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Plasmodium falciparum with the histidine rich protein 2 gene (pfhrp2) deleted from its genome can
escape diagnosis by HRP2-based rapid diagnostic tests (HRP2-RDTs). The World Health Organization
(WHO) recommends switching to a non-HRP2 RDT for P. falciparum clinical case diagnosis when
pfhrp2 deletion prevalence causes = 5% of RDTs to return false negative results. Tanzania is a country
of heterogenous P. falciparum transmission, with some regions approaching elimination and others

at varying levels of control. In concordance with the current recommended WHO pfhrp2 deletion
surveillance strategy, 100 health facilities encompassing 10 regions of Tanzania enrolled malaria-
suspected patients between February and July 2021. Of 7863 persons of all ages enrolled and providing
RDT result and blood sample, 3777 (48.0%) were positive by the national RDT testing for Plasmodium
lactate dehydrogenase (pLDH) and/or HRP2. A second RDT testing specifically for the P. falciparum
LDH (Pf-pLDH) antigen found 95 persons (2.5% of all RDT positives) were positive, though negative by
the national RDT for HRP2, and were selected for pfhrp2 and pfhrp3 (pfhrp2/3) genotyping. Multiplex
antigen detection by laboratory bead assay found 135/7847 (1.7%) of all blood samples positive for
Plasmodium antigens but very low or no HRP2, and these were selected for genotyping as well. Of the
samples selected for genotyping based on RDT or laboratory multiplex result, 158 were P. falciparum
DNA positive, and 140 had sufficient DNA to be genotyped for pfhrp2/3. Most of these (125/140) were
found to be pfhrp2+/pfhrp3+, with smaller numbers deleted for only pfhrp2 (n=9) or only pfhrp3 (n=6).
No dual pfhrp2/3 deleted parasites were observed. This survey found that parasites with these gene
deletions are rare in Tanzania, and estimated that 0.24% (95% confidence interval: 0.08% to 0.39%) of
false-negative HRP2-RDTs for symptomatic persons were due to pfhrp2 deletions in this 2021 Tanzania
survey. These data provide evidence for HRP2-based diagnostics as currently accurate for P. falciparum
diagnosis in Tanzania.
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Scaling-up of malaria control interventions since the year 2000 has resulted in dramatic decreases in Plasmodium
falciparum cases and deaths in sub-Saharan Africal?. However, due to disruption of services in the years 2020
and 2021 due to the SARS-CoV-2 pandemic, an estimated 50,000 additional malaria deaths occurred during
each of those years', showing how gains from malaria control can quickly be lost. Malaria control efforts can take
many different forms, including (but not limited to) insecticide treated net distribution, accurate parasitological
confirmation of Plasmodium infections, and effective case management by provision of efficacious antimalarial
drugs. Even these pillars of malaria control are being threatened in sub-Saharan Africa through vector insecticide
resistance®*, P. falciparum diagnostic resistance by pfhrp2 gene deletions®7, and emergence of antimalarial drug
resistance genotypes®.

Use of antigen-detecting rapid diagnostic tests (RDTs) has been a pragmatic strategy for parasitological
confirmation of P. falciparum infection through detection of Plasmodium antigens, and has enabled better
targeting of treatment and improved surveillance of malaria®. The histidine-rich protein 2 (HRP2) antigen is
a species-specific target for P. falciparum, though detection of the Plasmodium lactate dehydrogenase (LDH)
antigen can also be a reliable diagnostic marker - especially for higher parasite density infections typically seen
in clinical cases. RDT products have been developed which have capture/detection antibodies which would bind
any Plasmodium LDH (pan-Plasmodium), or the P. falciparum- and P. vivax-specific epitopes of this antigen'’.
Similar to the HRP2 antigen, HRP3 is expressed by P. falciparum and can also supplement the detection signal for
HRP2-based RDTs or other immunoassays®''. Given the predominance of P. falciparum for the clinical relevance
and malaria epidemiology in sub-Saharan Africa, HRP2-based RDTs are highly preferred because of thermal
stability, abundance of antigen target, high species specificity, and lower cost!?.

Deletions of the pfhrp2 and pfhrp3 (pfhrp2/3) genes from the P. falciparum genome have now been observed
in multiple African countries and pose a serious threat to the use of these antigenic markers to reliably detect
P. falciparum infections®". Natural parasite populations with pfhrp2/3 gene deletions were first reported in
Peru in 2010", but P. falciparum has since been found with these gene deletions in many settings®'%, and has
now been reported in more than 35 countries'®. The World Health Organization (WHO) has issued guidance
on investigating suspected false-negative RDT results due to pfhrp2/3 gene deletions in malaria parasites and
is encouraging a harmonised approach to mapping and reporting the deletions'®!”. Based on these guidelines,
each country should endeavour to establish the status and monitor gene deletion trends over time to see if
re-assessment of national diagnostic strategy is warranted when >5% of P. falciparum clinical infections are
missed by HRP2-RDTs. In Tanzania, previous reports have shown sporadic occurrence of pfhrp2 gene deletions
in multiple locations, though at very low levels (< 2.0%)'®1. However, all Tanzanian studies reported to-date
have utilized sampling designs different from WHO recommendations for reporting of nationwide gene deletion
estimates. This current study provides the first national evaluation of pfhrp2/3 gene deletions in the P. falciparum
parasite population and provides baseline data for future monitoring to establish the temporal and spatial trends
of these deletions in the country.

Methods

Ethics

The study protocol was adopted from the WHO template!” and submitted to the Tanzanian Medical Research
Coordinating Committee (MRCC) of the National Institute for Medical Research (NIMR) for review and ethical
approval. The protocol was also submitted for review and approval by the ethics committee of WHO in Geneva,
Switzerland. All research participants were asked and provided individual consent (or assent for children aged
7-17 years of age) for their participation in the survey and biobanking for future research. For children under the
legal age of adulthood in Tanzania (< 18 years), consent was obtained from a parent or guardian. An informed
consent form was developed in English and translated in Kiswahili and used to obtain consent both verbally
and in writing from all participants. All participants agreed and signed the consent or assent form or provided
a thumbprint in conjunction with the signature of an independent witness in case the study participant was
illiterate. All experiments were performed in accordance with relevant guidelines and regulations in accordance
with the Declaration of Helsinki. The project was approved as a program evaluation activity and non-human
subjects research by the U.S. Centers for Disease Control and Prevention (CDC, project ID: 0900f3eb81f7221b).

Study design

This cross-sectional study was undertaken as part of the ongoing project on the molecular surveillance of malaria
in Tanzania (MSMT)?, conducted in collaboration with the Tanzanian National Malaria Control Programme
(NMCP), the President’s Office, Regional Administration, and Local Government authority (PO-RALG) and
collaborators from USA (Brown University, University of North Carolina and the CDC). Ten regions of Tanzania
were utilized and 100 health facilities (HF) were selected according to WHO protocol as enrolment sites®': Dar
es salaam, Dodoma, Kagera, Kilimanjaro, Manyara, Mara, Mtwara, Njombe, Songwe and Tabora (Fig. 1). At each
HF (10 HFs from each region), patients presenting with malaria-like illness were approached and enrolled in
this study after providing an informed consent. Regardless of enrolment in this study, patients with malaria-like
illness were provided an RDT, and if positive, treated with appropriate antimalarial drugs according to Tanzania
national guidelines.

Patient enrollment and sample collection procedures
Inclusion criteria required patients to be aged 6 months and above, meeting case definition for suspected malaria
(fever in the last 48 h or fever at presentation with axillary temperature>37.5 °C and/or other malaria symptoms),
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Figure 1. Map of showing health facility enrollment sites in 10 regions which were involved in the survey:
Tanzania 2021. Individual health facilities are shown by red triangles.

and requirement to reside in the same area as the health facility. Exclusion criteria included previous enrollment
in the study, severe malaria, or other severe illnesses. For each patient, finger prick blood was collected for
detection of malaria infection by RDTs and also for preparation of dried blood spots (DBS) on Whatman 3 MM
CHR filter papers (Cytiva, USA). For each patient, 2-3 drops of blood were blotted on a piece of filter paper to
make a large spot with approximately 50 uL of blood. Three spots were made on a filter paper to provide sufficient
samples for all the analyses intended and biobanking.

At enrolment, each patient was tested by two types of RDTs, with the first being the HRP2/pan-LDH test
used by the Tanzanian NMCP for routine diagnosis of malaria (“national RDT”, listed below) and the second
was the P. falciparum LDH test donated by WHO for this survey (“research RDT”), the #C14RHG25, RapiGEN
Inc. BIOCREDIT Malaria Ag Pf (Pf-pLDH), Republic of Korea). At the time of the survey, the Tanzanian NMCP
had three types of RDTs which were concurrently used in the country. They included SD Bioline Malaria Ag P.f/
pan (#05FK60, Standard Diagnostic Inc., India), CareStart Malaria HRP2/pLDH (#RMOM-02571, AccessBio
Inc., NJ, USA) and First Response Malaria Ag HRP2/pLDH Combo (#PI16FRC10s, Premier Medical Corp.
India). “RDT discordance” for this study was defined as a positive Pf-pLDH result, but a negative HRP2 band.

Sample size for this survey was based on WHO master protocol?’, with a simple random sampling design
effect of 1.5 accounting for potential deletions of the pfhrp2 gene. A target of 37 patients with positive results
by either of the two tests were enrolled from each HF for a total target size of 370 samples per region and 3700
RDT positive persons for the whole study?!. All DBS samples (positive and negative by RDTs) were stored at the
HFs at ambient temperature and later shipped to the NIMR Genomics Laboratory after the end of the survey for
storage at room temperature before shipping to the CDC in Atlanta, GA, USA for further analysis.

Sample processing and multiplex bead assay

To rehydrate blood samples for Plasmodium antigen detection, a 6 mm filter paper punch from each DBS
(approximately 10 pL whole blood) was made and placed into 200 pL of elution buffer: phosphate buffered saline
(PBS, Sigma) pH 7.2, 0.3% Tween-20, 0.5% casein (ThermoFisher), 0.5% bovine serum albumin (BSA, Sigma),
0.5% polyvinyl alcohol (Sigma), 0.8% polyvinlypyrrolidine (Sigma), 0.02% sodium azide (Sigma), and 3 ug/mL
of E. coli lysate (to prevent nonspecific binding). This provided a 1:20 dilution of whole blood which was used
as the test sample for the bead-based multiplex immunoassay.

The bead-based multiplex assay for malaria antigen detection was performed as described previously?.
Magnetic microbeads (xMAP®, Luminex Corp., Austin, TX) were covalently bound to antibodies for Plasmodium
antigen capture by the Luminex antibody coupling kit according to manufacturer’s instructions. Per 12.5x 10°
beads, antibody coupling concentrations were: anti-pan-Plasmodium aldolase antibody (pAldolase, 12.5 ug,
Abcam, Cambridge, UK); anti-pan-Plasmodium LDH (pLDH, 12.5 pg, clone M1209063, Fitzgerald, Acton, MA,
USA); anti-P. falciparum HRP2 (20 ug, clone MPFG-55A, ICLIabs, Portland, OR, USA); anti-P. falciparum LDH
(20 pg, clone M1209062, Fitzgerald, Acton, MA, USA). Detection antibodies were also prepared in advance by
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biotinylating (EZ-link Micro Sulfo-NHS-Biotinylation Kit, ThermoScientific, Waltham, MA, USA) according
to manufacturer’s instructions. Final prepared dilution of detection antibodies was 1.0 mg/mL and for anti-
malarial antigen specific antibodies as follows: pAldolase (Abcam, Cambridge, UK), LDH (1:1 antibody mixture
of M1709Pv1 and M86550, Fitzgerald, Acton, MA, USA), HRP2 (1:1 antibody mixture of MPFG-55A and
MPFM-55A, ICLlabs, Portland, OR, USA). All reagents were stored at 4 °C until use in the immunoassay.

For the antigen multiplex assay, reagents were diluted in buffer containing 0.1 M PBS (pH 7.2), 0.05%
Tween-20, 0.5% BSA, and 0.02% sodium azide. Assay plates were affixed to a handheld magnet (Luminex Corp)
for wash steps and allowed one minute for bead magnetization before evacuation of liquid and washing with
100 pL PBS/0.05% Tween-20. The four bead regions were combined in dilution buffer (in a reagent trough)
and pipetted onto a 96-well assay plate (BioPlex Pro, BioRad, Hercules, CA) at a quantity of approximately
800 beads/region. Plates were washed twice, and 50 pL of controls (in duplicate) or samples (in singlet) were
pipetted into appropriate wells. Following 90-min gentle shaking at room temperature, protected from light,
plates were washed three times. A mixture of detection antibodies was prepared in dilution buffer (pAldolase at
1:2000, all others at 1:500) and 50 pL added to each well for a 45-min incubation. After three washes, 50 pL of
streptavidin—-phycoerythrin (at 1:200, Invitrogen) was added for a 30-min incubation. Plates were washed three
times, and 50 pL dilution buffer was added to each well for 30-min incubation. Plates were then washed once
and beads resuspended in 100 pL PBS. After brief shaking, plates were read on a MAGPIX machine (Luminex
Corp) with a target of 50 beads per region. The median fluorescence intensity (MFI) value was generated for
all beads collected for each region by assay well. Subtraction of the assay signal from wells with dilution buffer
blank provided the MFI-background (MFI-bg) value used for analyses. Positive (recombinant antigens diluted in
blood) and negative (Plasmodium antigen negative blood) controls were included on each assay plate to ensure
valid assay results.

Selection of samples for PET-PCR Plasmodium speciation and DNA quality control

Samples were initially selected for PET-PCR speciation and pfhrp2/3 genotyping if they had discordant results
(point-of-care RDTs showed positivity for the Pf-pLDH band but a negative HRP2 band). Based on laboratory
multiplex antigen data, the second selection of samples for Plasmodium speciation by PET-PCR and pfhrp2/3
genotyping was done based on the relationship between the two pan-Plasmodium antigens (aldolase and LDH)
and the HRP2 and/or HRP3 (HRP2/3) signal as described previously?, or relationship between Pf-pLDH and
HRP2/3. Samples were selected if completely lacking an assay signal for HRP2/3 or if the assay signal for HRP2/3
was atypically lower compared to the level of pAldolase, pLDH, or Pf-pLDH antigens.

DNA extraction and quantification from samples

For samples selected for genotyping, total genomic DNA was extracted from DBS samples (three 6 mm punches
per sample) using Tween-Chelex 100 (Bio-Rad Laboratories, USA) extraction method as previously described
with some modifications®. Briefly, the punched DBS samples were incubated in 1 mL of 0.5% Tween-20 (Sigma)
in PBS (Thermo Fisher Scientific) overnight at room temperature, placed onto the shaker at low speed to release
parasite DNA from red blood cells, and briefly centrifuged. Tween-PBS was removed followed by washing with
1 mL of 1X PBS and incubation at 4 °C for 30 min. The samples were briefly centrifuged, PBS removed, and
150 pL of 10% Chelex 100 resin (BioRad Laboratories, Hercules, CA, USA) in water were added to each sample
and incubated for 10 min at 95 °C with intermittent shaking. Samples were centrifuged for 5 min at high speed to
pellet Chelex and filter paper, and resulting DNA supernatants (approximately 150 pL) were transferred to new
tubes. Supernatants were centrifuged for 10 min at 14,000 rpm, and the Chelex-free supernatants (approximately
50 pL) were transferred to new tubes for storage at 20 °C until use in PCR assays.

PET-PCR and genotyping for P. falciparum pfhrp2 and pfhrp3 genes

PET-PCR was performed on extracted DNA as described previously to ensure quality and presence of P
falciparum DNA??. Genotyping for pfmspl, pfmsp2, and pfhrp3 was performed by nested PCR (nPCR) as
described previously?’. For pfhrp2 genotyping, conventional PCR was performed as described previously?.
Results for pfhrp2/3 genotyping were only reported if both pfmspl and pfmsp2 (both single-copy genes in the
P, falciparum genome) were successfully amplified for a DNA sample in at least two out of three independent
PCR reactions'®.

Results

From February to July 2021, a total of 8040 persons were enrolled among the 100 Tanzanian HFs (Fig. 1) with
arecorded RDT result and 7863 persons (97.8%) providing DBS for later laboratory assays. Of this set of DBS,
7847 (99.8%) were able to be inventoried and had laboratory multiplex antigen data collected. For all enrolled
participants, median age was 15 (interquartile range: 3 to 29 years), and 55.3% were female (Table 1). Numbers
of participants enrolled among regions were similar except Kilimanjaro which enrolled 31.6% of all patients; this
was due to the very low transmission setting in Kilimanjaro region and need to enroll more persons to obtain the
target of 37 RDT positive persons per health facility*’. RDT results found 48.2% (n =3787) of all patients positive
by any RDT utilized in the survey. For the 3787 patients who showed a positive RDT result to any antigen target,
3185 (84.1%) were positive to both targets on the national RDT and 545 (14.4%) were positive only for the HRP2
band. The research RDT, testing only for Pf-pLDH, showed strong concordance with national RDT results and
3020 (79.7%) of persons positive by the research RDT also showed positivity by the national RDT. Of these 767
testing positive only by the national RDT, and not the research RDT, the majority of these (n =609, 79.4%) were
only HRP2 positive, indicating a lower-density P. falciparum infection®. A total of 95 persons tested positive
only by the research RDT, representing discordance of 2.5% of the “any RDT” positives.
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Provided RDT and DBS (n, % RDT Discordant* (n, %

Region of all) Median age (years, IQR) Female (n, %) RDT positive (n, %) of RDT positives)
Kagera 619 (7.9) 6(2-17) 326 (52.7) 378 (61.1) 15 (4.0)

Dar es Salaam 591 (7.5) 21 (5-29) 303 (51.3) 373 (63.1) 4(1.1)

Dodoma 694 (8.8) 13 (3-30) 368 (53.0) 379 (54.6) 8(2.1)
Kiimanjaro 2484 (31.6) 21 (6-39) 1449 (58.3) 381 (15.3) 10 (2.6)

Tabora 532 (6.8) 3(2-11) 287 (53.9) 379 (71.2) 7 (1.8)

Songwe 594 (7.6) 12 (3-26) 337 (56.7) 378 (63.6) 14 (3.7)

Njombe 605 (7.7) 17 (7-30) 348 (57.5) 381 (63) 10 (2.6)

Mtwara 598 (7.6) 5(3-20) 348 (58.2) 389 (65.1) 3(0.8)

Manyara 574 (7.3) 18 (6-29) 268 (46.7) 376 (65.5) 9(24)

Mara 572 (7.3) 8 (3-21) 318 (55.6) 373 (65.2) 15 (4.0)

Total 7863 15 (3-29) 4352 (55.3) 3787 (48.2) 95 (2.5)

Table 1. Demographic and RDT characteristics of enrolled patients: Tanzania 2021. IQR interquartile range,
RDT rapid diagnostic test, HRP2 histidine-rich protein 2, pLDH pan-Plasmodium lactate dehydrogenase, DBS
dried blood spot. *Positive Pf-pLDH band and negative HRP2 band.

The DBS from these 95 persons testing positive by only Pf-pLDH were selected for further PCR assays based
on suspicion of P. falciparum infection with potential deletions in the pfhrp2 (and pfhrp3) genes. Of these 95,
nine DBS (9.5%) were unable to be retrieved, and an additional 46 (48.4%) were negative for P. falciparum DNA,
leaving 40 (42.1%) appropriate for further pfhrp2/3 genotyping. The 46 PCR negative tests may have been caused
by Pf-pLDH RDTs being false positives. The 40 PCR, P{-LDH positive, Pf-HRP2 negative samples may have
represented mixed deleted and non-deleted infections, where HRP2 levels were not high enough to trigger a
test. It is also notable that the sensitivity of the HRP2 band is not 100%, so some tests could have just failed or
been read incorrectly. Additionally, DBS were also selected for further PCRs based on results from the laboratory
multiplex antigen detection assay. In comparing the laboratory-detected antigen levels of HRP2/3 versus other
Plasmodium markers (assay signal for pAldolase, pLDH, and Pf-pLDH), if a blood sample was positive for any
Plasmodium antigen, the vast majority of these were observed to have high levels of HRP2/3 relative to the
other three targets (Fig. 2). From the lab multiplex antigen assay, a total of 135 specimens (1.7% of the 7847 DBS
available; shown by red shading in Fig. 2) were selected for DNA extraction and further assays to determine
pfhrp2/3 status of the infecting parasites. Of these 135, 118 (87.4%) were confirmed to have P, falciparum DNA to
attempt the pfhrp2/3 genotyping PCRs (Fig. 3). Concordance of lab antigen positivity between the blood samples
from the 95 persons testing RDT positive only for Pf-pLDH is shown in Supplemental Fig. S1. Approximately
half (50/95, 52.6%) of the blood samples from these “RDT discordant” persons positive for any Plasmodium
antigen by the lab multiplex assay, and only 35.8% of these blood samples were positive by both the Pf-pLDH
RDT and the Pf-pLDH lab assay.

Both the RDT discordant (n=95) and lab antigen assay (n=135) selection strategies were used making
a total of 230 samples available for analysis of the deletions. Of these, a total of 158 P. falciparum infections
confirmed by PET-PCR were selected (40 RDT discordant and 118 from antigen assay) to move forward with
pfhrp2/3 genotyping (Fig. 3). Most of these P. falciparum DNA positive samples (88.6%, 140/158) were also able
to amplify the single-copy genes (pfimspl and pfmsp2 in this study) required for quality assurance reporting of
pfhrp2/3 genotyping results. Of these 140, the majority (89.2%, 125/140) were able to amplify both the pfhfrp2
and pfhrp3 genes (a pfhrp2+/pfhrp3+ genotype), six (4.3%) showed a genotype of pfhrp2+ /pfhrp3-, nine (6.4%) a
pfhrp2-/pfhrp3 + genotype, and no parasites from P. falciparum infections were found to have the double-deletion
pfhrp2-/pfhrp3- genotype. All nine persons infected with P. falciparum with pfhrp2 deletions were negative on
the national RDT for the HRP2 band, meaning 0.24% (9/3787 total RDT positives) had a false negative result
which could be explained by pfhrp2 deletions.

P. falciparum infections with single gene deletions for pfhrp2 or pfhrp3 were found to be largely dispersed
throughout the country, though some clustering was observed in the southern part of Njombe region (Fig. 4).
Due to the sampling design and rare finding of any deletions, spatial inference was not attempted to denote
statistically significant clustering patterns. The nine infections containing pfhrp2-deleted P. falciparum were
from: Dodoma (n=1), Kilimanjaro (n=1), Manyara (n=2) regions in northeast Tanzania, the Njombe region
in the south (n=4), and Kagera region in the extreme northwest (n=1). The four pfhrp2 deletions in Njombe
were enrolled at two health facilities with two infections with deleted parasites found in each. From estimates
reported in the year 2020 for P. falciparum transmission strata by region in Tanzania?, the majority of the pfhrp2
deletions (8/9, 88.9%) were found in either “low” or “very low” transmission strata (Supplemental Fig. S2). The
pfhrp3-deleted parasites were found in: Dar es Salam region (n=1), Kagera region (n=2, infections from the same
health facility), Njombe region (n =2, infections from different health facilities), and Songwe region (n=1). The
only regions to show parasites both having pfhrp2 or pfhrp3 deletions were Kagera and Njombe, and the ones in
Njombe were all noted in the far southern area of this region.
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Figure 2. Scatterplots of HRP2 (and HRP3, HRP2/3) antigen levels as compared with other Plasmodium
antigens. Scatterplots represent data from all 7847 DBS which were assayed by bead-based multiplex assay for
Plasmodium antigens. Antigen levels for HRP2/3 versus PILDH (A), pAldolase (B), and pLDH (C). Red shading
indicates DBS with depressed or absent HRP2/3 levels selected for subsequent pfhrp2 and pfhrp3 genotyping
based on discordant antigen signal between HRP2 (HRP3) and the pan-Plasmodium antigens aldolase or LDH
or the falciparum-specific LDH. It is not only discordance in terms of negative signal to HRP2 and positive to
any of the others, but also if the level of HRP2 is lower than the level of the aldolase/LDH antigens, as described
in the methods.

Discussion

Increasing global reports of deletions of the pfhrp2 (and to lesser extent pfhrp3) genes have concerned malaria
stakeholders in countries heavily relying on HRP2-based RDTs for clinical diagnosis of P, falciparum infection'>?.
Enrolling of 7863 malaria suspected patients in 100 health facilities throughout Tanzania in 2021 who provided
a DBS sample found 48.2% of persons with a positive RDT result with very few individuals (n=95, 2.5% of all
RDT positives) testing positive for the P. falciparum antigen Pf-pLDH, but negative for HRP2. Importantly, as all
persons enrolled in this study were presenting with malaria-like symptoms, from this RDT data alone it could be
surmised that P. falciparum is the predominant species causing clinical malaria in Tanzania. The concordance in
test results between the two independent RDTs shows a low risk of infections with P. falciparum not producing
high levels of the HRP2/3 antigen(s)—as the phenotypic indicator of deleted or non-functional pfhrp2 (or
pfhrp3) genes®'. In assessing potential pfhrp2/3 deletions in Tanzania for this survey, multiplex antigen screening
including targets for HRP2 and other Plasmodium antigens allowed a secondary approach to also compare with
RDT results and elucidate pfhrp2/3 deletions'®*. Of 7847 DBS assayed by the lab multiplex assay, only 1.7%
(n=135) were selected for further molecular assays based on the absence, or very low levels, of HRP2 antigen
in the blood sample relative to the other Plasmodium targets. The combination of these two approaches (RDT
concordance and lab multiplex antigen assay) both pointed to the same phenotypic findings: the vast majority
of clinical malaria in Tanzania is being caused by P. falciparum producing sufficient HRP2/3 antigen to elicit
positive HRP2-based RDT results. The inclusion of pfhrp2/3 genotyping data for these malaria patients enrolled
throughout Tanzania provides further evidence for the very low prevalence of P. falciparum parasites causing
symptomatic disease that would be missed by routine HRP2-based RDTs currently utilized in Tanzania. When
combining the antigen and genotyping data, it is estimated here that 0.24% (95% CI 0.08-0.39%) of false-negative
HRP2-RDTs were due to pfhrp2 deletions from this survey.

Current recommendations provided by the WHO set a threshold of 5% or greater of clinical P. falciparum
infections evading HRP2 diagnostics as criteria to re-assess use of HRP2 as a standard diagnostic tool in a
setting'”?!. For numerous practical reasons, malaria diagnostic strategies are typically made at the national level,
so national surveys would need to be inclusive of P. falciparum endemic settings throughout a country to most
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Figure 3. Flow diagram for selection of specimens for genotyping of pfhrp2 and pfhrp3 with results: Tanzania,
2021. Selection strategy included consideration of laboratory antigen detection assay (on left), and RDT result at
point-of-contact (on right). Terminal boxes display pfhrp2 and pfhrp3 deletion genotypes for samples passing all
quality steps.

appropriately generate this quantitative estimate and compare to the 5% threshold. This survey design is robust
and provides opportunities not only for evaluation of pfhrp2/3 deletion status in a country, but also assessment
of P, falciparum parasite diversity (including drug resistance and population genetic markers), estimation of non-
falciparum clinical burden, and other malaria clinical comparisons and analyses®**?. From this 2021 Tanzania
survey, reports outlining findings for putative drug resistance markers and findings of non-falciparum malaria
infections are forthcoming.

Throughout the 100 health facilities where persons were enrolled in this survey, only twelve facilities enrolled
persons with P. falciparum parasites showing any deletions: seven sites with infecting parasites lacking pfhrp2,
and five sites with infecting parasites lacking pfhrp3. Furthermore, these twelve sites were broadly spread out
throughout the country and inclusive of different sub-populations of P, falciparum strains®. The notable exception
to this generalized finding was the observation of four health facilities in southern Njombe region enrolling
persons with P. falciparum infections with pfhrp2 or pfhrp3 gene deletions. However, even within this “cluster”,
of 180 persons enrolled among these three sites, 63% (n=113) were found to have P. falciparum infections,
meaning that only 3.5% (4/113) of identified P. falciparum infections among these three sites showed pfhrp2 single
deletions. Importantly, deletions in the pfhrp3 gene are not regarded for the WHO 5% pfhrp2 deletion threshold as
this gene product (HRP3) is a truncated form of the HRP2 antigen and is not thought to contribute significantly
to the RDT test band intensity when both antigens are present’’. To this point, all nine P. falciparum infections
identified in this current Tanzania study which had parasites deleted for pfhrp2 had produced a negative band
result for HRP2 by RDT. Future studies may look to over-sample from this area of the country to see if prevalence
and diagnostic impact of pfhrp2/3 gene deletions is truly higher here versus other regions. The results from this
current study are consistent with a previous 2017 Tanzania nationwide survey of border regions which enrolled
persons in their households. In this population of persons not actively seeking treatment, 32% of persons were
positive to any Plasmodium antigen targets, but no pfhrp2/3 deletions were observed'®. However, these findings
contrast to a 2018 health facility survey enrolling persons in the Kilimanjaro and Tanga regions in the northeast
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Figure 4. Locations of enrolment sites with identified P. falciparum infections with deletions in pfhrp2 or
pfhrp3: Tanzania: 2021. Regions that were sampled from are named on the map, with an X’ indicating location
of sample identified with pfhrp2 deletion (n=9) and solid ‘®’ indicating sample identified with pfhrp3 deletion
(n=6). A number in parentheses indicates multiple deletions found at a single site.

part of the country which estimated pfhrp2 deletions at 1.6% of P. falciparum infections and pfhrp3 deletions
at 52%—though no dual deletions were observed"”. Different sampling strategies, enrolment during different
transmission seasons, and laboratory assays may ultimately lead to differences in prevalence estimates for gene
deletions, but results from this current study combined with the previous two studies have consistently shown
very low rates of pfhrp2 deletions.

Though an overall low number of pfhrp2 deletions were observed in this study, an important finding was that
nearly all of these (8/9, 88.9%) were discovered in the relatively lower transmission central and southern regions
of the country. This has been observed in previous pfhrp2/3 deletion studies as well, with these deletion genotypes
affecting RDT results relatively more when overall transmission and complexity of infections are reduced®>.
As Tanzania moves towards malaria elimination in the future, reducing overall transmission and the number of
P, falciparum strains in a patient at any one point in time may increase the risk for deletion genotypes to affect
HRP2-RDT accuracy.

This study was subject to limitations which may affect estimates or interpretation of results. Patient enrolment
from February to July is mostly inclusive of the rainy season in Tanzania, so prevalence of these deletions leading
to false negative HRP2-RDT results during dry season months was not evaluated here*’. Though the survey was
designed to be geographically-representative, persons were only enrolled from 10 of the 26 regions in mainland
Tanzania, meaning large areas and P. falciparum sub-populations have not been sampled.

P. falciparum infections from persons enrolled in 2021 were largely positive for the pfhrp2/3 genes and
produced high levels of the HRP2 antigen to elicit true positive HRP2-RDT results. From evidence generated
here, the HRP2 antigen still appears to be a robust tool for identification of P. falciparum infection in Tanzania.
As these gene-deleted parasites may have a selective advantage over their wild-type counterparts, or potentially
be imported, future efforts should continue to monitor for HRP2-RDT validity in the country.

Data availability

The datasets used and/or analysed during the current study available from the corresponding author on
reasonable request. Base maps were generated using the R packages sf version 1.0-15 and rnaturalearth version
1.0.1. Terms of use for the raw data for maps from naturalearthdata: https://www.naturalearthdata.com/about/
terms-of-use/.
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