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Abstract. Laboratory detection of malaria antigens has proved valuable for research and epidemiological purposes.
We recently developed a bead-based multiplex antigen assay for pan-Plasmodium and Plasmodium falciparum targets.
Here, we report integration of a Plasmodium vivax–specific target to this multiplex panel: P. vivax lactate dehydrogenase
(PvLDH). Within the multiplex panel, assay signal for purified PvLDH antigen titrated into the single-digit picogram range.
Against a panel of polymerase chain reaction (PCR)-confirmed samples from acute P. vivax infections (n = 36), sensitivity
was 91.7% in using PvLDH detection for identifying the presence of parasites. Specificity against a panel of persons with
noPlasmodium infection (n= 44) was 100%, and specificity against a panel of PCR-confirmedP. falciparum, Plasmodium
malariae, or Plasmodium ovale infections (n = 164) was 90.2%. Addition of this PvLDH capture and detection system into
the multiplex antigen panel will now allow for sensitive screening for species identification of both P. falciparum and
P. vivax in the laboratory.

Detection of malaria antigens produced during blood-stage
infection has proven to be useful for both malaria diagnostics
(using point-of-care rapid diagnostic test, RDT) and malaria re-
search purposes (through laboratory assays).1–3 These field and
laboratory assays benefit from well-defined antibodies raised
against these antigens with high specificity in binding to the
defined target and detection sensitivity within the nanogram to
picogram range.4–6 In the laboratory, screening for the presence
of malaria antigens (as a proxy for acute Plasmodium infection)
outlinesamorepracticalmethodologyovermore labor-intensive
and expensive nucleic acid-based assays.7 Whole blood,
plasma, serum, or samples eluted from filter paper are all viable
specimens for malaria antigen detection, and the flexible nature
of this immunoassay allows large numbers of field samples to be
processed in the laboratory in a high-throughput manner.7 Our
group has previously designed a laboratory multiplex test for
malaria antigens on the bead-based Luminex® platform and in-
cluded targets for pan-Plasmodium aldolase and lactate de-
hydrogenase (LDH), as well as Plasmodium falciparum–specific
histidine-rich protein 2 (HRP2).3,4 By deciphering the antigen
profile for an individual’s biological sample, it could be ascer-
tained if any Plasmodium infection was present at the time of
sampling and if the infection was P. falciparum. By having three
targets on thismultiplex panel, with each generating a “positive”
or “negative” signal, eight total combinations (a +/− signal for
three targets: 23) were possible for a person’s antigen profile,
providing a snapshot of information regarding Plasmodium
species presence and estimated parasite density.4,7

We report here the expansion of this multiplex panel to in-
clude a Plasmodium vivax–specific target enzyme which is
unable to be deleted from the genome: P. vivax lactate de-
hydrogenase (PvLDH). For laboratory experiments, the pan-
Plasmodium LDH (pLDH) and PvLDH monoclonal antibodies
were procured from Fitzgerald (Cambridge, United Kingdom;
all raised in mouse), and coupling conditions were optimized
with the Luminex Antibody Coupling kit (Luminex Corp,

Austin, TX) as described previously.4,7 For anti-pLDH (clone
M1209063) and anti-PvLDH (cloneM1709Pv2) conjugation to
different bead regions (MagPlex beads, LuminexCorp, Austin,
TX), coupling was performed at an antibody concentration of
12.5 μg/12.5 × 106 beads. The detection antibodies consisted
of a 1.0 mg/mL 1:1 antibody mixture, made of clones
M1709Pv1andM86550thatwerepreviouslybiotinylatedby the
ThermoScientific EZ-link Micro Sulfo-NHS-Biotinylation Kit
according to the manufacturer’s protocol. Along with LDH de-
tection, conjugated beads and detection antibodies were also
included on each assay plate for HRP2 and pan-Plasmodium
aldolase, and the immunoassay was run under the same con-
ditions with same reagents as described previously.4 Assay
plates were run on a MAGPIX machine (Luminex Corp) by col-
lection of the median fluorescence intensity (MFI) signal for a
target of 50 beads/region. Subtracting the MFI for background
wells (exposed only to sample diluent) from sample MFI signal
provided an MFI minus background (MFI-bg) signal used for
analysis. Recombinant PfLDHandPvLDHantigenswere kindly
provided by MicroCoat (Starnberger See, Germany). Samples
(n = 200) with or without PCR-confirmed malaria infection from
travelers returning to the United States have been described
previously,4 and their usehas receivedethical approval fromthe
CDC Human Subjects Office (2017-192).
In making a dilution series of the purified recombinant anti-

gens, only the capture antibody against pLDH was able to de-
tect the PfLDH antigen, whereas the capture antibody specific
for PvLDHprovided only a nominal signal for the highest PfLDH
concentration of 20,480,000 pg/mL (average MFI-bg of 32 on
scale from 0 to 27,000) (Figure 1). However, for the PvLDH
antigen, both capture antibodies were able to provide an assay
signal titrating into thesingle-digitpicogramrange.Because the
multiplex assay will be run on human samples in future studies,
we ran a panel of human blood samples without Plasmodium
infection (n = 44) to determine a reliable assay signal that would
determine a positivity threshold for antigen presence and allow
for a limit of quantitation (LOQ) (Figure 2A). From these 44
noninfected samples, the lognormal mean plus five SDs
MFI-bg signal for the pLDH bead was 85, and for the PvLDH
bead was 33. By extrapolating from the standard curves, this
equals an LOQ for the pLDH bead of 190.0 pg/mL for the
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PfLDH antigen and 56.8 pg/mL for the PvLDH antigen. For the
PvLDH bead, this equals an LOQ for PvLDH of 7.2 pg/mL.
To further examine sensitivity and specificity of the PvLDH

bead against known Plasmodium acute infections, a panel of
200 plasma sampleswith known infection status by PCRwere
selected4 and included 148 P. falciparum, four Plasmodium
malariae, 12 Plasmodium ovale, and 36 P. vivax infections
(Figure 2B). The pLDH bead was able to provide high MFI-bg
signals for both P. falciparum and P. vivax infections, but
typically a much lower signal for P. malariae and P. ovale. The
PvLDH bead for the same samples provided high signals for
more than 90%ofP. vivax–infected plasma, whereas theMFI-
bg signals were nonexistent for the other three human
malarias with the exception of 16 P. falciparum infections
found to have apositivePvLDHsignal. From thebead-specific
LOQ thresholds established previously, the specificity of the
PvLDHbeadagainst noninfected sampleswas100%andwas
90.2%against other non-vivaxPlasmodium infectionswith 17
of the 164 showing a positive MFI-bg signal by the LOQ
threshold. Sensitivity of the PvLDH bead for detecting PCR-
identified P. vivax infections was 91.7% with 33 of the
36 samples being bead assay positive with MFI-bg values
typically > 20,000 (29/36 samples, 80.6%).
With the addition of this P. vivax–specific target to the

multiplex panel, the combinations of antibody positivity
profile are now increased to 16 (24). Many of these inter-
pretations would likely be redundant with similar (or the
exact same) explanations for why a person would have
specific malaria antigen profile at the time of sampling, but
this will need to be investigated further with field studies in
different human and parasite populations. Of particular im-
portance will be areas of P. falciparum and P. vivax coen-
demicity in assessing both the population prevalence of
single infections with either species and coinfections with
both.8–10 Interestingly, 16 of the 148 (10.8%) PCR-identified
P. falciparum infections also gave a positive signal for
PvLDH. Although most of these were very low signals hov-
ering around the MFI-bg threshold (10 of these had a MFI-
bg < 200), four of these gave MFI-bg values > 1,000. The
potential may also exist for isoforms of PfLDH produced by

different global strains, which would cross-react with the
anti-PvLDHantibodies. Another possibility exists for true Pf/
Pv–mixed infections that were simply missed by the PCR
assay. Further investigation of mixedmalaria infections may
require more sensitive nucleic acid assays to truly assess
the performance of PvLDH detection in this multispecies
context. Importantly, none of the malaria-negative blood
samples provided a positive signal for PvLDH (or pLDH), so
large population-level screening of blood samples that will
largely be malaria negative would not be predicted to give
many false-positive hits. Detection of the recombinant
PvLDH antigen with the pLDH bead was more sensitive
when directly compared with the detection of the PfLDH
antigen with the same bead. This may suggest that the
current anti-LDH monoclonal antibodies are overall more
successful in discovering low-density P. vivax infections
versus low-density P. falciparum, but this will ultimately
need to be evaluated on extensive panels of human speci-
mens to verify. Fortunately, detection of the HRP2 antigen
has been shown by our group and others to be a very sen-
sitivemarker of low-densityP. falciparum infections.2,4,5,7,11

Given that the pLDH bead typically gave low signals for the
P.malariae andP. ovale infections,wewill need to relymore on
the pan-Plasmodium aldolase signal for the detection of these
two malarias, and the multiplex assay has previously been
shown to accomplish this as aldolase was found to be de-
tected at lower concentrations when compared with pLDH.4

Although species-specific markers for P. malariae, P. ovale,
and the zoonotic malarias are not currently included on this
multiplex antigen panel, being able to confidently establish if
P. falciparum and/orP. vivax is presentmayassist in narrowing
down further nucleic acid assays to confirm presence and
species of other Plasmodia. With more sensitive malaria lab-
oratory tests being developed recently, the prevalence of
P.malariae andP. ovale has been found to be at unexpectedly
high levels in some settings,12,13 and this should be explored
further to assess the impact on population health and malaria
elimination strategies.
Unfortunately, to date, very few monoclonal antibodies

have been raised against different malaria antigen targets.

FIGURE 1. Detection of Plasmodium falciparum and Plasmodium vivax lactate dehydrogenase (LDH) by multiplex bead assay. Panels displayed
for serial dilution series of both isoforms of LDH from 20,480,000 to 2.4 pg/mL. Assay signal specific for pan-Plasmodium LDH (pLDH) capture/
detection is shown in blue lineswith circles, and assay signal specific forP. vivax LDH (PvLDH) capture/detection shown in black lineswith squares.
Titration curves show average of results from two independent runs with error bars indicating SD.
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With the discovery of deletions in the Pfhrp2 and Pfhrp3 in
natural P. falciparum populations that would render HRP2-
baseddiagnostics inadequate,14 renewed interest (especially in
the point-of-care diagnostic field) has been garnered in gener-
ating new monoclonals, which would recognize targets unable
to be deleted from the parasite genome.15,16 With the addition
of each new capture/detection antibody to the multiplex labo-
ratory assay, the resolution of interpretation for an individual’s
antigen profile will be further refined to allow a better prediction
of Plasmodium status for that person at the time of sampling.
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