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SUMMARY
Serological markers are a promising tool for surveillance and targeted interventions for Plasmodium vivax
malaria. P. vivax is closely related to the zoonotic parasite P. knowlesi, which also infects humans. P. vivax
and P. knowlesi are co-endemic across much of South East Asia, making it important to design serological
markers that minimize cross-reactivity in this region. To determine the degree of IgG cross-reactivity against
a panel of P. vivax serological markers, we assayed samples from human patients with P. knowlesi malaria.
IgG antibody reactivity is high against P. vivax proteins with high sequence identity with their P. knowlesi or-
tholog. IgG reactivity peaks at 7 days post-P. knowlesi infection and is short-lived, with minimal responses 1
year post-infection. We designed a panel of eight P. vivax proteins with low levels of cross-reactivity with
P. knowlesi. This panel can accurately classify recent P. vivax infections while reducing misclassification
of recent P. knowlesi infections.
INTRODUCTION

To accelerate toward malaria elimination, new tools and interven-

tions are needed. Malaria is caused by the parasite Plasmodium,

with most of the disease in humans caused by P. falciparum,

P. vivax, P. malariae, P. ovale, and P. knowlesi. P. falciparum and

P. vivax account for the largest burdens of disease. In many co-

endemic regions outsideAfrica, infectionwithP. vivaxhasbecome

the predominant cause of malaria as the overall level of transmis-

sion has declined.1 Thus, although standard malaria control tools

(such as those targeting the mosquito vector and case manage-

ment) have had a significant impact on reducing transmission of

P. falciparum, they have not had the same level of effect on
Cell
This is an open access article under the CC BY-N
P. vivax. This is most likely due to several distinct biological fea-

tures of P. vivax infections that promote transmission. These

include a cryptic endosplenic life cycle leading to a large hidden

splenic reservoir of P. vivax parasites,2,3 which sustains a high

prevalence of low-density asymptomatic blood stage infections4

that are still capable of onward transmission.5 Furthermore, an

additional life cycle stage in the liver, known as the hypnozoite,

can remain arrested or dormant for months to years following the

initial mosquito bite-induced infection, before being reactivated

by currently unknown signals to re-join the life cycle. Hepatic hyp-

nozoitesaremajor reservoirs for transmission incommunities,with

up to 80%of detected blood-stage infections attributed to hypno-

zoite relapse rather than newmosquito bite-induced infections.6–8
Reports Medicine 3, 100662, June 21, 2022 ª 2022 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Toaddress the uniquechallenge tomalaria eliminationposedby

P. vivax,wehavedevelopedasurveillance tool:P. vivax serological

exposuremarkers.Bymeasuring total IgGantibody responses toa

carefully selected panel of eight P. vivax proteins, we can classify

individuals as recently exposed to a blood-stage P. vivax infection

within thepast9monthswith80%sensitivity and80%specificity.9

Due to the frequency of P. vivax relapses, with most occurring

within 6–9 months following primary infection,10 we hypothesize

that ourP. vivax serological exposuremarkers can be used to indi-

rectly identify hypnozoite carriers—individualswho aremore likely

to go on to develop recurrent P. vivax infections and sustain trans-

mission. Our serological markers can thus be used as an effective

surveillance tool for identifying clusters of P. vivax infections

for efficient targetingof resources11and fordesigningpublichealth

interventions relying on ‘‘serological testing and treatment’’

(seroTAT).12 SeroTAT can be used to identify hypnozoite carriers

who can then be treated with appropriate anti-malarial drugs

(includingananti-liver-stagecomponent suchasprimaquineor ta-

fenoquine) as part of an elimination campaign.9

The major species of Plasmodium causing disease in humans

have different geographic distributions13 and different levels of

relatedness.14 It is therefore important to characterize potential

cross-reactivity against our P. vivax serological exposuremarkers

in individuals who have had recent exposure to other Plasmodium

infections. We identified no patterns of cross-reactivity with

recent P. falciparum exposure in our original cohort studies,9

with the caveat that few individuals had P. falciparum infections

in those observational cohorts (in Thailand, Brazil, and the Solo-

mon Islands). In the limited number of prior studies assessing

P. vivax- P. falciparum cross-reactive antibody responses,15

mixed results were observed with both species-specific16 and

cross-reactive antibodies detected.17,18 However, even if cross-

reactivity between our P. vivax proteins in individuals with recent

P. falciparum infections becomes evident, this is not necessarily

of programmatic concern. Similar risk factors for exposure in

co-endemic regions are present, and there is potential benefit in

treating individuals with P. falciparum infections with anti-hypno-

zoite drugs19 (due to the high risk of P. vivax recurrence following

P. falciparum infections,20–22 and for the beneficial effect of prima-

quine clearing P. falciparum gametocytes, the sexual form of the

parasite23). These benefits do need to be considered in the

context of the risks of primaquine treatment in glucose-6-phos-

phate dehydrogenase (G6PD)-deficient individuals.24 However,

continued improvements in rapid G6PD testing alleviate some

of these concerns,25 along with a recent finding of higher G6PD

activity levels in people with malaria compared with those

without.26 P. vivax is more closely related to the zoonotic parasite

P. knowlesi than to P. falciparum,14 and serological cross-reac-

tivity has been reported.27–29 P. vivax and P. knowlesi are co-

endemic in humans across much of Southeast Asia.30 Risk-fac-

tors for exposure to P. knowlesi and P. vivax differ,31 as do spatial

clusters of infections,29 treatment,32 and risk mitigation strate-

gies.31 For these reasons, and to optimize the utility of serological

markers in Southeast Asia, it is of particular importance to charac-

terize cross-reactivity against the P. vivax serological exposure

markers in individuals with recent P. knowlesi infections.

Here, we aimed to assess cross-reactivity against a panel of

P. vivax serological exposure markers (including our previously
2 Cell Reports Medicine 3, 100662, June 21, 2022
identified top combination of eight markers9) in samples from

two clinical cohorts of patients with confirmed P. knowlesi ma-

laria. We assessed whether our algorithm would classify these

P. knowlesi patients as P. vivax exposed or not and whether

we could improve our serological markers for use in P. vivax-P.

knowlesi co-endemic areas by selecting proteins with absent

or lower levels of cross-reactivity.

RESULTS

Comparison of P. vivax and P. knowlesi protein
sequences
We hypothesized that potential antibody cross-reactivity could

relate to the level of sequence identity, and thus, we first con-

structed a pipeline to identify and then compare the sequences

of our expanded panel of 21 P. vivax serological exposure

markers, selected on the basis of our prior work9 (see STAR

Methods for further details), with their identified P. knowlesi or-

thologs. Two different analytical approaches were used: (1) by

accessing the list of orthologs on PlasmoDB for each P. vivax

protein and (2) through an NCBI BlastP search of the protein

sequence construct. P. knowlesi orthologs were found for 17

of 21 P. vivax proteins via PlasmoDB (using either the original

macaque H strain33 or the later human red blood cell-adapted

A1H1 line34) and for 20/21 by NCBI BlastP (any strain) (Table 1).

Using both methods each of the 21 P. vivax proteins had at least

one identified P. knowlesi ortholog. When multiple orthologs

were found, the top hit was selected by highest identity. The sim-

ilarity and identity values for the hits on PlasmoDBwere obtained

by aligning the full-length protein sequences provided in the

database using the EMBOSS Needle protein alignment tool;35

the identity values for the NCBI BlastP hits were obtained from

the BlastP search using only the protein construct sequence.

The sequence identity of the full-length protein sequences

(search strategy 1) ranged from 11% to 19% for MSP7F (A1H1

line or H strain, respectively) to 83.4% for MSP8. A similar trend

was found using the specific protein construct and NCBI BlastP

(search strategy 2); however, the percent identity was often

higher using this method (Table 1).

P. vivax protein-specific IgG antibody response in
P. knowlesi clinical case samples
To assess potential cross-reactivity against the P. vivax proteins,

we measured longitudinal total IgG antibody responses in pa-

tients with PCR-confirmed P. knowlesi monoinfection, enrolled

in two clinical trials, denoted ACTKNOW (recruited over 2012–

201436) andPACKNOW(recruited over 2016–201837,38) (Table 2).

The two sample sets were initially analyzed separately, given

that the risk of prior P. vivax infection was lower at the time

of the PACKNOW trial.39 There were no differences in demo-

graphic variables such as age, sex, and self-reported history

of malaria infections between the patients in the two trials (Ta-

ble 2). The high proportion of males in both studies is typical of

the existing evidence for P. knowlesi clinical presentation and

epidemiology.31,40,41

We first assessed potential cross-reactivity against the P. vivax

proteins by using 99 patients from the ACTKNOW P. knowlesi

clinical trial cohort, with plasma samples available at the time of



Table 1. Sequence comparison of the P. vivax proteins with their P. knowlesi orthologs

P. vivax Protein PlasmoDB code

# Hits

P Top Hit P Synteny P

Similarity

(%) P Identity (%) P Top Hit N Identity (%) N

MSP8a PVX_097625 1 PKNH_1031500 Y 91.2 83.4 AFL93300.1 84.52

Pv-fam-aa PVX_112670 24 PKNH_1300800 Y 72.8 65.8 OTN66803.1 83.11

MSP1-19a PVX_099980 1 PKNH_0728900 Y 74.4 64.2 AZL87433.1 81.31

RAMA* PVX_087885 0 NA NA NA NA OTN68698.1 73.61

RIPR PVX_095055 1 PKNH_0817000 Y 82.9 71.9 XP_002258810.1 73.43

Pv-fam-aa PVX_096995 24 PKNH_0200900 Y 50.9 41.1 OTN66147.1 70.28

PTEX150 PVX_084720 1 PKNH_0422900 Y 83.9 73.2 OTN66840.1 72.02

DBPII Sal 1 PVX_110810 3 PKNH_0623500 Y 64.7 52.1 OTN68355.1 68.72

DBPII AH AAY34130.1b 3 PKNH_0623500 Y 64.7 51.9 OTN68355.1 68.21

Sexual-stage

antigen s16

PVX_000930 1 PKNH_0304300 Y 78.6 67.1 OTN68464.1 65.45

TRAP PVX_082735 1 PKNH_1265400 Y 81.4 69.1 AAG24613.1 64.23

MSP3b PVX_097680 15 PKNH_1457400 N 42 28.6 OTN63878.1 62.5

MSP5 PVX_003770 2 PKNH_0414200 Y 65.4 49.9 AAT77929.1 46.26

Hypothetical PVX_097715 0 NA NA NA NA ANP24393.1 40.65

EBP region IIa KMZ83376.1b 0 NA NA NA NA QPL17772.1 35

RBP2b1986–2653 PVX_094255 2 PKNH_0700200 N 52.2 29.1 OTN67427.1 34.53

MSP7F PVX_082670 15 PKNH_0726500 N 30.1 19 AND94835.1 27.53

RBP2b161–1454
a PVX_094255 2 PKNH_0700200 N 52.2 29.1 OTN67427.1 26.1

RBP2a PVX_121920 2 PKNH_0700200 N 46.7 25.4 OTN67427.1 25.77

MSP7L PVX_082700 0 NA NA NA NA AND94835.1 24.29

MSP3aa PVX_097720 15 PKNH_1457400 N 45.8 31.6 NA NA

Full-length protein sequences were compared using the orthologs listed in PlasmoDB (H or A1H1 strain). The H strain and the A1H1 line gave identical

results except for MSP7F; the H strain results are listed: A1H1 gave 11.5% identity and 18.8% similarity. Protein construct sequences (Table S1) were

compared using NCBI BlastP (any strain) to identify the top hits. ‘‘P’’ denotes PlasmoDB pipeline, and ‘‘N’’ denotes NCBI pipeline. NA, no matches.

Proteins are ordered by highest percent sequence identity using NCBI BlastP.
aTop eight P. vivax protein serological-exposure marker.
bGenBank IDs.
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diagnosis of P. knowlesi infection (day 0) and follow-up at day 7

and day 28. Median parasitemia prior to treatment (day 0) was

2,857 parasites/mL (IQR 648–7,177), with all subjects negative

for asexual-stage parasites and 95% negative for sexual stages

by the day 7 time point.36 Antibody responses were compared

with malaria-naive negative-control samples from the non-

endemic cities of Melbourne (Australia), Bangkok (Thailand), and

Rio de Janeiro (Brazil) (n = 369), with a protein-specific seroposi-

tivity cut-off defined as the average of the negative controls plus

two times the standard deviation. We observed an increase in

the median IgG antibody response against all P. vivax proteins at

day 7 compared with day 0, with IgG levels declining from the

peak response by day 28 (Figure 1). For 17 of 21 P. vivax proteins,

median IgG levels at day 7 (the peak of the response) were above

the seropositivity cut-off. Of those 17 proteins, for five the median

IgG level had dropped below the sero-positivity cut-off by day 28.

For all P. vivax proteins there were at least some patients with re-

sponses above the sero-positivity cut-off at all three time points

(see Figure S1 for the change in IgG levels at the individual level

over time). We explored whether acquisition of cross-reactive

IgG antibodies at day 0 was related to delayed presentation to

the clinic (and therefore delayed enrollment into the study), using

duration of fever as a surrogate for delayed presentation/duration
of infection. There was no correlation between day 0 IgG anti-

bodies andduration of fever for 19of the 21P. vivaxproteins; there

was a weak negative correlation for both DBPII constructs

(Spearman correlation, AH r = �0.25, Sal1 r = �0.2, p < 0.05;

see Figure S2). The highest levels of potential cross-reactivity

were observed for MSP1-19, MSP8, Pv-fam-a (PlasmoDB:

PVX_096,995) and RAMA, with median IgG levels at day 7 greater

than 10-fold compared with the seropositivity cut-off. All four of

these proteins are used in the classification algorithm based on

a combination of antibody responses to eight proteins, with

MSP1-19andRAMA inparticular havingan important contribution

to the classification performance based on a variable-importance

plot.9

To confirm the results of the ACTKNOW study and to

determine the longevity of the cross-reactive antibody

response over 1 year (median 369 days; IQR 365–394) post-

P. knowlesi infection, we measured IgG antibody levels against

the 21 P. vivax proteins in the PACKNOW clinical trial cohort

samples (n = 41 patients with up to five time points available,

recruited over 2016–2018, at a time of near-elimination of

P. vivax in Sabah, Malaysia). These patients were all treated

with artemether-lumefantrine. Median parasitemia prior to

treatment (day 0) was 2,690 parasites/mL (IQR 572–14,317),
Cell Reports Medicine 3, 100662, June 21, 2022 3



Table 2. Characteristics of patients in two P. knowlesi clinical trial cohorts used in the present study

ACTKNOW (n = 99) PACKNOW (n = 41)

PCR-confirmed Plasmodium spp. P. knowlesi P. knowlesi

Collection year 2012–2014 2016–2018

Age (years), median (range)a 34 (3–78) 36 (20–70)

Gender, number femaleb (percent) 29 (29.3%) 6 (14.6%)

Self-reported fever days, median (range)a 5 (0–14) 4 (3–14)

Self-reported previous malaria infection,

number yesb (percent)

34 (34.3%) 17 (41.5%)

Parasitaemia (parasites/mL), median (range)a 2857 (56–43,721) 2690 (37–185,553)

Treatment administered Randomized to artesunate-

mefloquine (n = 52) or

chloroquine (n = 47)

Artemether-lumefantrine

Serology details

Sample size at enrollment 99 41

Follow-up timepoints 3: days 0, 7, and 28 5: days 0, 7, 14, 28, and 365

Total number of samples assessed 296c 166d

aStatistical difference between cohorts assessed by Mann-Whitney test, not significant.
bStatistical difference between cohorts assessed by Fisher exact test, not significant.
cOne sample missing serology data at day 0.
dSamples were not available at all time points for all patients.
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with all subjects negative for asexual-stage parasites by the

day 7 time point.37,38 There was no significant difference in par-

asitemia at day 0 between the ACTKNOW and PACKNOW sub-

jects (median 2,857 versus 2,690, respectively; see Table 2).

Like the ACTKNOW cohort, we observed a peak in the total

IgG response to all 21 P. vivax proteins at days 4–15 post

enrollment, with responses generally declining by the day

27–30 time point (Figure 2). Total IgG antibodies against the

protein P. vivax MSP1-19 were an exception, with elevated

levels maintained at the day 27–30 time point and at 1 year.

By 1 year after P. knowlesi infection, the median P. vivax total

IgG antibodies had declined to below the seropositivity cut-

off for all other proteins (Figure 2). There were fewer P. vivax

proteins (n = 11/21), with a peak median total IgG response

above the seropositivity cut-off in the PACKNOW samples

(collected across 2016–2018) compared with the ACTKNOW

samples (collected across 2012–2014; n = 17/21), although

this was not statistically significant (Fisher exact test, p =

0.1). There was a significantly higher magnitude total IgG

response to 9 of 21 P. vivax proteins in the ACTKNOW

compared with PACKNOW cohorts at day 7 (Mann-Whitney

U test; see Figure S3). The top four P. vivax proteins with the

highest levels of cross-reactivity evident were the same as

in the ACTKNOW cohort, being MSP1-19, MSP8, Pv-fam-a

(PlasmoDB: PVX_096995), and RAMA (median IgG levels at

day 7 more than 6-fold higher than the seropositivity cut-off).

There was a statistically significant correlation between the

fold change comparing the median IgG level at the peak at day

7 with the seropositivity cut-off and the percentage sequence

identity of the P. knowlesi and P. vivax orthologs for both the

ACTKNOW and PACKNOW cohorts (Figures 3A and 3B)

(Spearman correlation, r = 0.63, p = 0.0023 and r = 0.56, p =

0.0083, respectively) and using median IgG antibody data from

both patient cohorts combined (r = 0.69, p = 0.0006; Figure 3C).
4 Cell Reports Medicine 3, 100662, June 21, 2022
Classification of recent exposure to P. vivax blood-stage
infections in the P. knowlesi cohorts
Since high levels of cross-reactivity (>6- to 10-fold increase

over the seropositivity cut-off) were evident among four of

our top eight P. vivax proteins in the two series of P. knowlesi clin-

ical case samples (MSP1-19, MSP8, Pv-fam-a (PlasmoDB:

PVX_096995), RAMA), we next used these data in our previously

developed classification algorithm to determine whether any of

the samples from patients with current or recent P. knowlesi

infections were classified as recently exposed to P. vivax. The

top eight P. vivax proteins used in the classification algorithm

were: MSP1-19, MSP8, Pv-fam-a (PlasmoDB: PVX_096995),

RAMA, RBP2b161–1454, Pv-fam-a (PlasmoDB: PVX_112670),

MSP3a, and EBP. We utilized a balanced sensitivity and speci-

ficity target of 79%. The Random Forest classification algorithm

was trained using existing datasets from prospective longitudinal

cohorts in Brazil, Thailand, and the Solomon Islands.9 In these

studies, the prevalence of P. vivax infection was assessed

monthly via qPCR for the year-long duration of the cohort, and

antibody responses were measured at the final time point. This

allowed a detailed characterization of the association between

antibody responses and the time since previousP. vivax infection.

We ran the algorithm on both the ACTKNOW and PACKNOW co-

horts at all time points for which we had data, and the proportion

of patients classified as positive by the algorithm varied between

17% and 82% (Table 3). The trend was for the highest numbers of

P. knowlesi patients to be classified as recently exposed to

P. vivax at the day 7 time point in both cohorts (82%

ACTKNOW, 77% PACKNOW), in line with the highest peak IgG

activity. The lowest proportion of P. knowlesi patients classified

as positive was for the PACKNOW cohort at day 365 (7/42, 17%).

For the ACTKNOW cohort, of the 99 patients, 46 were classi-

fied positive by the algorithm at all three time points; 20 were

classified positive at day 7 and day 28, 14 at day 7 only, two at



Figure 1. IgG antibody levels against 21 P. vivax proteins in patients with clinical P. knowlesi infections

IgG levels were measured against the 21 P. vivax proteins using a multiplexed antibody assay. Individual patients (n = 99) had longitudinal samples obtained and

run at the time of diagnosis of P. knowlesi infection (day 0), and days 7 and 28 following enrollment (ACTKNOW cohort). Day 0 has data from 98 samples. Results

are expressed as relative antibody units (RAU). All samples were run in singlicate. Proteins are ordered by highest level of median IgG at day 7 compared with the

seropositivity cut-off. Dashed lines indicate the malaria-naive negative-control samples (n = 369, MSP3b n = 213): orange, average of the negative control sam-

ples; blue, seropositivity cut-off (average plus 23 standard deviation). The box plots indicate themedian, 25th, and 75th percentiles with thewhiskers showing the

2.5 and 97.5 percentiles. Dots are outliers.
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day 28 only, and one at day 0 and day 7. Sixteen patients were

not classified as positive at any time point. Although there was

variability in the available plasma samples post-enrollment for

the PACKNOW cohort, nine patients were not classified positive

at any time point, and all those who were positive at a later time

point (day 28 or day 365) were previously positive for at least one

of the earlier time points (i.e., day 0, 7, or 14). The exceptions

were one patient whowas positive at only day 28 and one patient

positive only at day 365 (the latter had notably high antibody

levels at day 365, reaching equivalent of a 1/50 dilution of the

positive-control pool against four of eight antigens).

Design and application of an adjusted P. vivax-specific
serological marker panel
In both the ACTKNOW and PACKNOW P. knowlesi clinical co-

horts, more than one-half the patients at day 7 and day 28 post-
infection were classified as recently exposed to P. vivax blood-

stageparasitesbyusing our existing algorithmwithour set of eight

P. vivax serological exposure markers. This indicated that our

current serological exposure marker panel was not P. vivax spe-

cific. We hypothesized that using proteins with low levels of

cross-reactivity in the P. knowlesi-infected patients would reduce

misclassification. We thus designed a modified panel of eight

P. vivax serological exposure markers by selecting the proteins

with the lowest levels of cross-reactivity in the P. knowlesi clinical

samples (as determined by the median IgG level at day 7 from

the ACTKNOW sample set compared with the background, as

described in Figure 3). These proteins were the following:

RBP2b1986–2653, MSP7L, MSP7F, TRAP, DBPII Sal1, hypothetical

(PlasmoDB: PVX_097715), sexual-stage antigen s16, and EBP (all

with a fold change of < 2). DBPII AH was not selected, given that

this is a variant of the DBP region II that was already included.
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Figure 2. IgG antibody levels against 21 P. vivax proteins in patients up to 1 year post-clinical P. knowlesi infections

IgG levels were measured against the 21 P. vivax proteins using amultiplexed antibody assay. Samples were obtained and run at the time of P. knowlesi infection

(day 0) (n = 41), days 4–9 (n = 35), days 10–15 (n = 15), days 27–30 (n = 33), and days 339–444 (n = 42) following enrollment (PACKNOW cohort). Results are

expressed as RAU. All samples were run in singlicate. Proteins are ordered as per Figure 1. Dashed lines indicate the malaria-naive negative-control samples

(n = 369, MSP3b n = 213): orange, average of the negative control samples; blue, seropositivity cut-off (average plus 23 standard deviation). The box plots indi-

cate the median, 25th and 75th percentiles with the whiskers showing the 2.5 and 97.5 percentiles. Dots are outliers.
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Were-trained thealgorithmonour existingThai,Brazilian,andSol-

omon Islands datasets9 for these eightP. vivaxproteins. Youden’s

J was used to determine the best trade-off balancing sensitivity

and specificity, assuming equal importance of false positives

and false negatives in the classification process. The algorithm

trained with the modified panel of eight P. vivax proteins achieved

72.4% sensitivity and 70.8% specificity respectively, for classi-

fying recent P. vivax infections within the prior 9 months using

the existing Thai, Brazilian, and Solomon Islands datasets (Fig-

ure S4A). When applied to confirmed P. knowlesi clinical cases,

we identifieda reducednumberof210of462 (45%)samplesbeing

classed as recently exposed to P. vivax (Table 3) (compared with

281 of 462 (61%) using the original panel). Misclassification was

still high at day 7 post-P. knowlesi infection (69.7% ACTKNOW

and 80% PACKNOW) but less than 58% at day 28 and 7% at

day 365. The greatest reduction in numbers and proportions of

P. knowlesi patients classified positive by the algorithm was for

the ACTKNOW cohort.

Although the modified combination of eight P. vivax proteins

reduced overall misclassification of P. knowlesi clinical cases,

the sensitivity and specificity for correctly classifying recent

P. vivax infections (72.4%, 70.8%) was substantially lower than

the original eight (80% for both9). We hypothesized that this was

because the modified panel did not include the top classifier

RBP2b161–1454 (see Figure S4 and Longley et al., 20209). As this

protein also had relatively low levels of cross-reactivity in the

P. knowlesi samples at day 7 (fold change 2.9 compared with the

seropositivity cut-off), we replacedRBP2b1986–2653 in themodified

panel with RBP2b161–1454. This improved classification of recent

P. vivax infections in the Thai, Brazilian and Solomon Islands data-

sets to78.7%sensitivity and76.9%specificity (FigureS4B),which

is more comparable with the original classifier. Applying this
6 Cell Reports Medicine 3, 100662, June 21, 2022
trained classification algorithm to the P. knowlesi sample sets

resulted in 215 of 462 (47%) samples being misclassified

(Table 3), lower than when the original algorithm (281) was used

and similar to the 210 misclassified when RBP2b1986–2653 was

used in the modified panel (modified algorithm RBP2b1986–2653
vs RBP2b161–1454, p = 0.79, Fisher exact test). At day 7 post-

P. knowlesi infection 68%–71% were classified as recently

exposed to P. vivax, reducing to 42%-50% at day 28 and 10%

at day 365. Those patients positive at day 365 were also classified

positive at earlier time points.

Association of peak antibody levels with age and
P. knowlesi parasitemia
Antibody levels are commonly positively associated with age

(due to both being a proxy for exposure and age itself) and some-

times with the antigenic input as measured by blood-stage para-

sitemia. We further explored whether the cross-reactive anti-

bodies identified at day 7 were associated with either age or

P. knowlesi parasitemia (as recorded at enrollment) through

regression analyses. This analysis was performed using peak

antibody levels at day 7 from both cohorts (n = 134). There

was a weak positive association with age (range 3–78 years)

for 11 of 21 P. vivax antigens (Table 4). In prior studies of

P. knowlesi malaria, age was associated with parasitemia;41,42

thus, we also adjusted the age analyses for parasitemia, and

the findings remained the same (Table 4). Parasitemia ranged

from 56 to 185,553 parasites/mL, and there was no association

between P. knowlesi parasitemia and peak antibody levels at

day 7 for 19 of 21 P. vivax antigens (Table S2). For DBPII AH there

was a negative association between parasitemia and antibody

levels, whereas for MSP7F there was a positive association be-

tween parasitemia and antibody levels. There were also higher



A B C Figure 3. Correlation between the peak

anti-P. vivax IgG level at day 7 and the

percent sequence identity of the P. vivax

and P. knowlesi orthologs

(A–C) The median IgG level at day 7 (the peak of

the response) was divided by the seropositivity

cut-off to generate the fold change at the peak

compared with the background. The percentage

sequence identity was calculated for the protein

construct sequence using NCBI BlastP, or the

PlasmoDB method when required (see Table 1). A

Spearman’s correlation was performed to deter-

mine the relationship of the fold change with the

sequence identity using data from all 21 P. vivax

proteins, for the (A) ACTKNOW r = 0.63, p = 0.0023, (B) PACKNOW cohorts r = 0.56, p = 0.0083, and (C) ACTKNOW and PACKNOW combined (median antibody

level of n = 134 P. knowlesi patients at day 7 divided by the seropositivity cut-off) r = 0.69, p = 0.0006.
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antibody levels in females compared with males for four proteins

(MSP5, MSP3b, MSP3a, and DBPII AH; Table S2); three of these

also had a significant positive association with age, which re-

mained after adjustment for sex. No pattern was observed be-

tween these associations with the ranking of antigens by

cross-reactivity (Table 4).

DISCUSSION

P. vivax serological markers, which reflect recent exposure to

blood-stage P. vivax parasites and can indirectly identify hypno-

zoite carriers, could play an important role in accelerating ma-

laria elimination programs. Application of seroTAT (the treatment

of individuals identified as recently exposed) paves the way for

reducing the large transmission reservoir caused byP. vivax hyp-

nozoites while resulting in substantially less over-treatment

compared with one alternative, mass drug administration. In

this study, we aimed to identify whether cross-reactive anti-

bodies against our P. vivax serological markers were present in

patients with recent P. knowlesi infections. Using serial plasma

samples from two cohorts of patients with P. knowlesi malaria,

we found that cross-reactive antibodies are induced against

most of the P. vivax proteins assessed. A statistically significant

association was seenwith the level of sequence identity between

the P. vivax and P. knowlesi orthologs. The peak cross-reactive

antibody response was at day 7 following infection, which is

the same timing as the peak P. knowlesi-antibody response re-

ported previously using a similar sample set from Sabah,

Malaysia.28 This is also in line with the timing of peak IgG anti-

body responses reported for other species such as

P. falciparum and P. vivax (within the first 2 weeks post-treat-

ment).43–45 Antibodies against the P. vivax proteins had reduced

inmagnitude by day 28 post-infection, and themedian IgG levels

were below the seropositivity cut-off for all but one P. vivax pro-

tein (MSP1-19) at 1 year post-P. knowlesi infection.

The two cohorts ofP. knowlesi clinical case samples used here

were obtained during different time periods, 2012–2014 and

2016–2018. The incidence of P. vivax infections in Sabah,

Malaysia, in 2012–2014 was modest, and transmission had

declined even further by 2016–2018.39 Therefore, the risk that

the P. knowlesi-infected patients had recent past exposure to

P. vivaxwas low in both cohorts (notably, 14 patients were retro-

spectively excluded from the ACTKNOWstudy due to P. vivax in-
fections detected by PCR, whereas only one was excluded from

the PACKNOW study; see STAR Methods). The number of

P. vivax proteins with antibody levels above the seropositive

cut-off at the peak of the response was higher in the

ACTKNOW cohort in 2012–2014 at 80.95% (17/21) compared

with 52.38% (11/21) in the PACKNOW cohort in 2016–2018

(this difference was not statistically significant). There was also

a significantly higher magnitude of the IgG response in the

ACTKNOW cohort compared with the PACKNOW cohort for 9

of 21 P. vivax proteins at day 7. There was no significant differ-

ence in age between the two cohorts or in parasitemia at enroll-

ment (Table 2). Overall, there were still anti-P. vivax antibody re-

sponses present in the later PACKNOW cohort; thus, our

interpretation of these responses as cross-reactive is by far the

most likely explanation, given the evidence (rather than recent

past exposure to P. vivax infections). Furthermore, the P. vivax

protein RBP2b is the top serological exposure marker and is

highly accurate at predicting recent P. vivax infections even

when used alone.9 The lack of antibody responses detected

against RBP2b in the P. knowlesi-clinical cohorts suggests that

it is unlikely that these patients also had recent P. vivax

infections.

Our findings are in line with, but extend, past research. An

extensive study of P. vivax-P. knowlesi antibody cross-reactivity

to 19 blood-stage proteins was recently published,27 which

included four of the proteins we assessed in the current study

(MSP1, MSP8, DBP, and RAMA). Those authors generated rab-

bit antibodies against the 19P. vivax proteins and found that they

recognized P. knowlesi blood-stage parasites through immuno-

fluorescence assays and were able to inhibit invasion of

P. knowlesi into erythrocytes in vitro.27 Naturally acquired anti-

bodies from individuals living in endemic areas were also

analyzed, with evidence of cross-reactive antibodies from either

of P. vivax or P. knowlesi patients against P. vivax or P. knowlesi

recombinant proteins (building upon the authors’ prior work on

one P. vivax protein, apical asparagine-rich protein46). Of rele-

vance to our study, they found significant levels of reactivity in

P. knowlesi patient sera against P. vivax MSP8,27 which is sup-

ported by our current data. The 19 P. vivax proteins assessed

by Muh and colleagues had high levels of sequence identity

with their P. knowlesi orthologs (>58.2%),27 with the exception

of two RBP proteins (1a and 1b, 22.3%and 26.9%, respectively),

and this could explain the universal cross-reactivity they
Cell Reports Medicine 3, 100662, June 21, 2022 7



Table 3. Output from P. vivax classifier using IgG antibody responses from (1) top eight P. vivax serological exposure markers and (2)

two adjusted panels of eight P. vivax serological exposure markers with low levels of P. knowlesi-cross-reactivity

Samples Total N

Classified positive

legacy 8, number (%)

Classified positive

modified 8, with RBP2b1986–2653, number (%)

Classified positive

modified 8, with RBP2b161–1454, number (%)

ACTKNOW

Day 0 98 47 (48.0%) 26 (26.5%) 36 (36.7%)

Day 7 99 81 (81.8%) 69 (69.7%) 67 (67.7%)

Day 28 99 68 (68.7%) 43 (43.4%) 49 (49.5%)

PACKNOW

Day 0 41 21 (51.2%) 12 (29.3%) 12 (29.3%)

Day 7 35 27 (77.1%) 28 (80.0%) 25 (71.4%)

Day 14 15 11 (73.3%) 10 (66.7%) 8 (53.3%)

Day 28 33 20 (60.6%) 19 (57.8%) 14 (42.4%)

Day 365 42 7 (16.7%) 3 (7.1%) 4 (9.5%)

A classification of previous exposure was taken when predicted probability was greater than a cut off corresponding to the respective sensitivity and

specificity targets of 79% and 79% (legacy), 72.4% and 70.8% (RBP2b1986–2653), or 78.7% and 76.9% (RBP2b161-–1454).
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identified. In contrast, our panel of P. vivax proteins had a large

spread of sequence identity with their P. knowlesi orthologs,

with nine proteins having less than 50% sequence identity,

which enabled us to demonstrate the positive relationship be-

tween sequence identity and antibody cross-reactivity. A lower

level of sequence identity comes with a decrease in the likeli-

hood of cross-reactive continuous linear epitopes, which is in

support of our finding. Further work would need to be under-

taken to determine how lower sequence identity affects discon-

tinuous conformational epitopes. Overall, we found that the

presence and/or level of cross-reactivity is antigen specific.

Our work further extends existing findings by demonstrating

that cross-reactive antibody responses in P. knowlesi patients

against P. vivax proteins are short-lived.

The most cross-reactive protein in our panel was MSP1-19

(>40-fold increase at day 7 compared with seropositivity cut-

off). This magnitude of response is equivalent to that reached

against a P. knowlesi-specific protein (PkSERA antigen 3) in a

subset of these same P. knowlesi patient samples (50-fold at

day 7 compared with day 0).28 Previous assessment of antibody

responses against MSP1-19 in P. falciparum, P. vivax,

P. malariae, and P. ovale (but notably did not include assessment

of P. knowlesi) indicated a highly species-specific response.16

However, high-levels of cross-reactivity for MSP1-19 between

P. vivax and P. knowlesi (>81% sequence identity between the

Sal1 and H strains, respectively) have been reported in other

studies in line with our work.27,28 P. vivax MSP1-19 was a vac-

cine candidate,47 but has not progressed to clinical trials.48

There remains interest in this candidate,49,50 and the high levels

of cross-reactivity in our study with P. knowlesi suggest that po-

tential cross-species immunity could be possible.15 Recent work

has used P. knowlesi as a model for screening inhibitory activity

of P. vivax antibodies.51 Polyclonal antibodies against the

P. vivax proteins DBP, two 6-cysteine proteins (Pv12, Pv14),

and the GPI-anchored micronemal antigen (GAMA) were able

to inhibit invasion of wild-type P. knowlesi, demonstrating that

cross-species functional immunity is possible (at least in vitro).

No inhibition was evident against wild-type P. knowlesiwhen an-

tibodies against P. vivaxMSP3a andMSP7L were used, which is
8 Cell Reports Medicine 3, 100662, June 21, 2022
consistent with our findings of minimal cross-reactivity in

P. knowlesi patients for these proteins. In addition to MSP1-19,

we observed high levels of potential cross-reactive antibody re-

sponses against the P. vivax proteins MSP8, Pv-fam-a (Plas-

moDB: PVX_096,995), and RAMA. These antigens could thus

be considered for assessment of growth-inhibitory activity in

the P. knowlesi model51 and considered as potential targets for

cross-species protection. This is an important consideration,

given the currently limited landscape of vaccine development

specifically for P. knowlesi.52 In some previously co-endemic

areas of Southeast Asia, the rise in incidence of symptomatic

P. knowlesi malaria has followed the decline in P. vivax malaria,

supporting the idea for development of a P. vivax vaccine that

provides cross-reactive immunity against P. knowlesi.52 To

date, there has been limited assessment of these three P. vivax

proteins as vaccine candidates. Unfortunately, several of the

most promising P. vivax vaccine candidates (including RBP2b,

EBP, and MSP3a53) have low sequence identity with their

P. knowlesi orthologs and limited evidence of cross-reactivity

in our study. Although not an objective of our current study, we

identified interesting associations between infection-related var-

iables and antibodies againstP. vivaxDBPII, including shorter fe-

ver duration and lower parasitemia in P. knowlesi patients with

higher antibodies. This suggests some effect of pre-existing im-

munity leading to a better ability to control the infection and thus

warrants further attention.

All four of the most highly cross-reactive proteins are within

our top eight panel of P. vivax serological exposure markers.9

However, levels of antibodies against our top serological marker,

RBP2b (N- and C-terminal constructs), were low. When we

applied our previously trained classification algorithm to the cur-

rent P. knowlesi clinical datasets, 77%–82% of P. knowlesi pa-

tients at the peak antibody time point (day 7) in each cohort

were classified as recently exposed to P. vivax blood-stage par-

asites in the past 9 months. This was reduced to 61%–69% at

day 28 and 17% at day 365. As mentioned, at the time of the

PACKNOW cohort (2016–2018), local P. vivax transmission in

Sabah, Malaysia, had approached elimination, and nearly all ma-

laria was from P. knowlesi.39 Thus, in this cohort there is less risk



Table 4. Associations between peak IgG anti-P. vivax antibody levels at day 7 in both P. knowlesi cohorts combined with age

Protein Fold D IgG

Age (unadjusted) Age (adjusted)

Coefficient (95% CI) p value Coefficient (95% CI) p value

MSP1-19 43.98 0.012 (0.0052–0.02) 0.001 0.012 (0.0052–0.020) 0.001

MSP8 17.07 0.005 (�0.0012–0.011) 0.11 0.005 (�0.0012–0.011) 0.111

Pv-fam-a (PVX_096,995) 13.39 0.0047 (�0.00062–0.01) 0.083 0.0047 (�0.00064–0.01) 0.084

RAMA 10.86 0.0046 (�0.0021–0.011) 0.175 0.0046 (�0.0021–0.011) 0.175

PTEX150 6.08 0.013 (0.0053–0.020) 0.001 0.013 (0.0053–0.02) 0.001

MSP5 4.70 0.021 (0.013–0.029) <0.0001 0.021 (0.013–0.029) <0.0001

RIPR 3.66 0.014 (0.0073–0.021) <0.0001 0.014 (0.0073–0.0211) <0.0001

RBP2b161–1454 3.00 0.0077 (0.0012–0.014) 0.02 0.0077 (0.0011–0.014) 0.021

Pv-fam-a (PVX_112,670) 2.76 �0.0048 (�0.01–0.0036) 0.068 �0.0048 (�0.01–0.00038) 0.069

RBP2a 2.45 0.012 (0.0071–0.018) <0.0001 0.012 (0.007–0.018) <0.0001

MSP3b 1.93 0.0064 (0.0014–0.011) 0.013 0.0064 (0.0013–0.012) 0.014

MSP3a 1.92 0.015 (0.0088–0.021) <0.0001 0.015 (0.0088–0.021) <0.0001

EBP 1.33 0.012 (0.0072–0.016) <0.0001 0.012 (0.0072–0.016) <0.0001

DBPII AH 1.31 0.0044 (�0.00086–0.0097) 0.1 0.0044 (�0.0008-0.0096) 0.099

S16 1.18 0.0061 (0.00020–0.012) 0.043 0.0061 (0.00018–0.012) 0.044

Hypothetical 1.16 0.0038 (�0.0028–0.010) 0.258 0.0038 (�0.0028–0.01) 0.26

DBPII Sal1 1.02 0.0051 (�0.001–0.011) 0.102 0.0051 (�0.001–0.011) 0.102

TRAP 0.90 0.007 (0.0014–0.013) 0.015 0.007 (0.014–0.013) 0.015

MSP7L 0.78 0.0057 (�0.00012–0.012) 0.055 0.0057 (�0.00013–0.0115) 0.055

MSP7F 0.78 0.0066 (�0.0029–0.013) 0.06 0.0066 (�0.0025–0.013) 0.059

RBP2b1986–2653 0.44 0.0042 (�0.0063–0.012) 0.266 0.0042 (�0.0033–0.118) 0.272

Regression analyses were performed univariably and adjusted with parasitemia (n = 134). Antigens are ordered by the fold change in the peak antibody

level at day 7 in the ACTKNOW cohort compared with the seropositivity cut-off based on the negative-control samples (=Fold D IgG). CI, confidence

interval.
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that the anti-P. vivax antibody responses measured are due to

past exposure to P. vivax, and a lower proportion of

P. knowlesi patients were accordingly classified as recently

exposed compared with the earlier ACTKNOW cohort. However,

77% of PACKNOW patients at day 7 were classified as recently

exposed to P. vivax, and thus, the substantial cross-reactivity

identified against four of our top eight proteins has resulted in

this (likely) misclassification. It is important to consider this level

of misclassification in areas endemic for both P. vivax and

P. knowlesi in the context of how the serological exposure

markers will be applied.

Multiple-use cases for P. vivax serological markers exist.12 For

an intervention, such as seroTAT, even with potential misclassi-

fication due to recent exposure to P. knowlesi, the serological

markers would still outperform mass drug administration in

terms of specificity. Hence, in co-endemic areas both the

adjusted panel and the legacy panel would likely have significant

benefit for accelerating elimination efforts. For surveillance pur-

poses, such as identifying clusters of infections or levels of resid-

ual transmission to better target the limited resources of malaria

control programs, it will be important to define whether the

recent exposure was due to P. vivax or P. knowlesi. We therefore

assessed performance of an adjusted panel of eight P. vivax

serological markers, which were selected due to low levels of

cross-reactivity in the P. knowlesi clinical cases. Suboptimal

performance was initially observed, but after substitution of
one fragment of RBP2b1986–2653 for the top-performing

RBP2b161–1454, this modified panel of eight markers was still

able to classify recent P. vivax infections with 78.7% sensitivity

and 76.9% specificity while reducing the misclassification of

recent P. knowlesi infections to 68%–71% at the peak day 7

time point. By day 28, this was <50% and importantly at 1 year

post-P. knowlesi infection, 10%. This provides proof of principle

that an adjusted panel of serological markers could be applied

for use in co-endemic areas, but further optimization would be

needed to completely reduce the risk of misclassifying recent

P. knowlesi infections. This residual cross-reactivity at 1 year

may assume greater importance for sero-surveillance purposes,

as the proportion of all Plasmodium infections due to P. knowlesi

rises with P. vivax elimination strategies in co-endemic areas.52 It

would be useful to have plasma samples collected between 1

and 12 months post-P. knowlesi infection to better understand

the dynamics of the cross-reactive antibody response. In addi-

tion, while we used a large and population-diverse panel of nega-

tive controls to generate seropositivity cut-offs and for training

the algorithm, it would be beneficial to screen population-

matched malaria-naive controls from a malaria-free area of

Malaysia.

An alternative approach would be to include a panel of

P. knowlesi-specific markers into the P. vivax serological assay,

which could be cross-referenced to inform on recent P. knowlesi

exposure. Recently a panel of recombinant P. knowlesi proteins
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has been developed for use as serological tools, with care being

taken in their design to avoid regions of sequence with high

levels of identity with other Plasmodium species.28 While further

validation of species specificity is required, at least one protein

(P. knowlesi serine repeat antigen 3 antigen 2) was able to iden-

tify P. knowlesi exposed individuals.28 Further work could also

assess the use of other Ig isotypes or IgG subclasses detected

against the P. vivax serological exposure markers, instead of to-

tal IgG, as another avenue for reducing misclassification at later

time points post-P. knowlesi exposure, given the possible vari-

ability in their longevity.43,54 It may also be possible to design

smaller P. vivax protein fragments of the top markers that have

very low sequence identity with their P. knowlesi orthologs.

Our study provides important evidence of antibody cross-

reactivity against P. vivax proteins in patients with P. knowlesi in-

fections that are relatively short-lived and provides an approach

for reducing the potential misclassification of Plasmodium spe-

cies by serology in co-endemic areas. These data will be useful

when P. vivax sero-surveillance results in settings co-endemic

for P. knowlesi are being interpreted. It will be important to

expand upon our findings to assess potential cross-reactivity

with other zoonotic55 and non-zoonotic Plasmodium species,

even though for the latter the levels are expected to be lower

due to the further divergence in genetic relatedness with other

species.14 Further assessment of recently developed

P. knowlesi markers of exposure28 in P. vivax-endemic areas is

warranted to confirm limited cross-reactivity for those specific

proteins between the two species. We have demonstrated that

it is possible to reduce cross-reactivity (i.e., improve specificity)

without a loss in sensitivity through careful selection of antigens.

The adjusted panel is thus well suited for use in co-endemic

areas, particularly for seroTAT, although further improvements

could be made to reduce cross-reactivity due to recent

P. knowlesi infections. For sero-surveillance purposes, further

work needs to be undertaken with a focus on either improving

antigen selection and optimization for low levels of cross-reac-

tivity or by supplementing the P. vivax panel with P. knowlesi an-

tigens. For implementation of P. vivax serological exposure

markers for seroTAT, further development of the assay into a

point-of-care device is ongoing, along with protein optimization

to potentially improve the sensitivity and specificity of the assay.

We have demonstrated that cross-reactivity is a parameter that

can be optimized and will result in a reduction in over-treatment.

Alongside these laboratory and product development goals, a

modeling approach is being applied to determine the benefits

and risks, the ideal balance of sensitivity and specificity, and

the schedule and frequency of screening and treatment required

for effectively reducing P. vivax transmission.56

Limitations of the study
The P. knowlesi-infected individuals came from Sabah, Malaysia,

where low levels of P. vivax transmission remains. Therefore,

despite the low risk, a limitation of our study is that we cannot

exclude the possibility of past P. vivax exposure. A limitation for

understanding antibody kinetics or decay over time was that we

did not have samples available at time points between 1 and

12 months post-P. knowlesi infection. Our Random Forest classi-

fication algorithmwas trained on prior datasets that used a similar
10 Cell Reports Medicine 3, 100662, June 21, 2022
but different laboratory assay set-up, i.e., non-magnetic beads

and a Luminex-200 instrument versus magnetic beads and a

MAGPIX instrument. Data from these two assay platforms are

well correlated,57 but potentially an improvement could be seen

if the algorithmwere retrained onmagnetic-beaddata andwith in-

clusionofapopulation-matchednegative-control sampleset such

as samples from a non-endemic area of Malaysia.
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Antibodies

PE-conjugated Donkey F(ab)2 anti-human IgG Jackson Immunoresearch JIR 709-116-098 RRID:AB_2340519

Chemicals, peptides, and recombinant proteins

15 P. vivax proteins expressed in WGCF CellFree Sciences

2 P. vivax proteins expressed in E. coli Wai-Hong Tham, WEHI

1 P vivax protein expressed in E. coli Julie Healer, WEHI

3 P. vivax proteins expressed in E. coli Chetan Chitnis, Institut Pasteur

Magnetic COOH beads BioRad 171,506(xxx)

sulfo-N-hydroxysuccinimide (S-NHS) Sigma 56485

N-ethyl-N0-(3-(dimethylamino)propyl)

carbodiimide (EDC)

Sigma 3449

Bovine Serum Albumin (BSA) Sigma A7906

Software and algorithms

PlasmoDB Amos et al., 2022 plasmodb.org/

NCBI BlastP Camacho et al., 2009 https://blast.ncbi.nlm.nih.gov/Blast.cgi

EMBOSS Needle Needleman et al., 1970 https://www.ebi.ac.uk/Tools/psa/emboss_

needle/

Random Forest classification algorithm Longley et al., 2020 https://github.com/MWhite-InstitutPasteur/

Pvivax_sero_dx

Random Forest classification algorithm

RShiny App

Chotirat et al., 2021 https://gitlab.pasteur.fr/tobadia/pvserotat-

rshiny-app

Other

MAGPIX Instrument Luminex https://www.luminexcorp.com/magpix-

system/#overview
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be direct to and will be fulfilled by the lead contact, Dr Rhea

Longley (Longley.r@wehi.edu.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data are available in the main text or the supplemental information. Data S1 contains patient variables, Data S2 contains IgG

antibody data from the P. knowlesi cohorts and Data S3 IgG antibody data from the malaria-naı̈ve controls.

d Existing code is available at https://github.com/MWhite-InstitutPasteur/Pvivax_sero_dx and https://gitlab.pasteur.fr/tobadia/

pvserotat-rshiny-app.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical approvals
Samples from two clinical trials conducted in Sabah, Malaysia, were used for this study (ACTKNOW36 and PACKNOW37,38). Ethical ap-

provals for these studieswere obtained from theHumanResearchEthicsCommittee at theMenzies School ofHealthResearch, Darwin,

Australia (approval numbers 2012-1815 and 16–2544) and the Medical Research and Ethics Committee of the Ministry of Health
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Malaysia, Malaysia (approval numbers NMRR-12-89-11,005 and NMRR-16-29,088). All patients gave written informed consent or an

attending relative gave informed consent. Ethical approval was provided by the Human Research Ethics Committee at the Walter and

Eliza Hall Institute of Medical Research for use of the Malaysian and negative control samples in Melbourne (approval number 14/02).

Study samples: P. knowlesi patients and negative controls
Longitudinal plasma samples were collected from patients enrolled in two P. knowlesi clinical trials conducted in Sabah, Malaysia,

denoted as ACTKNOW and PACKNOW, and four panels of malaria-naı̈ve negative controls.

TheACTKNOWstudy recruited patients over 2012–2014,with the aimof comparing artesunate-mefloquine versuschloroquine for the

treatment of acute uncomplicated P. knowlesimalaria36 (clinicaltrials.gov registration number NCT01708876). Patients were recruited

from three hospitals (Kudat, Kota Marudu, Pitas) and were eligible for inclusion if they had microscopic diagnosis of P. knowlesimono-

infection, weremore than 1 year of age,more than 10kg, had a negativeP. falciparum rapid diagnostic test, and had a fever (%37.5�C) or
history of fever in the past 48 h. Patients who were not confirmed by PCR to have P. knowlesi monoinfection were retrospectively

excluded.36 Of those excluded, 14 were due to P. vivax infections detected upon PCR. The duration of self-reported history of fever

(days) was recorded. Patients were treated as previously described,36 with approximately half randomised to receive chloroquine and

half to receive artemisinin-based combination therapy. Plasma samples were available for the current study from 99 patients at day

0 (time of enrollment), day 7 and day 28. Data is presented from 98 samples at day 0 for 20/21P. vivax proteins due to one sample failing

quality control of the antibody data, and the incorrect sample being repeated by mistake. See Table 2 for patient demographic details

include age and gender.

The PACKNOW study recruited patients over 2016–2018, with the aim of comparing regularly dosed paracetamol versus no para-

cetamol on renal function in P. knowlesimalaria37,38 (clinicaltrials.gov registration number NCT03056391). All patients received anti-

malarial drug treatment with artemether-lumefantrine. Patients were recruited from four hospitals (Queen Elizabeth Hospital, Kenin-

gau, Ranau, Kota Marudu) and were eligible for inclusion if they had a microscopic diagnosis of P. knowlesi monoinfection, fever

(R38�C) on admission or during the preceding 48 h, and were more than 5 years of age. Patients were enrolled within 18 h of

commencing antimalarial treatment.37,38 Patients who were not confirmed by PCR to have P. knowlesi monoinfection were retro-

spectively excluded, using a validated PCR assay.58 In contrast to the ACTKNOW study, only one participant was excluded due

to P. vivax infection detected by PCR (unpublished data). Plasma samples were available for the current study from 41 patients at

day 0 (time of enrollment), 7, 14, 28 and 365 (these exact time-points were not always available, exact days post-enrolment are stated

in the results and relevant figure legends). See Table 2 for patient demographic details include age and gender.

For both the ACTKNOW and PACKNOW cohorts, all patients were PCR-negative for P. vivax co-infection at enrollment, however it

was unknown whether the P. knowlesi patients had past exposure to P. vivax parasites. P. vivax has been endemic in Sabah,

Malaysia, but the number of malaria cases due to P. vivax has substantially declined from 2009–2017 (whilst the number of cases

due to P. knowlesi has risen).39 In line, the number of patients retrospectively excluded from these studies due to P. vivax infection

detected by PCR was 14 in ACTKNOW and only 1 in PACKNOW. All patient data variables are provided in Data S1.

We utilised four panels of malaria-naı̈ve negative control plasma samples as previously described.9 Briefly, this included 102 individ-

uals from the Volunteer Blood Donor Registry in Melbourne, Australia; 100 individuals from the Australian Red Cross, Melbourne,

Australia; 72 individuals from the Thai Red Cross, Bangkok, Thailand; and 96 individuals from the Rio de Janeiro State Blood Bank,

Rio de Janeiro, Brazil.

METHOD DETAILS

P. vivax proteins
21P. vivax proteins were selected for assessment of antibody responses due to their ability to classify individuals as recently exposed

to P. vivax parasites within the prior 9-month, as previously described.9 These included eight P. vivax proteins that, together, can

classify recent P. vivax infections with 80% sensitivity and 80% specificity. The remainder of the proteins were selected due to their

individual ability to accurately classify recent P. vivax infections, as described,11 or to provide further information on particular pro-

teins (i.e. DBPII Sal1 was included to complement DBPII AH, and MSP3b was included to complement MSP3a). Details on the 21

P. vivax proteins, including the sequence construct and expression system, are provided in Table S1. In this manuscript we have

referred to proteins by their annotation, with the PlasmoDB59 (plasmodb.org/) code in brackets if necessary. Proteins were expressed

as previously described9 either by 1) dialysis-based refeeding wheat germ cellfree methods with purification by affinity matrix using a

His-tag or 2) E. coli (Table S2). All constructs were based on the reference Sal1 strain except for DBPII where two strains were used

(Sal1 and AH). Notations for MSP7 were from Garzón-Ospina 201660 and MSP3 from Kuamsab 2020.61

Sequence comparisons between the P. vivax proteins with their P. knowlesi orthologs were performed by identifying the orthologs

in PlasmoDB or through NCBI BlastP.62 Only H strain and A1H1 line orthologs were selected using PlasmoDB whereas NCBI BlastP

included all P. knowlesi strains. Sequence identity and similarity percentages were obtained using the EMBOSSNeedle protein align-

ment tool (https://www.ebi.ac.uk/Tools/psa/emboss_needle/)35 or NCBI Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) directly.

PlasmoDB comparisons were made between full-length protein sequences whereas NCBI Blast used the protein sequences of

expression constructs as the query sequence.
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Total IgG antibody assay
We used a multiplexed assay based on Luminex xMAP technology to measure total IgG antibody responses to the 21 P. vivax pro-

teins. This assay was run on a MAGPIX instrument, as previously described.57 Briefly, the 21 P. vivax proteins were coupled to indi-

vidual sets of internally labeled magnetic COOH beads at previously determined optimal concentrations (see Table S1) following

standard methods.57 The magnetic COOH beads were first pre-activated in 100mM monobasic sodium phosphate using 50 mg/

mL sulfo-NHS and 50 mg/mL EDC, then the P. vivax proteins were added in the amounts provided in Table S1 and incubated either

for 2 h at room temperature or overnight at 4�C. The coupled beadswere washed and stored in 1x PBSwith 0.1%BSA, 0.02%Tween

20 and 0.05% sodium-azide (pH 7.4) at 4�C until use.

Antigen-specific total IgG was detected in plasma samples by incubating 500 coupled beads of each antigen per well with plasma

diluted at 1:100 in PBT (1x PBS with 1% BSA and 0.05% Tween 20), followed by the addition of 0.5 mg/mL PE-conjugated Donkey

F(ab)2 anti-human IgG (JIR 709-116-098). On each plate, a 2-fold serial dilution from 1/50 to 1/25,600 of a positive control hyperim-

mune plasma pool (generated from adults from PNG, a non-knowlesi-endemic region) was included. At least 15 beads per region

were then acquired and read on a MAGPIX instrument as per the manufacturer’s instructions, with results expressed as the mean

fluorescent intensity (MFI). Several datapoints were excluded for the negative control panels for MSP3b due to not passing quality

control, final n = 213 (MSP3b only). All serology data is available in Data S2 and S3. Each sample was run in singlicate.

Existing datasets of total IgG antibodies against the same P. vivax proteins in three observational cohort studies (in P. vivax-

endemic areas) were also used.9 These data were generated as previously described9 using a similar multiplexed assay, but with

non-magnetic beads and run on a Luminex-200 instrument. Briefly, yearlong cohort studies were conducted in Thailand (Kanchana-

buri and Ratchaburi provinces), and in non-knowlesi endemic Brazil (Manaus) and the Solomon Islands (Ngella) across 2013–2014.

Each site enrolled between 928 and 1,274 individuals with blood samples taken everymonth for qPCR detection of P. vivax infections

and plasma stored for antibody measurements. This enabled total IgG antibody responses measured at the final visit of the yearlong

cohorts to be related to the time since prior P. vivax infection. These existing datasets are available here: https://github.com/

MWhite-InstitutPasteur/Pvivax_sero_dx.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
The raw MFI results were converted to relative antibody units (RAU) using protein-specific standard curve data, as previously

described.57 A five-parameter logistic function was used to obtain an equivalent dilution value (expressed as the RAU) compared

to the PNG control plasma, with extrapolation one step beyond the lowest dilution resulting in a range of values from 1.95 3 10�5

to 0.02 RAU. The standard curve conversion was performed in R version 4.1.1. Spearman’s r correlations were performed to correlate

sequence identity with relative cross-reactivity levels. Spearman r values < 0.3 were considered weak, 0.3–0.7 moderate, and >0.7

strong correlations. Mann-Whitney U tests were used to compare antibody levels between various patient variables, or to compare

antibody levels across cohorts. Fisher’s exact tests were used to compare categorical variables or outcomes. Correlations, Mann-

Whitney U tests and Fisher’s exact tests were performed in Prism version 9. Linear regression analyses to assess associations be-

tween peak antibody levels with age, gender and parasitaemia were performed in Stata version 12. Antibody levels were first log10

transformed to better fit a normal distribution.

Classificationof recentP. vivax infectionswithin theprior 9-monthwasperformedusingaRandomForest classificationalgorithm. The

algorithm used antibody data against the top eight P. vivax serological exposure markers that we had previously identified,9 and was

trained with four existing datasets from our previous work (Thailand n = 826, Brazil n = 925, Solomon Islands n = 754 and negative con-

trols n = 274, using non-magnetic beads and a Luminex-200 instrument).9 The top eight proteins were: MSP1-19, Pv-fam-a

(PVX_096995), Pv-fam-a (PVX_112670), RAMA, MSP8, MSP3a, RBP2b161-1454, and EBP. A diagnostic target of 79% specificity and

79% sensitivity was selected.

Two modified sets of eight proteins were also tested in the classification algorithm, based on low cross-reactivity in the P. knowlesi

clinical patient samples. A random forest classification algorithmwas trained, using existing antibody data generated against themodi-

fiedsetsof eightproteins inourThai,BrazilianandSolomon Islandsstudies (usingnon-magneticbeadsandaLuminex-200 instrument).9

The classification algorithmwas cross-validated using 1,000 randomly sampled, disjoint training and testing subsets, and the data pre-

sented in a receiver operating characteristic curve (Figure S4), with credible intervals corresponding to percentiles calculated among

replicates. At every iteration, 2/3 of each cohort was used for training and 1/3 for testing. This newlymodified and trained random forest

algorithm was subsequently used to classify the samples from the P. knowlesi clinical cohorts as recently exposed to P. vivax blood-

stage parasites in the prior 9-months, or not, with the optimal balanced diagnostic target that was achievable as per Youden’s J.

ADDITIONAL RESOURCES

ACTKNOW clinical trial registry number NCT01708876: https://clinicaltrials.gov/ct2/show/NCT01708876?term=NCT01708876&

draw=2&rank=1.

PACKNOW clinical trial registry number NCT03056391: https://clinicaltrials.gov/ct2/show/NCT03056391?term=NCT03056391&

draw=2&rank=1.
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