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Background: Increased tolerance and resistance to antimalarial drugs is one of the major threats responsible for the stagnation in the
fight against malaria. The role of Plasmodium falciparum strain complexity to the overall efficacy of antimalarial drugs in naturally
occurring infections is not fully understood.

Objective: This study investigated the impact of mixed infections of resistant and susceptible strains to antimalarials.

Methods: Fifteen Gambian field isolates and two laboratory strains (Dd2 and 3D7) were used for the complexity assays. ICso and
malaria drug survival assay (mDSA) were used to determine the survival and erythrocyte reinvasion rates of parasites following sub-
therapeutic exposure to conventional antimalarials (CQ — 200 nM; PPQ — 200 nM, DHA — 24 nM, and LUM - 200 nM). The
complexity of infection (COI) in the field isolates was confirmed by McCOIL tool, and the lab strains co-cultured at different
proportions (100:0, 75:25, 50:50, 25:75, and 0:100) were exposed to CQ, DHA, and LUM.

Results: Our findings show that the resistant haplotype in a mixed infection drives the drug response through a significant (p < 0.05)
shift in the ICsy of drugs. This shift in ICsq was most distinct for chloroquine using mixed infections of 3D7/Dd2. There was high
reinvasion after subtherapeutic exposure to conventional antimalarial drugs in the field isolates. Isolates with resistant haplotypes
against chloroquine, even in mixtures with susceptible strains, survived more.

Conclusion: Responses under drug pressure are strongly driven by the resistant haplotypes circulating alongside the wild types of
Plasmodium falciparum. There is a need for continuous surveillance.
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Introduction

Malaria remains a global health disease with a heavy burden, especially in Africa. Up until 2015, malaria incidence
experienced a significant global decline for almost two decades. However, progress in malaria control has now stalled,
due to several factors, including the emergence of resistance to the drugs in parasites and insecticides in mosquitoes.
Treatment and chemoprevention with antimalarial drugs are one of the major approaches for malaria control and
elimination. Currently, artemisinin combination therapies (ACTs), which include artemisinin derivatives and a long-
lasting partner drug, are recommended for the treatment of uncomplicated malaria." Similar to chloroquine and
sulphadoxine-pyrimethamine, there are worrying signs of local emergence of ART resistance in Africa.”>*

This will be devastating for malaria control and elimination, with fears of increased mortality and reversal of the gains
in malaria control in endemic countries. While the emergence of genetic variants countering drug action is the major
contributor to resistance, failure of drug treatment could also be attributed to several other factors, including but not
limited to incomplete treatment, poor adherence to the regimen, and use of substandard and counterfeit drugs. Put
together, these contribute to the evolutionary dynamism that allows malaria parasites to adapt at genetic and metabolic
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levels, triggering a rapid proliferation of a select resistant population under drug pressure.” Counterfeit drugs and
incomplete treatment expose the malaria parasites to sub-therapeutic doses of active drugs, allowing for escape and
adaptation towards clinical resistance. Unfortunately, these are common occurrences in sub-Saharan Africa, where
malaria remains most endemic, and drug pressure is the highest from regular and medicinal pharmacopeia-derived
agents.’

In areas of high transmission like West Africa, individuals are often infected with more than a single strain of the
P. falciparum parasite. The prevalence of mixed infection varies with transmission intensities, although some Eastern
African countries with moderate to high transmission infections are highly clonal.” During mosquitoes’ bites, parasites
with multiple haplotypes (complex genotype), including those that are resistant, are transmitted to people, causing
multiclonal or polyclonal infection.”® Multiclonal infections can lead to variable sensitivities to drugs, which are
determined by the genetic background of the infecting clones. Therefore, the presence of both drug-resistant and
susceptible strains in different proportions presents a challenge in determining drug efficacy and treatment outcomes,
because the overall response is determined by the dynamics of the complexity. As treatment clears susceptible strains,
minority resistant strains that are fitter under drug pressure could expand and spread resistant strains.® In The Gambia,
where malaria has drastically declined, the national malaria programme is implementing several drug interventions,
including, first-line treatment with artemether lumefantrine (AL), focal malaria management with case intervention with
dihydroartemisinin piperaquine (DHA/PPQ) and seasonal malaria chemoprevention with sulphadoxine-pyrimethamine
/amodiaquine. With resistant genotypes to chloroquine and antifolates still at high prevalence in the population, how this
affects therapeutic efficacy is not known. We hypothesise that response to drug in mixed infections will be driven mostly
by the resistant variant even at very low relative proportions.

This study aimed to understand the effect of mixed infection on in vitro drug response in lab and field isolates from
The Gambia. We also investigated the survival rates and reinvasion of mono or mixed infection of lab and field isolates
exposed to subtherapeutic drug doses. We show that mixed infections have a significant impact on drug responses.

Materials and Methods

Mixed Infection

Plasmodium falciparum Isolates

Individuals infected with malaria parasites were recruited following informed consent to join a therapeutic efficacy test
by the National Malaria Control Program in The Gambia, West Africa. Following diagnosis with an HRP2-based Rapid
diagnostic test, a 2 mL venous blood sample was taken. Each sample was transported to the Medical Research Council
Unit, The Gambia (MRCG) malaria labs, where malaria parasite infection and parasitacmia were determined by light
microscopy and flow cytometry following Giemsa and SYBR-Green staining, respectively. Blood samples with at least
0.5% parasitaemia were selected for in vitro drug susceptibility testing. Laboratory strains of P. falciparum, 3D7 and
Dd2, are routinely maintained in the MRC malaria culture lab. The strains were originally obtained from the Malaria
Research and Reference Reagent Resource (MR4) Center.'® Ethical clearance for the study was obtained from the Joint
Gambian Government/Medical Research Council Unit, The Gambia Ethics Committee (Project ID/ethics ref: 26260).
This study was performed in compliance with the Declaration of Helsinki. A written, informed consent was provided by
study participants for the analysis of their samples following ethical approvals from the relevant institutional review
boards.

In vitro Drug Inhibition (ICso) Assay

Routine cultures of P. falciparum, 3D7 and Dd2, were carried out in RPMI 1640 medium (Gibco BRL, United Kingdom)
supplemented with 15% (vol/vol) normal human serum, 25 mM bicarbonate, 2 mM glutamine, 25 mM HEPES buffer,
and 3.6 nM para-aminobenzoic acid. Mixtures of these strains were simulated in vitro by mixing 3D7 and Dd2 strains in
various ratios (100:0, 75:25, 50:50, 25:75, and 0:100), creating heterogeneous parasite populations in a 96-well format.
For field isolates, whole blood was first processed by removing serum after filtration and then separating white blood
cells from infected RBCs (iRBCs) following gradient centrifugation on Histopaque as described by Mbye et al'' iRBCs
were washed three times in incomplete RPMI and re-suspended in growth medium. The parasitaemia was checked after

2 https: Infection and Drug Resistance 2026:19



Egwu et al

SYBR-Green staining and 20 min incubation, using BD LSRFortessa flow cytometer. Isolates with up to 0.5-1%
parasitaemia on arrival day were used for the drug survival assay, while those higher were diluted to 1% using uninfected
type O-positive (O") heterologous RBCs (uURBCs) to form 4% haematocrit (HCT) suspension. The isolates were
introduced into 96-well plates containing serial dilutions of each drug to form a final 2% HCT. Drug assay plates
were incubated in a culture chamber at 37°C with a gas mixture (90% N,, 5% CO,, and 5% O,) for 48 h. Parasite growth
was determined following SYBR-Green staining and fluorimetry measures on the Fluoroscan using the green channel at
(Ex/Em: 485/538 nm).

Malaria Drug Survival Assay (mDSA)

The therapeutic doses of the antimalarials are usually approximately 700 nM for DHA after 2 h, 500 nM for PPQ after
6 h, 300 nM for LUM after 6 h, and >800 nM for CQ after 2 h.'* '® We therefore exposed the parasites to doses that are
clinically subtherapeutic but are 10x ICs, of each drug.

The survival of parasites following sub-therapeutic exposure to conventional antimalarials was determined from post-
exposure growth rates and parasite reinvasion after drug removal. The drugs tested included chloroquine (CQ),
piperaquine (PPQ), lumefantrine (LUM) and dihydroartemisinin (DHA). Exposure concentrations were: CQ — 200
nM; PPQ — 200 nM, DHA — 24 nM, and LUM — 200 nM, as previously described by Mbye et al.'' To determine the
effect of mixed infections, mixtures at 0.5% of 3D7 and Dd2 at 100:0, 75:25, 50:50, 25:75, and 0:100 ratios were also
exposed to CQ, DHA, and LUM. The mDSAs were set up using laboratory isolates of >80% rings (in vitro) and field
isolates that arrived in the lab the same day from the field after sample collection (ex vivo). The assays were performed in
96-well plates with 100 pL working solution of each drug in triplicates. This was followed by the addition of 100 uL of
iRBC suspension (4% HCT) to each well to obtain a final haematocrit of 2% and a parasitaemia of 0.5%. Each assay well
was gently mixed and incubated at 37°C under 5% O,, 5% CO,, and 90% N, gaseous conditions for 48 h. After 48 h time
point, the drugs were removed by three washes in incomplete RPMI. The parasites were then cultured further for
48 hours, during which the overall parasitaemia was determined on the 3™ and 4™ days by flow cytometry.

For the post-drug exposure reinvasion assay, uURBCs were first stained with cell trace far red (CTFR) as follows:
a 1uM solution of CTFR was made by adding 20 uL. DMSO to each vial of CTFR, which was then made up into 20 mL
of incomplete RPMI. uRBCs were added to this solution to form 2% HCT suspension and incubated at 37°C for 2 hours
with shaking. The uURBCs were washed three times, re-suspended with incomplete RPMI, and re-incubated for a further
30 min. Suspensions of CTFR-labelled uRBC (uRBC-CTFR) were reconstituted with the growth medium to achieve
a final haematocrit of 2%. To allow reinvasion of uRBCs by parasites after exposure and drug removal, two volumes of
uRBC-CTFR were added to one volume of the drug-exposed iRBCs (2:1) and incubated for 48 hours. Aliquots were
taken for parasitaemia check after 24 and 48 h, respectively. The aliquots were stained with SYBR-Green as described
above and 100,000 RBCs acquired by cytometer, gated for forward and side scatter, red and green channels described in
Mbye et al.'!

Statistical Analysis

A non-linear regression was done on the percentage inhibition against a range of drug concentrations using the IVART
online software to determine the ICsy. The ICsos in the different isolate mixtures were compared using the One-way
ANOVA. The results were presented as Mean + SEM from triplicate of the isolates investigated. To calculate the changes
in drug response due to the proportions of the mixed infections between the CQ-resistant Dd2 strain and the sensitive
3D7 strain, we used the formula below:

IC50 of 3D7 — IC50 of mixture

%change in response due PfDd2 addition = 1050 of 3D7 x 100
IC50 of Dd2 — IC50 of mixt
%change in response due to Pf3D7 addition = 0 1C50 of D d; fixture x 100

Infection and Drug Resistance 2026:19 heeps: 3



Egwu et al

Linear regression was performed on the reinvasion curves to determine their slopes, which were compared at 95%
confidence interval. The survival rate was calculated 24 and 48 h after drug removal, that is, at 72-h and 96-h time points
in culture, respectively. The calculation was done as follows:

Parasitaemia of Treated parasites

100

Survival rate =
Parasitaemia of Untreated parasites

. . Parasitemia
Reinvasion rate = ————
Time
Note: Reinvasion rate = slope of the reinvasion curve (the reinvasion at the two time points — 72 and 96 h after the
introduction of uninfected erythrocytes).

Results

Effect of Mixed Infection on Drug Response

Mixed Infection in Lab Isolates

The ICsq of P. falciparum 3D7 to CQ was 13.03 nM (10.80-15.33 nM) in the absence of the Dd2 strain, which had an
ICso 0f 214.03 nM (152.46-307.87). The ICs, shifted to higher values as Dd2 fraction in the mixture with 3D7 increased
(Figure 1A). This change in ICs¢s was not linear (not proportional) against the fraction of the iRBCs represented by the
resistant strains (Table 1). Sensitivity to CQ decreased exponentially with an increase in the fraction of the resistant
strain, depicted by the increase in ICsq (Figure 1B). At equal proportion, the increase in ICsy was at least 4 times the base
ICs for the sensitive 3D7 isolate. While 25% of Pf3D7 causes only a 42.30% increase in response (Figure 1C), 25% of
PfDd2 causes a decrease in response by 84.09% (Figure 1D) (Slope = 319.00 vs 14.16) (Figure 1).

In one of our studies, we demonstrated that the presence of mutations in the Pfcrt gene (CVMNK and CVIET) can
modulate the response to other drugs like DHA.'” More so, Dd2 is associated with MDR1, which affects response to
DHA, and all quinolines.

We also investigated the impact of different proportions of Dd2 and 3D7 mixtures on in vitro responses to DHA and
LUM. Contrary to responses to CQ, an increase in the Dd2 cellular fraction of the assays changed the ICsys of DHA to
lower values, with the response of the 3D7-only assay being twice as higher, geometric mean of 8.29 nM (4.22-12.14
nM) compared to that of the Dd2-only assay 4.77 nM (3.27-6.25n M), although this change was not significant (Table 1).
There was a trend towards increased sensitivity with more Dd2 in the cell mixture (Figure 1B). This trend towards
increased sensitivity with Dd2, was similar for LUM, with the Dd2-only fraction having a lower, but not significantly
different ICsy.

Mixed Infection in the Field Isolates

We looked at the presence of mixed infections in some of the Plasmodium field isolates studied using the McCOIL tool.
The genomic analysis showed that two of the field isolates (EF_79 and EF_89) are polyclonal (COI = 2) at the Pfcrt locus
and one at Pfdhps, indicating mixed infection (Table 2). The majority of the field isolates were monoclonal. All other
infections had a single haplotype across all drug resistance loci (Table 2).

Effect of Subtherapeutic Exposure to Drug Response

Drug Survival of Lab Isolates

Following 48 hours of exposure to antimalarial drugs, both P. falciparum 3D7 and Dd2 strains were inhibited, down to
about 25% survival within 24 hours of drug withdrawal for CQ and DHA (Figure 2A and B). Survival against LUM was
lower than 20% for all proportions of both isolates at 24 h post-drug withdrawal (Figure 2C). At 48 hours post-drug
withdrawal (96 hours from start of assay, equivalent to two cycles of in vitro growth), both 3D7 and Dd2 were
completely inhibited by DHA and LUM. For CQ, parasite revival or survival was observed for all assays where the
cell mixture included the resistant Dd2 strain, with the 3D7-only assay inhibited completely by 48 h post-drug
withdrawal.
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3D7 (C) and due to the resistance strain, Dd2 (D). The slopes of the plots (14.16 vs 319.00) show the extent to which a change in the proportion of the strains affects drug

response.

We monitored the rate of reinvasion of uninfected RBCs by lab strains after drug removal, as a surrogate for viability.
For CQ, reinvasion parasitaemia was significantly higher in assays that included the resistant Dd2 strain, achieving
parasitaemia of 1-2.5% as against complete inhibition for the sensitive 3D7 strain (Figure 2D). In mixed strain assays,
a higher proportion of the resistant strain is correlated with higher re-invasion rates as depicted by an increasing slope

Table | IC5o of Mixed Cultures

Co-culture | 3D7:Dd2-100:0 3D7:Dd2-75:25 3D7:Dd2-50:50 3D7:Dd2-25:75 3D7:Dd2-0:100 p-value
ICso Geometric mean/Range (nM)

CcQ 13.03 (10.80-15.33) | 23.69 (18.25-37.66) | 57.75 (34.11-102.94) | 47.84 (2.79-197.06) | 214.03 (152.46-307.87) | 0.0162
DHA 8.29 (4.22-12.14) 7.73 (5.24-11.60) 7.35 (3.15-11.27) 3.87 (3.12-5.42) 4.77 (3.27-6.25) 0.1975
LUM 2.87 (1.39-6.91) 351 (2.24-5.94) 2.18 (0.77-5.39) 1.47 (1.25-1.86) 1.52 (0.83-3.46) 0.346
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Table 2 Genetic Complexity of the Field Isolates

Sample ID | MCCOIL | PfKelch | P23.BP | Pfcrt Pfdhfr | Pfdhps Pfexo | Pfmdrl | Pfpgb
EF_89 2 WT WT CV[M/I[N/E]J[K/T] | IRNI FAKAS E N[Y/FID | VDDNII/T]T
Br_57 | WT WT CVIET IRNI SGKAA E NYD VDDNTT
FK_45 | WT WT CVMNK IRNI AAKAA E NFD VDDNIT
EF_79 2 WT WT CV[M/I][N/E][K/T] | IRNI [S/A]JGKAA | E NFD VDDN[I/T]T
FK_46 | WT WT CVMNK IRNI SGKAA E NFD VDDNIT
Br_82 | WT WT CVMNK IRNI SGKAA E NYD VDDNIT
FK_55 N/A - - CVMNK IRNI SGKAA - NFD -

Br_79 | WT WT CVIET IRNI SGKAA E NYD VDDNTT
GM2206035 | | WT WT CVIET IRNI SGKAA E NFD VDDNTT
GM2206052 | | WT - CVIET IRNI SGKAA E NYD VDDNTT
GM220613 | WT WT CVIET IRNI SGKAA E NFD VDDNTT
GM2206071 | | WT - CVMNK IRNI AGKAA E NYD VDDNIT
Br_55 | WT - CVIET IRNI SGKAA E NFD VDDNTT
Br_77 | WT WT CVMNK IRNI SGEAA E YYY VDDNIT
Br_83 | WT WT CVIET IRNI SGKAA E NYD VDDNTT

Notes: McCOIL = estimate of the complexity of infection (COI), PfKelch, P23.BP, Pfcrt, Pfdhfr, Pfdhps, Pfexo, Pfmdr| and Pfpgb are resistance markers for
artemisinin, piperaquine, chloroquine, pyrimethamine, sulfadoxine, piperaquine, multidrug and parasite genetic background, respectively.

(100:0 < 0:100 = 0.001521 < 0.06289) (Figure 2D). The final parasitaemia of assays with the resistant strains were
significantly non-zero (p < 0.05). Higher viability and re-invasion post-drug exposure were most evident for CQ. Both
3D7 and Dd2 strains were strongly affected by DHA and LUM exposure, with re-invasion parasitaemia of less than
0.2%. At these low levels of viability, the pattern of re-invasion did not correlate with the mixture proportions of strains
(Figure 2E and F).
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Figure 2 Survival under exposure of (A) CQ-200 nM (B) DHA-24 nM and (C) LUM-200 nM, and Reinvasion in mixed infection after exposure to (D) CQ (E) DHA, and (F)
LUM. The data represent the mean * SEM of triplicates from three independent experiments.
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Table 3 ICs of Field Plasmodium Falciparum Isolates from the Gambia

I1C50 (nM)
Isolates LUM PPQ CcQ DHA
EF_89 23.06 683.33 | Indeterminate | 0.77
Br_57 78.75 64.56 202.63 |.44
FK_45 57.27 24.24 14.39 1.71
EF_79 21.33 49.31 14.15 1.35
FK_46 13.62 37.62 5.87 1.53
Br_82 Indeterminate 128.44 13.37 1.66
FK_55 2.29 408.8 18.81 1.9
Br_79 22.59 7.95 178.3 0.47
GM2206035 61.67 25.53 187.3 .17
Dd2 24.445 137.3 202.22 2.285
3D7 691 160.06 | 12.76 1.84
Mean ICs, 35.07 158.86 | 79.35 1.33
Cutoff ICsq for resistance 150 100

Drug Survival of Field Isolates
We first determined the ICs, of field isolates of four conventional antimalarial drugs (LUM, PPQ, CQ, and DHA)
(Table 3). For isolates that carried the CVMNK wildtype haplotype for Pfcrt, the ICsy values against CQ were low.
Isolates with the CVIET-resistant haplotype had higher values, while multiclonal isolates with both genotypes had
intermediate 1Csps. Most isolates were sensitive to LUM, PPQ, and DHA based on the currently accepted cut-off for
resistance, except a few outliers.

Following exposure to sub-therapeutic drug doses of CQ, PPQ, DHA, and LUM, respectively, the growth of most
isolates was inhibited as depicted by a reduction in survival between time points 0 and 72 (Figure 3A—C). At 96 h, 10
(ten) isolates had over 50% viability following exposure to CQ, 3 (three) to PPQ, 1 (one) to LUM, and 9 (nine) to DHA.

For CQ, except for 3D7, almost all the field isolates and Dd2 recrudesced 24 h (time point 72 —96 h) after drug
removal, as shown by the increased survival rate of the isolates (Figure 3A). The isolates recrudesce after 24 h of
piperaquine (PPQ) removal (Figure 3B). However, some isolates showed persistent growth despite drug exposure as
exemplified by isolates Br_57 and Br 82 against CQ and DHA, respectively (Figure 3A and C). Isolate BR_ 57 was
tolerant to CQ, with a high ICsy (202.63 nM) (Table 3), and Pfcrt CVIET haplotype. Isolate BR_82, which had high ICs,
values to PPQ and LUM, rebounded to growth at 96 h against PPQ and DHA. The two lab isolates (Dd2 and 3D7) were
completely responsive to DHA as shown by a consistent decline in survival rate down to zero (Figure 3C). It was
worrisome to observe that after 24 h of drug removal, the majority of the field isolates had increases in survival rates
(time point 72-96 h), a characteristic not revealed by the ICs, assay. Isolates like Br 82 showed no response at all to
DHA. For lumefantrine (LUM), the lab isolates showed high sensitivity. For the field isolates, after 24 h of drug removal,
some of the isolates recrudesced (Figure 3D).

A composite comparison was performed on the field isolates for CQ, PPQ, DHA, and LUM, respectively (Figure 4A—
D). A composite comparison of the field isolates (to normalize the individual effects of each field isolate) to the lab
isolates showed that the field isolates are marginally more responsive than Dd2 to CQ, with a survival rate less than that
of Dd2 (slope = 0.00 vs —0.004135, p < 0.05) (Figure 4A). However, 3D7 was more responsive than the field isolates to
CQ (Slope = 0.00 vs 0.09578, p < 0.05) (Figure 4A). For PPQ, the survival was higher in the field isolates than in the lab
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counterparts (Dd2 and 3D7, 0.00 vs 0.007167 and 0.00 vs 0.02208, respectively) as shown by the higher relative survival
rate in Figure 4B. In the case of DHA, comparing the field isolates to the lab isolates showed that the field isolates are
less responsive to DHA in comparison to Dd2 and 3D7, respectively (0.00 vs 0.1223 and 0.00 vs 0.05865) (Figure 4C).
And lastly for LUM, comparing the field isolates to the lab isolates showed that the field isolates are less responsive than
Dd2 and 3D7, respectively (0.00 vs 0.09193 and 0.00 vs 0.06076) (Figure 4D).

Reinvasion in the Field Isolates

The reinvasion of the parasites was monitored in the uRBC-CTFR introduced at 48 h time point by measuring the
parasitemia at 72 h and 96 h time points, respectively, after CQ, PPQ, no- drug (steady state), DHA, and LUM exposure
(Figure SA—E). The slopes of the curves show the degree of invasion. The slope is directly proportional to the rate of
reinvasion.

Upon CQ exposure and removal, the reinvasion was significantly higher in Dd2 than in the field isolates (p < 0.0001),
with invasion rates of 0.1431 vs 0.003194%/h. Even though there was no significant difference observed between 3D7
and the field isolates, the rate of invasion of the field isolates was 4 times that of 3D7 (invasion rates 3D7 vs field isolate
= 0.000694 vs 0.003194%/h) (Figure 5A).
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Field isolates treated with PPQ showed lesser reinvasion than lab isolates (p < 0.0001), where the slopes were
0.03125, 0.005556, and 0.000264%/h for Dd2, 3D7, and field isolates, respectively (Figure 5B).

Under steady state (no drug exposure), the composite field isolates have lower invasion rates than the lab isolates
(Figure 5C). In comparison with Dd2, the reinvasion in the field isolate was lower (p < 0.0001) (invasion rate field isolate
vs Dd2 = 0.004583 vs 0.1035%/h), while comparing with 3D7, the slope was 0.004583 vs 0.05486%/h (p < 0.0001).

After DHA exposure, the reinvasion was marginally higher in Dd2 than in the field isolates (p < 0.0482) (invasion
rate Dd2 vs field isolate = 0.00208 vs 0.000611) while there was no significant difference between 3D7 and the field
isolates (p < 0.9105) (invasion rate 3D7 vs field isolate = 0.000694 vs 0.000611) (Figure 5D).

After LUM exposure, the reinvasion was higher in Dd2 than in the field isolates (p = 0.0166) where the invasion rate
of Dd2 vs field isolate was 0.001389 vs 0.000139%/h. But in comparison with 3D7, no significant difference was
observed (p = 0.2627)- invasion rate (3D7 vs field isolate = 0.000694 vs 0.000139%/h) (Figure SE).

Discussion

Mixed Infection
In areas of high transmission, individuals are typically infected with multiple P. falciparum genotypes. We therefore
investigated the impact of mixed infection on drug response while looking for its presence in field isolates. From the lab
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isolates, we demonstrated that mixed infection shifts the drug response, and the resistant strain is the major driver of drug
response in a mixed population of malaria parasites. This corroborates the findings of Liu et al and Co et al.'"®'* Each
genotype may have a different growth rate when cultivated, where the most fit strain outgrows others.”’ While there was
a reduction in CQ response with increasing level of the resistant strain, the reverse was observed for DHA and LUM.
Conventionally, the PfDd2 strain is associated with increased pfindr! copy numbers, which can reduce the antimalarial
drug response. However, there have been reports of inverse response to DHA and LUM.?!

We looked for the presence of mixed infection (complexity) in Gambian field isolates using the McCOIL tool.
McCOIL is a robust tool for understanding the complexity of infections across transmission settings.”> We detected
multiple clones in two isolates, EF_79 and EF_89, each carrying the two Pfcrt haplotypes — CVIET and CVMNK. In one
of our studies, we demonstrated that the presence of mutations in the Pfcrt gene (CVMNK and CVIET) can modulate the
response to other drugs.'” During mosquito’ bites, parasites with multiple haplotypes (complex genotype), including
those that are resistant are transmitted to people, causing multiclonal or polyclonal infection.”* These multiclonal
infections can lead to variable sensitivities to drugs determined by the genetic background of the infecting clones. The
frequency of mixed infection in endemic regions ranges from 30% to 60% and this is often associated with an increase in
malaria severity.>** This underscores the importance of regularly monitoring the presence of mixed infections and their
impact on drug response. Even though we detected mixed infection in the Gambian isolates, the overall ICs,y of the
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isolates, which were generally below the resistance cut-off means that the proportion of the resistant types is still low.
However, ICsys are not accurate enough to detect failure in some cases as our findings showed recrudescence of the field
isolates after CQ treatment, underscoring the importance of our mDSA. More so, the presence of polyclonal infections
with a background resistant haplotype drives drug response. This may explain the continued failure of CQ in malaria
treatment in the Gambia.*>

Subtherapeutic Drug Exposure
In this work, we used drug concentrations that are 10-fold higher than the median ICs, of the respective drugs obtained

5.2% We chose these 10-fold, which are sub-therapeutic, to

from the assessment of field isolates from western Gambia in 201
mimic what happens in real life where patients are exposed to suboptimal doses of drugs intentionally or unintentionally
through practices like the use of counterfeit drugs, incompletion of drug treatment, and other sharp practices common in
Africa.?®?” The mDSA measured the survival rate after drug exposure for 48 h and the re-invasion rate (slope) after drug
removal. The assay measured the ability of the parasite to survive after a complete cycle (48 h) of drug exposure and the
recrudescence of the parasite after drug removal. This assay quantified the viability of the parasites from a direct count of
the viable merozoites that emerge from drug-exposed schizonts and invade pre-stained uninfected RBCs by flow cytometry.

Our mDSA showed the Gambian field isolates are less responsive to CQ, with a survival rate and reinvasion higher
than the 3D7 control. This finding corroborates the higher ICso of the Gambian field isolates, which is >100 nM (cutoff
for CQ resistance) when compared to 3D7. Unlike other regions in West Africa, even after the withdrawal of CQ in
malaria treatment, Mbye et al reported that about 80% of the Gambian isolates still show selection for CQ, carrying Pfcrt
haplotypes. This could explain the high ICs, of some Gambian isolates for CQ."’

In the mDSA, response to PPQ was also low. Even though PPQ is not a commonly used antimalarial in sSA, it is
important to watch out for the development of resistance to this partner drug for DHA. Mutations to the Pfmdrl and
Pfert, which may be conferred by the use of other partner drugs, can lead to reduced sensitivity to PPQ.?**°

LUM showed failure as the field isolates recrudesced after drug withdrawal. In our current study, even though the ICs
s (except for one isolate) were generally below the resistance cutoff point (<150 nM), the recrudescence of LUM is in
tandem with our earlier report for LUM tolerance in The Gambia between 2012 and 2015.>> ACT resistance emerges on
a backbone of known genes, conferring drug resistance, Pfmdr! and Pfcrt, which could be selected by LUM treatment.

Our finding showed that sublethal exposure of the parasites to the conventional antimalarials leads to recrudescence,
giving room for reinvasion.*® The reinvasion of new RBCs by the parasite merozoite is affected by human, environ-
mental, and parasite factors.”> This is a common scenario where some people undermine the recommended dosing of

antimalarials, exposing the parasites to sublethal doses with eventual treatment failure.

Study Limitations
We used only lab isolates with known resistance polymorphism to chloroquine only. In future studies, we will use other
haplotypes with known resistance to other conventional antimalarials, for instance, DHA, PPQ, and LUM.

Conclusion

Our findings show that there is high reinvasion after subtherapeutic exposure to conventional antimalarial drugs. This
trend may be driven by uncharacterized tresistant genetic mechanisms circulating alongside the wild types of
Plasmodium falciparum. It becomes imperative to continually monitor the presence of mixed infection to act fast in
the policy framework of malaria control. The outcome of this work should be factored in therapeutic efficacy studies to
mitigate the impact of minority resistant strains of the parasites. More so, it is important to minimize the subtherapeutic
exposure of parasites to drugs via practices such as incomplete drug regimens, use of counterfeits with low active
ingredients, and other human activities that increase the risk of low drug exposure.
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