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Background: Antimalarial antibody measurements are useful because they reflect
historical and recent exposure to malaria. As such, they may provide additional
information to assess ongoing transmission in low endemic or pre-elimination settings
where cases are rare. In addition, the absence of antibody responses in certain
individuals can indicate the cessation of transmission. Commercial malaria enzyme-linked
immunosorbent assays (ELISA) detect antimalarial antibodies and are commonly used to
screen blood donations for possible malaria infection. However, there is no standardized
test to detect antimalarial antibodies for epidemiological use. Here we compared five
commercially available ELISA kits (Trinity Biotech, newbio, DiaPro, Cellabs, and NovaTec)
in search of a standardized tool for supporting claims of absence of malaria transmission.
For comparison, a research-based (RB) ELISA protocol was performed alongside the
commercial kits.

Results: The commercial kits were first compared using serum samples from known
malaria-unexposed individuals (n = 223) and Toxoplasma-infected individuals (n = 191)
to assess specificity and cross-reactivity against non-malaria infections. In addition, 134
samples from >10-year-olds collected in a hyperendemic region in the Gambia in the
early 1990s were used to assess sensitivity. Three out of five kits showed high sensitivity
(90-92%), high specificity (98-99%), low cross-reactivity (0-3%) and were considered
user-friendly (Trinity Biotech, newbio and NovaTec). Two of these kits (Trinity Biotech and
NovaTec) were taken forward for epidemiological evaluation and results were compared
to those using the RB-ELISA. Samples from two pre-elimination settings (Praia, Cape
Verde; n = 1,396, and Bataan, the Philippines; n = 1,824) were tested. Serological
results from both the Trinity Biotech kit and the RB-ELISA concurred with recent passively
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FIGURE 2 | Reported malaria cases (a,b), seroconversion curves (c,d) and seroprevalence by self-reported history of malaria (e,f) using antibody responses recorded
by commercial and the research-based (RB) enzyme-linked immunosorbent assays. In (a,b) counts of reported malaria cases at local health facilities are shown over
time; in Bataan, data was available for O to 12 years prior to data collection (i.e., 2017 — 2005) (28) and 21-35 years prior to data collection (i.e., 1996 — 1982) (26). In
Praia, data was available from 1 to 21 years prior to data collection (i.e., 2016 — 1996) (30) and 22 to 31 years prior to data collection (i.e., 1995 — 1986) (29). In (c,d)
seroconversion curves of age-specific seroprevalence are shown; solid lines represent the fit of the reversible catalytic model (2), while dashed lines represent 95%
confidence intervals (Cls). Seroconversion rate and change point estimates with 95% Cls are shown on plots. In (e,f) seroprevalence estimates and 95% Cls are
shown by self-reported history of malaria. Results for commercial kits using a two-Gaussian mixture model for seropositivity thresholds are shown in

Supplementary Figure 4.
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test batches of dozens to hundreds of samples, whereas a study
to verify the absence of malaria transmission may include
hundreds (7) or even thousands of participants (47). Ease-of-
use, cost and scalability to large epidemiological studies are thus
important considerations. Whilst rudimentary, our screen found
that some assays were significantly more protracted to complete
than others and used higher blood volumes than those that
might be collected in epidemiological surveys. Blood collection

D Trinity Biotech
D NovaTec
re

All negative: 800

FIGURE 3 | Venn diagram showing the intersection of seropositivity recorded
by commercial and the research-based (RB) enzyme-linked immunosorbent
assays in those born since the decline in passively detected malaria cases in
Bataan, the Philippines. Seropositivity is shown for those younger than 22
years corresponding to the marked decline in passively detected cases in
1995, see Figure 2a. Ages are shown on the plot for individuals who were
seropositive in multiple assays.

in surveys is typically done via fingerprick resulting in 50-
500 pl sample volumes depending on age and/or compliance
and may be stored as separated liquid plasma/serum or dried
onto filter papers (Dried Blood Spot, DBS). Excision and
elution of DBSs is time consuming but can outweigh the need
for cold chain which has significant practical and logistical
advantages in field surveys (23). It was for this latter reason
that we included a research-based (RB) ELISA which has been
developed, and extensively tested, for use with DBS samples
(1,3,23).

Although this was not an exhaustive assessment of all
currently available commercial ELISA kits for antimalarial
antibody detection, one of the five kits showed significant
promise in correlating with described transmission patterns in
two endemic settings. In Bataan, The Philippines, seroconversion
curve profiles generated from the Trinity Biotech kit
corresponded with a decrease in passively detected malaria cases
in 1995 (26). Seroprevalence in those born since this decrease
in transmission was low (1.3%). Whether these represent
false-positive results or true responses following asymptomatic,
low-density infections or infections acquired outside the study
area, is unknown. However, ODs were relatively low and very
few were positive in multiple assays which suggests that these are
false-positive observations. Additionally, the current estimate of
seroconversion was low in Bataan, 0.001 annual seroconversion
events per person, which is lower than that recorded in Sri
Lanka during pre-elimination using a RB-ELISA protocol (48).
Bataan was declared malaria-free shortly after samples were
collected for this study (28). Although the RB-ELISA detected
a change point in transmission in the site in the Philippines,
this preceded the drop in reported cases to local health facilities
(including the lower estimate from the 95% confidence interval
for the change point). This is perhaps a result of decreased
sensitivity due to the higher sample dilution (1:1000 for the
RB-ELISA vs. neat for the Trinity Biotech kit) or a (previous)
behavior-related risk of exposure to malaria. Lastly, the decreased
sensitivity could have been caused by the RB-ELISA detecting
P. falciparum alone, while the commercial kits additionally
detect non-falciparum species (except for P. knowlesi).

use in confirmation of malaria elimination.

Technological refinements
- Broaden assessments of sensitivity and specificity from non-malaria infections
- Optimize assays for use with dried blood spots

- Confirm suitability for non-Plasmodium falciparum species

- Evaluate best methodology to determine seropositivity at (very) low transmission
Programmatic questions

- Reuvisit costs per sample (aiming for <1 USD/sample)

- Establish limits of non-specific reaction (i.e., false-positivity rate)

low transmission

BOX 1 | Future work: Technological refinements of the antimalarial antibody detection assays and programmatic questions that need to be addressed for their

- Evaluate options for scenario-specific assays by selecting antibodies with known exposure profiles (i.e., recent vs. any) or specific Ig class responses

- Establish sampling frames for specific epidemiological scenarios and disease transmission patterns; i.e., determine who and where to sample to confirm absence
of malaria transmission (with consideration of age- and/or behavior-related risk of malaria)

- Improve understanding of relationship between seroprevalence, SCR and annual parasite incidence (APl)/entomological inoculation rate (EIR) at (very)
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Historically, P. vivax was also present in Bataan like much of
the Philippines.

For Cape Verde, the low levels of transmission over
the past decades were correctly identified as shown by
the low, constant SCR recorded by the Trinity Biotech
kit (i.e., 0.003 annual seroconversion events per person).
The Trinity Biotech kit also identified a higher exposure
to malaria in adult men (ie, >20 years old compared to
those younger than 20 years old) as previously described in
epidemiological studies in Cape Verde (29, 30). Seroconversion
curves generated from results from the RB-ELISA were
similar to those for the Trinity Biotech kit in Cape Verde.
Results from the NovaTec kit did not reflect malaria
transmission patterns in either setting and therefore it
probably has limited utility for epidemiological characterization
of transmission.

The dynamic range of OD values recorded in endemic
populations was greatest for the Trinity Biotech kit and despite
the use of neat serum, little to no background responses were seen
(Supplementary Figure 3), thus blocking of non-specific binding
to malaria antigens seems extremely efficient. Another advantage
of commercial kits over the RB-ELISA is that both kits (Trinity
Biotech and NovaTec) report detection of IgM and IgG, while
the RB-ELISA detects only total IgG, and IgM may be more
informative in representing a recent infection. An optimal assay
would be refined to use DBS whilst maintaining high accuracy
together with reducing costs (i.e., currently >$1.50/sample for
commercial kits vs. approximately $0.25/sample for the RB-
ELISA, excluding technician time). An overview of these and
other outstanding technological refinements for assays as well
as programmatic questions that need to be addressed are shown
in Box 1.

CONCLUSION

The Trinity Biotech commercial ELISA kit was considered
most applicable for large-scale use in epidemiological surveys
and accurately described malaria transmission in two pre-
elimination settings. All the commercial ELISA kits studied
reported the detection of four human malaria species: P.
falciparum, P. vivax, P. malariae, and P. ovale, but the accuracy
of these assays in detecting exposure to P. knowlesi is unknown.
The performance of the kits using DBS samples remains to
be evaluated. Future work should focus on these technological
refinements as well as outstanding programmatic questions
relevant to the use of serological tools for certification of malaria-
free populations.
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