)-based assays are more sensitive for the
detection of P. falciparum than LDH- and aldolase-detecting
tests (13). In addition, PfHRP2 has been proven to be useful in
detecting the presence of parasites in cases of placental ma-
laria (16).

PfHRP2 is a histidine- and alanine-rich protein with repet-
itive epitopes that is synthesized by both the asexual and early
sexual stages of the parasite and, thereafter, is exported
through the erythrocyte cytoplasm and the surface membrane
to accumulate in the extracellular plasma (12, 25). Although
the amount of PfHRP2 released continues to increase
throughout the erythrocytic cycle, most of it is released
during schizont rupture (6, 12). In in vitro assays, the anti-
gen can be detected in culture supernatants of synchronized
parasites as early as 2 to 8 hours after ring development
(12). PfHRP2 has a long half-life and persists in the circu-
lation for up to 3 weeks, even after successful treatment
(17). While the long half-life may reduce its utility for the
diagnosis of an active infection, in a clinical trial setting,
the persistence of HRP2 could serve as an indicator of the
magnitude of current or recent infection.
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Previous studies have shown that PfHRP2 is present in the
plasma of persons who are infected with P. falciparum (7, 23),
is produced by all natural strains and isolates of P. falciparum
tested (25), and in spite of some polymorphism, is apparently
substantially antigenically invariant (30). An additional at-
tribute of PfHRP2 is that the antigen contains multiple B-cell
epitopes that are arranged in tandem repeats of AHHAAD
interspersed with AHH and AHHAA (26) that allow easy
detection by an antigen capture assay (26, 29).

This paper describes the partial characterization of a mod-
ified commercial PfHRP2 enzyme-linked immunosorbent as-
say (ELISA) that could be useful in evaluating the efficacy of
interventional antimalaria products.

MATERIALS AND METHODS

Cultured parasites. A laboratory strain of P. falciparum, NF54, was cultured in
normal O-positive red blood cells (RBCs) from healthy donors and maintained
in vitro using continuous-culture conditions (27). Parasites at an initial para-
sitemia of 2% were enriched for ring stages by using D-sorbitol (15). Briefly, 6 ml
of culture at 2% parasitemia of mainly young rings (10 to 12 h postinvasion) was
spun at 600 � g, and the pellet was resuspended in 6 ml 5% D-sorbitol. After 10
min of incubation at room temperature, the cells were washed twice in RPMI
1640 medium (pH 7.2) containing 25 mM HEPES and 0.2% sodium bicarbonate
(all from Sigma-Aldrich Corporation, St. Louis, MO), diluted to 5% hematocrit,
and cultured as described above. This treatment was repeated every 48 h until
�98% of the parasites were synchronized in the ring stage, as confirmed by
microscopy.

Patient blood samples. Whole-blood, serum, and plasma samples were ob-
tained from patients in a case-controlled severe-malaria study at Kisumu
District Hospital under approved protocol 1145. Scientific and ethical ap-
proval for the use of these patient samples was obtained from the Ethical
Review Committee of the Kenya Medical Research Institute, Nairobi, Kenya,
and the Walter Reed Army Research Institute of Human Use Research
Committee, Silver Spring, MD.

Negative samples. Aliquots of 42 whole-blood and 43 serum samples, devoid
of any patient-identifying information, that were malaria negative were obtained
from the regional blood transfusion center in the Nyanza province of Kenya. The
blood bank uses microscopy examination of Giemsa-stained blood smears to
screen the donors and thereby preclude retention of infected samples. Samples
were additionally determined to be negative for PfHRP2 by a separate PfHRP2-
detecting rapid diagnostic (dipstick) test (Cellabs Pty. Ltd., Brookvale, New
South Wales, Australia).

Assay procedure and linear range of the HRP2 ELISA. A commercial PfHRP2
ELISA kit (Malaria Ag CELISA; Cellabs Pty. Ltd., Brookvale, New South
Wales, Australia) was used with modifications (H. G. Rajasekariah, personal
communication). The kit uses two different monoclonal antibodies that target
different epitopes of the PfHRP2 antigen. The plates are supplied precoated with
anti-P. falciparum immunoglobulin M monoclonal capture antibody. We devi-
ated from the kit instructions by first mixing the enzyme–secondary-antibody
conjugate (immunoglobulin G) and the test sample 1:1 by volume (100 �l each)
and incubating this mixture at room temperature for 15 min before transferring
it to the coated plates. Pilot studies had indicated that preincubation of the
sample and the secondary antibody reduced the incubation times and wash steps
without affecting the readout (H. G. Rajasekariah, personal communication).
For generation of the recombinant PfHRP2 (rPfHRP2) standard curve, the
recombinant antigen (designated clone HB3) was serially diluted in 100 �l of 0.1
M phosphate-buffered saline (PBS) containing 0.01% Tween 20 (PBS/T), in
duplicate, starting from 1 �g/ml. The stock 10-�g/ml standard is stored at �80°C
(see below). The secondary antibody (100 �l) conjugated to horseradish perox-
idase was then added, and the mixture was incubated at room temperature for 15
min. The mixture was then transferred to the precoated plates and incubated at
37°C for 1 h. The plate wells were washed eight times with the PBS/T supplied
in the kit. Finally, 100 �l of the tetramethyl benzidine substrate supplied with the
kit was then added, and the mixture was incubated for 30 min at room temper-
ature in the dark. The reaction was stopped by adding 50 �l of 2 M sulfuric acid,
and the results were read spectrophotometrically at optical densities (ODs) at
450 to 650 nm using the SoftMax Pro 4.8 microplate software and reader (Mo-
lecular Devices, Sunnyvale, CA). The performance of the assay took 2 h. Ten
replicate assays, performed over a period of 3 weeks, were used to generate

standard curves. The mean, standard deviation (SD), and coefficient of variation
(CV) for each HRP2 concentration were calculated from all 10 replicate assays.
A line was drawn for best fit, using the single-line option in the nonlinear analysis
package in the GraphPad Prism 5.0 software. The limit of detection (LOD) was
taken as the lowest concentration at which the mean OD is just distinguishable
from the background. The lower limit of quantitation (LOQ) was calculated as
the point at which the response is no longer linear. For confirmation that our
LOD and lower LOQ were biologically relevant, background values were derived
by analyses of a series of negative blood and serum samples from the same
geographic area as that of the patient samples. The samples were analyzed in
duplicate for the presence of PfHRP2 in five separate assays over a 3-week
period at a dilution of 1:2.

Stability of the rPfHRP2 antigen. The rPfHPR2 antigen (designated HB3)
lacks the secretory leader sequence and has a predicted molecular weight of
25,000. Details of its nucleotide and amino acid sequences can be found in the
GenBank database (accession number EF535881). Since recombinant antigens
may be sensitive to multiple freeze-thaw cycles, thus affecting the reproducibility
of the standard curve, we evaluated the stability of 10-�g/ml aliquots after up to
10 freeze-thaw cycles. Aliquots were frozen at �80°C and allowed to thaw to
room temperature (25°C) for 30 min for each cycle, followed by simultaneous
assay of all 10 aliquots.

Comparison of parasite density determinations by microscopy and by PfHRP2
ELISA. Cultured synchronized ring stages were chosen for use in these studies
involving only RBCs in order to emulate the situation in infected human blood
samples, where mature forms are rarely present due to sequestration. At 2 to 3%
ring parasitemia, as determined on thin blood film by microscopy, the total
number of RBCs in the cultures was counted by Coulter analysis (Coulter AC·T
5diff CP; Beckman Coulter, Inc., Miami, FL). The lack of white blood cells in the
cultures precluded the use of thick films. The malaria culture was then washed
to remove secreted PfHRP2. The washed cells were resuspended at a con-
centration of 1,500 ring-stage-infected RBCs (iRBCs)/�l (approximately 5 �
105 total RBCs/�l) and then carefully diluted serially in uninfected whole
blood (at approximately 4 � 106 to 5 � 106 RBCs/�l) to �1 iRBC/�l. Thin
blood films for microscopy were made from each dilution after careful sus-
pension. As the original parasitemia measurement was made from thin films,
all subsequent parasitemia measurements were made from thin films. The
microscopists first scanned 100 high-power fields and thereafter determined
the number of iRBCs out of a total of 5,000 RBCs. The slides were read by
two experienced microscopists in a blind study according to published meth-
odology (21), and the percent CVs were calculated from the mean and SD at
each target concentration. The rest of the samples were frozen at �80°C to
lyse the cells and release the total sample PfHRP2. An equivalent volume of
the uninfected blood was frozen for use as a negative control. For the assay,
the frozen samples were thawed at room temperature, and duplicate samples
(50 �l) of the hemolysates were added to tubes containing 50 �l of PBS/T.
Conjugated secondary antibody (100 �l) was then added and the assay con-
tinued as described in the assay procedure. The entire assay, including the
synchronization of cultures and the preparation of the lysates, was repeated
five times over a period of 1 week.

Assay linearity in different patient sample types. Three patients’ samples
were chosen for evaluation because initial screening demonstrated that each
one contained either a low (33.0 ng/ml), a middle (124.0 ng/ml) or a high
(269.7 ng/ml) level of PfHRP2. For each of these three patients, whole-blood
(freeze-thawed to lyse), serum, and plasma samples were evaluated. To en-
sure that each of the samples gave a signal across several points within the
previously determined linear range of the assay (ODs of 0.05 to 2.28); they
were initially diluted at 1:5 (low sample), 1:500 (medium sample), or 1:1,000
(high sample) in PBS/T. These diluted samples were then further serially
diluted at 1:2, 1:4, and 1:8 in PBS/T. Analyte recovery (14) was assessed by
comparing observed values at different serial dilutions against the values
obtained from the initial dilution.

RESULTS

Linear range of the standard curve. We first assessed the
working linear range of the assay using various concentrations
of rPfHRP2 in PBS/T. A best-fit linear calibration curve, based
on the mean absorbance derived from 10 assays run indepen-
dently on 10 different days, is shown in Fig. 1. The dose re-
sponse is linear up to an OD of 2.28, which corresponds to 250
ng/ml rPfHRP2. Beyond this upper LOQ, the response is non-
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linear. The lower LOD for this assay was at an OD of 0.052
(3.91 ng/ml rPfHRP2) (Fig. 1, inset), below which the OD
values are not distinguishable from the blank. The background
ODs for more than 40 negative-control whole-blood and serum

samples, assayed in duplicate on five separate days, averaged
0.042 (SD, 0.006) and 0.023 (SD, 0.002), respectively. A rea-
sonable negative biological threshold for the assay would be
the average background level plus 3 SDs, which produces an
OD of 0.060 for whole-blood samples and of 0.030 for serum
samples. The lower LOQ was also 3.91 ng/ml. The CVs within
the working linear range (Fig. 1, inset) ranged between 1.93
and 8.07%, indicating an acceptable level of variability in in-
dividual measurements. The biological and assay lower thresh-
olds are thus very similar, and we have chosen to use an OD of
0.060 as a threshold for both accurate detection and quantita-
tion. Therefore, OD values below 0.060 for serum or whole-
blood samples are considered negative, OD values between
the lower LOQ and upper LOQ can be used to extrapolate
PfHRP2 concentrations from the standard curve, and OD val-
ues above the upper LOQ are meaningless. Samples with val-
ues higher than the upper LOQ must be further diluted in
order to be measured within the linear range of the assay.

Linearity of washed iRBCs. Using cultured and washed
iRBCs diluted in uninfected whole blood (from a blood bank),
we also determined the linear relationship between PfHRP2
ODs and the numbers of iRBCs. A best-fit linear calibration
curve, based on the mean absorbances from iRBCs at different
concentrations, measured in five separate assays on five differ-
ent days, is shown in Fig. 2. The upper range of the dose
response remained linear up to an OD of 1.97 or 750 iRBCs/�l
whole blood. The lower LOD for this assay, defined as the OD

FIG. 1. Log versus log scale plot of a standard curve for results
from 10 independent assay repetitions using rPfHRP2 in PBS/T. The
dose response is linear for concentrations up to 250 ng/ml rPfHRP2,
which corresponds to an OD of 2.28, above which the dose response
becomes nonlinear. The lower LOD, i.e., the point at which the anal-
ysis becomes just feasible, is 3.91 ng/ml (arrow). The curve fitted to a
true line without any data transformation.

FIG. 2. Relationship of ODs to numbers of parasites plotted on a log versus log scale of results from five assay repetitions using washed iRBCs
diluted in uninfected whole blood. The upper LOQ measured is 750 iRBCs/�l, which corresponds to an OD of 1.97. The lower LOD is 5.86
iRBCs/�l (inset table, horizontal arrow), while the lower LOQ, i.e., the point at which the analysis becomes linear and remains reproducible, is
11.7 iRBCs/�l (vertical arrow). The inset graph shows the quantities of PfHRP2 in spiked samples.
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at which the signal could not be distinguished from the back-
ground, was 0.053, or 5.86 iRBCs/�l (Fig. 2, inset table). How-
ever, the curve was linear to the value corresponding to 11.7
parasites/�l (OD, 0.065), so this is the lower LOQ (Fig. 2).
Within the linear range, the CV at each target concentration
tested was �10% (Fig. 2, inset table). To calculate the quan-
tities of PfHRP2 in spiked samples, ODs obtained within the
linear range were extrapolated from those for rPfHRP2 (Fig. 2,
inset graph). The results are linear across the range of the
assay and correspond to an average value of 1.012 fg PfHRP2
per parasite, which is within the range of previously published
reports (6).

Comparison of parasite densities by PfHRP2 ELISA and
microscopy. The performance of microscopy was evaluated
against that of the PfHRP2 ELISA using the same spiked and
washed iRBCs. The percent CVs for repeat measures of den-
sities ranging from 1 to 1,000 parasites per microliter for thin-
film microscopy and PfHRP2 ELISA are shown in Fig. 3.
Although the two assays had similar LODs (5.8 iRBCs/�l), the
reproducibility of microscopy was exceedingly poor (CVs, 20.7
to 161.6%) compared to that of the PfHRP2 ELISA (CVs,
�10%). A Bland-Altman analysis (4) of the parasite counts
predicted by dilution versus the microscopy results (data not
graphed) showed a very high bias of 270. In almost all cases,
microscopy yielded much higher parasite counts than those
predicted by dilution, even in the hands of expert microscopists
and as previously defined (21).

Stability of antigen. We examined the effect of subjecting
the rPfHRP2 antigen to repeated freeze-thaw cycles on the
assay reproducibility. Figure 4 shows the recovery of a 10-
�g/ml sample of rPfHRP2 antigen, diluted in PBS/T after a
series of 10 freeze-thaw cycles, expressed as a percentage of
the recovery from the first cycle (Fig. 4). The antigen recovery
was significantly reduced from the fifth freeze-thaw cycle on-
wards (P � 0.05; paired t test). Diluted-antigen recovery below
62 ng/ml fell rapidly after the fifth cycle.

Linearity of results for patient samples. Whole-blood, se-
rum, and plasma samples were each collected from three pa-
tients. The patients were selected because initial evaluations of
their whole-blood samples had revealed them to have low (33.0
ng/ml), medium (124.0 ng/ml), or high (269.7 ng/ml) levels of

PfHRP2. In order to ensure multiple data points within the
previously established linear range of the assay, these samples
were first diluted 1:5, 1:500, and 1:1,000 in PBS/T. The diluted
samples were then further serially diluted from 1:2 to 1:8 and
tested in the assay. We used the value at the highest concen-
tration to generate expected values for comparison with results
at subsequent serial dilutions, and we expressed this as “per-
cent recovery.” Within the linear range, between the lower
LOQ (3.91 ng/ml) and the upper LOQ (250 ng/ml), percent
analyte recovery was within an acceptable �20% range for
whole-blood and serum samples (Fig. 5). Plasma samples, how-
ever, had poor reproducibility (CV, �35 to �41%) at concen-
trations of �25 ng/ml PfHRP2. It is not clear why the matrix
effect is more pronounced in plasma samples than in the other

FIG. 3. CVs of results for microscopy (F) and PfHRP2 ELISA (f)
as a function of parasite density plotted on a log scale. The LODs for
both assays were similar (5.8 iRBCs/�l; arrow), but the reproducibility
for microscopy results (CVs, 20.7 to 161.6%) was poor compared to
that for PfHRP2 ELISA results (CVs, �10%).

FIG. 4. Effect of multiple freeze-thaw cycles on a 10-�g/ml stock of
rPfHRP2 antigen. The dashed line represents 100% concentration at
cycle 1. The scatter plots represent percent recoveries at target con-
centrations between 7.8 and 250 ng/ml. The percent recoveries were
significantly different from the fifth freeze-thaw cycle onward (P �
0.05; paired t test). F, 7.8; , 15.1; ‡, 31.3; À, 62.5; h, 125.0; M, 250.0.

FIG. 5. Percent recovery of PfHRP2 in diluted patient samples.
Sample types include whole blood (✖), plasma (G), and serum (f),
assessed at different dilutions, and were taken from patients with low,
medium, and high levels of PfHRP2. Analyte recovery was determined
by comparing observed values with expected values. The precision of
the assay was within the acceptable �20% range (area between the
dashed lines marked “a” and “b”) between the lower LOQ (3.91 ng/ml;
arrow) and the upper LOQ (250 ng/ml) for serum and whole-blood
samples. Plasma samples had higher CVs (�35 to �41%) at PfHRP2
concentrations of �25 ng/ml.
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sample types, but it is clear that the lower LOQ is considerably
higher for this sample type.

DISCUSSION

The use of malaria antigens for the estimation of parasite
biomass (9), in rapid diagnostic tests (19, 24), and for evaluating
in vitro drug (2, 20) and antibody levels (8) has been reported
previously. Available evidence indicates that PfHRP2-based as-
says are more sensitive for the detection of P. falciparum than
are LDH- and aldolase-detecting tests (11, 13). A potential
advantage of PfHRP2-based detection methods for evaluat-
ing the intensity of infection in intervention trials is that
PfHRP2 accumulation in the peripheral blood could be pre-
dicted to be an independent measure of the current and
recent numbers of parasites, regardless of their location in
the body (7).

In this study, the performance of a PfHRP2 ELISA for
assessing antigen load was evaluated using a recombinant
antigen and spiked iRBCs (Fig. 1 and 2) and whole-blood,
serum, and plasma samples from patients. With the recom-
binant antigen diluted in PBS/T, the assay has a working
linear range of 3.91 to 250 ng/ml, corresponding to an OD
range of 0.05 to 2.28. In experiments in which iRBCs were
diluted in whole blood, the working linear range was deter-
mined to be between ODs of 0.065 and 1.97, or about 11.7
to 750 iRBCs/�l, or about 6 to 200 ng/ml PfHRP2. The
lower LODs for both PfHRP2 and iRBCs were comparable
to those reported previously (9, 16) and to those reported
for routine microscopy (21). We are of the opinion that the
relative PfHRP2 concentrations from different trial cohorts
could prove to be a quantitative means for reporting out-
comes from clinical intervention trials.

In parasites cultured in vitro, the production of PfHRP2 is
directly related to both the number of parasites and their stage
of development (6). Many technical and biological factors pre-
vent true reconciliation of the PfHRP2 concentration in whole
blood with clinical peripheral ring-stage parasitemia on blood
films. One such technical issue pertains to the multiple repet-
itive epitopes present in PfHRP2 (25, 30) such that 1 to 10 or
more detector antibodies may bind to a single protein (3). This
differs from aldolase or LDH assays which have unique capture
and detector antibody epitopes producing a 1:1 molar ratio of
binding. Biologically, in semi-immune individuals, immuno-
dominant PfHRP2 antibodies may compete with either the
capture or detection antibodies, which could not only reduce
the signal in the ELISA but also certainly lower the correlation
between the recombinant standard and the clinical samples in
an assay plate. Thus, in a clinical test sample, PfHRP2 may
either be (i) “free”; (ii) bound by antibody in plasma, either
soluble or through large complexes; (iii) inside iRBCs; (iv)
bound to uninfected RBCs as part of immune complexes via
complement receptors on the surfaces of iRBCs; or (v) bound
to other cells, such as leukocytes. Each of these PfHRP2 blood
compartments may have separate complex kinetics which also
further prevent reconciliation of the PfHRP2 concentrations
with the numbers of parasites in patients, as determined by
blood film microscopy, and in parasite cultures. Even though a
clinical PfHRP2 whole-blood concentration theoretically could
be back-calculated to a cultured parasite biomass, the biolog-

ical meaning of this value and its interpretation could be clin-
ically misleading and very well might vary among individuals,
or even in the same individual, over time. Thus, the use of
PfHRP2 whole-blood concentrations (25, 30) should be eval-
uated as an independent measure of infection intensity, with-
out attempts to use it to calculate parasite numbers in patients.

Between-day repeatability or precision measurements, re-
ported as CVs, are measures of the variability of the results for
the same sample evaluated repeatedly in separate assay runs.
Although there are no generally accepted minimal perfor-
mance requirements for immunoassays, the industry standard
for ELISA CV is 10 to 20% (28). Within the linear range, the
PfHRP2 antigen-detecting ELISA described here has a CV of
�15% for the recombinant antigen (Fig. 1), showing that the
assay is reproducible with acceptable precision within the
working linear range. For iRBCs diluted in whole blood (Fig.
2), equally low CVs were obtained (0.3 to 7.6%) from inde-
pendently prepared parasite cultures.

Exceedingly high CVs (20.7 to 161.6%) were recorded for
microscopy results (Fig. 3), and they reinforce the subjec-
tivity and the unreliability of microscopy in providing rea-
sonably precise measurements of parasite densities (21, 22).
Evidence from other studies suggests that errors in micros-
copy for detection and quantification of malaria parasites
can impact estimates of protective efficacy in malaria inter-
vention trials (22). A sensitive and reliable readout for
PfHRP2 could be used as both a quality control indicator for
microscopy and an independent confirmation of results from
negative smears.

In general, proteins are sensitive to multiple freeze-thaw
cycles, and this can affect the reproducibility of a standard
curve. A recent study that compared the performances of dif-
ferent rapid diagnostic tests for malaria showed how temper-
ature, including repeated freeze-thaw cycles, can affect their
performance (5). In the PfHRP2 ELISA reported here, the
stability of the recombinant antigen used for the control curve
was tested following 10 freeze-thaw cycles of a 10-�g/ml sub-
stock of the antigen. Results of a paired t test showed a sig-
nificant (P � 0.05) decrease in the OD values after the fifth
freeze-thaw cycle (Fig. 4). We therefore recommend that the
rPfHRP2 antigen be stored in smaller aliquots for single use
and that they be discarded after a maximum of four freeze-
thaw cycles.

Serial-dilution experiments were performed to evaluate the
assay results from biologically relevant samples to test how the
assay is affected by the biological sample matrix. The demon-
stration of good linearity over a wide dilution range and with
several sample types (whole blood, serum, plasma) would pro-
vide support for the general utility of this assay in assessing
PfHRP2 from different sample types with various levels of
analyte. In the assay reported here, patient samples with var-
ious levels of PfHRP2 were diluted in PBS/T to ensure that
their values fell within the linear range of the standard curve.
The greatest effect of the sample matrix was seen at the lower
end of the linear range. The three sets of malaria parasite-
infected whole-blood, serum, and plasma samples approxi-
mated �100% recovery at HRP2 concentrations near the up-
per LOQ (Fig. 5), but at concentrations closer to the lower
LOQ, the precision declined. For lysed whole blood and for
serum, CVs remained within �20% within the linear assay
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range previously identified for the recombinant antigen. The
CV for plasma deteriorated by �20% in samples with PfHRP2
concentrations of �25 ng/ml. Given that PfHRP2 is present in
RBCs, plasma, and serum (12, 25), it is fortuitous that accept-
able matrix interference characteristics were reported for
whole-blood and serum samples. We therefore consider these
as the sample types of choice for the PfHRP2 ELISA. How-
ever, taking into consideration the fact that most P. falciparum
erythrocytic stages sequester, the fact that the amount of
PfHRP2 varies throughout the erythrocytic cycle (4), and our
results from the matrix experiments discussed above, we are of
the opinion that any attempt to directly correlate PfHRP2
levels with detectable parasitemia will be plagued with inac-
curacy.

This report describes a partial characterization of an ELISA
used for the quantification of PfHRP2 in clinical samples. We
conclude that the PfHRP2 ELISA using whole blood and se-
rum is adequately precise and reproducible for evaluation of
the intensity of infection in clinical samples as an element of
intervention trials. We also conclude that any samples that
have a PfHRP2 level exceeding the upper LOQ can be appro-
priately diluted for analysis without loss of precision. It is
important to note that the PfHRP2 determined by this method
constitutes antigen which may have been accumulating in the
patient for a period that can extend to 3 weeks (17), and
therefore, the PfHRP2 measured in biological samples in-
cludes that from both current and historical P. falciparum in-
fections. Most other methods, including quantitative PCR, are
unable to provide information regarding recent infection and
sequestered parasites. The extent to which sequential episodes
of malaria can be distinguished one from the other will need to
be evaluated through field observations and will no doubt be
influenced by the frequency, and thus the temporal proximity,
of such episodes. The data analysis methods that are required
for evaluation of the efficacy of an experimental intervention,
such as a vaccine, also remain to be developed. Future work
will focus on the experiments required to further validate the
assay and on establishing correlations of patient samples with
clinical status.
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