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The selection of resistance is inevitable whenever chemotherapy is necessary for pathogen control.
Notably, Plasmodium falciparum has developed multifaceted means to overcome the toxicity of nearly
all antimalarial medicines. To bypass this challenge, not only should novel drugs be developed, but the
resistance mechanisms to new and existing drugs need should be fully explored. Pyronaridine is a
companion drug in Pyramax®, a blend of artesunate (ASN)-pyronaridine (PRD) which is the WHO
prequalified alternative for malaria treatment in the African setting. However, half-life mismatch
predisposes the PRD to swift emergence of resistance especially in high malaria transmission settings.
However, there are no well-characterized PRD-resistant parasite lines. Previously, stable PRD- resistant
P. berghei ANKA lines were selected by in vivo drug pressure and preliminary results showed cross-
resistance with quinolines, therefore, hypothetically the activity of PRD and chloroquine or other
guinolines may be comparable, hence, the resistance mechanisms may be parallel. Consequently,
genetic polymorphisms and expression profiles of PbMDR-1 that could be associated with pyronaridine
resistance were examined by PCR amplification, sequencing and transcript quantification by RT-qPCR.
The transcripts level increased during resistance selection while translated PbMDR-1 sequence
alignment of PRD-sensitive and PRD-resistant was the same, the expression may be linked to PRD
resistance but not mutations.
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INTRODUCTION

Malaria is one of the most devastating infectious the past two decades, numerous strains of Plasmodium
diseases faced by the humanity in the 21st century. Over falciparum have developed resistance to nearly all anti-
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malarial drugs presented for clinical treatment of malaria
illness (Hanboonkunupakarn and White, 2015; Menard
and Dondorp, 2017).This development has prompted a
quest for new effective anti-malarial compounds with the
least side effects (Tang et al., 2020). One such strategy
for plummeting the malaria prevalence is the usage of
twin- or triple-anti-malarial drug combinations, which is
thought to protect each drug from the development of
resistance and reduce the overall transmission of malaria
(Dipanjan et al., 2017; Tse et al., 2019; Mishra et al.,
2017). In the last 20 years, over 60 countries and
territories have officially adopted artemisinin-based
combination therapy (ACT) for the treatment of
falciparum malaria (WHO, 2017). The artemisinin
derivatives cause a rapid and effective reduction in
parasite biomass as well as gametocyte carriage, while
the partner drug, which has a longer duration of action,
achieves effective clinical and parasitological cure.
Despite evaluation of different forms of ACT (Henrich et
al., 2014; Mishra et al., 2017), clinical failures or at least
longer parasite clearance times have been described in
western Thailand, southern Myanmar, and possibly in the
Vietham and Cambodia (Kyaw et al., 2013; Hien et al.,
2012). This emergence of parasite resistance to some
forms of ACT indicates that novel compounds and
combinations must be discovered and developed (Ouji et
al., 2018).

To overcome drug resistance challenge, several forms
of Artemisinin Combinational Therapies (ACTs) have
been evaluated and now the currently WHO prequalified
combination therapy, PRD/ASN (Ashley and Phyo, 2018;
Tse et al., 2019; Henrich et al., 2014), which deployment
is under a pharmacovigilance system in countries that
may consider the drug in their national treatment
guidelines (WHO, 2020). Pyronaridine (PRD) is the bis-
mannich base, an analog of amodiaquine and like
lumefantrine, it has been found to act through the
inhibition of B-haematin formation although the
mechanisms remain unclear (Chang et al., 1992; Croft et
al.,, 2012). Recently, attention has been renewed in
pyronaridine as a likely partner for use in artemisinin-
based combination therapy (ACT) for malaria treatment
(Croft et al., 2012; Tse et al., 2019). Indeed, PRD s
highly effective against CQ-sensitive and CQ resistant
parasites (Gupta et al., 2002; Vivas et al., 2008).
Although PRD has not been commercially available as
monotherapy or extensively deployed outside China, the
in vitro sensitivity to this drug decreased in China
between 1988 and 1995, suggested the emergence of
PRD resistance (Croft et al., 2012). Pyronaridine
resistance has previously been selected in Plasmodium
berghei and Plasmodium yoelii (Croft et al., 2012; Kimani
et al., 2014; Peters and Robinson, 1992); however, the
molecular organization of the phenotype was not
investigated. Pyramax® (PRD/ASN), remains active
against widespread Chloroquine (CQ) and Sufadoxine-
Pyrimethamine (SP) drug-resistant P. falciparum
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clearance of malaria infection, studies indicate that use of
drug combination with mismatched pharmacokinetics
does not prevent selection of the resistance against long-
acting drug (Hastings and Hodel, 2014; Li and Hickman,
2015). Artesunate is a short-acting artemisinin derivative
with half-life of less than 2 h, while PRD is long-acting
with half- life of 16 to 17days (Park and Pradeep, 2010).
Indeed, PRD which is left trailing in sub-therapeutic
doses within the body provides strong selection pressure
for fast resistance emergence. Thus the need to
understand the mechanism of PRD resistance towards
the elucidation of molecular surveillance and health policy
tools before or during drug use.

Single and multiple mutations, elevated transcript
profiles and increased copy numbers of the P. falciparum
multidrug resistance gene 1 (Pf PbMDR-1) have been
linked with most antimalarial drug resistance in P.
falciparum (Kiboi et al., 2014; Pradines et al., 2010; Tang
et al., 2020). Therefore, to evaluate the role of point
mutation and expression profiles in antimalarial
pyronaridine resistance, we used previously generated
stable PRD- resistant P. berghei ANKA lines by in vivo
drug pressure (Kimani et al., 2014). Documented studies
hypothesize that PRD mode of action may be
comparable to that of CQ or other quinolines drug;
consequently, they may share similar modes of action
and resistance mechanisms (Dorn et al.,, 1998;
Hanboonkunupakarn and White, 2015). As a result, the
goal of this study is to identify genetic polymorphisms and
expression profiles that could be associated with PRD
resistance in selected genes associated with quinoline or
any other anti-malarial drugs- preliminarily the multi-drug
resistant gene 1 (MDR-1). This study is aware that the
selected gene may not certainly be accompanying PRD
resistance, thus proposes employment of whole-genome
shotgun (WGS) sequencing approach and whole
transcriptome profiling (WTP) of the dilution cloned
resistant parasite using next sequencing generation
sequencer (lllumina) to identify novel genes and copy
number variation that may have accumulated during the
drug selection process.

MATERIALS AND METHODS

Parasites and experimental animals

The drug sensitive parasite lines of P. berghei ANKA acronymed as
PRD® was used as reference line, while PRD® is as previously
submitted to drug selection pressure and cloned as described in
detail (Kimani et al., 2014). Male Swiss albino mice weighing 20-22
g out-bred at KEMRI, Animal house Nairobi, utilized for this study.
The animals warehoused in the animal house in hard plastic cages,
standard polypropylene, and placed on commercial rodent feeds
and water ad libitum. Antimalarial PRD drug was newly made by
dissolving it in a solvent consisting of 70% Tween-80 (d = 1.08
g/ml) and 30% ethanol (d = 0.81 g/ml) and successively diluted ten-
fold with double distilled water. All experiment in this study involving
use of animals was conducted in accordance with KEMRI
guidelines, as well as, internationally accepted principles for
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Table 1. List of generations from pyronaridine resistant lines with the 50%
effective doses (EDso) determined for each of the generation obtained at
each drug selection passage determined by 4-Day suppressive test.

Passage No. 51 10" 15" 20"
5.2 17.32 89.11 102.12
4.8 19.08 76.97 95.87
ED(mg/kg)
4.74 18.61 70.08 78.90
97.13

laboratory animal use and care.

Dilution cloning of PRD resistant parasite

To generate genetically homogenous PRDR parasites, four different
generations from pyronaridine resistant lines (Table 1) were dilution
cloned as detailed (Janse et al., 2004). Briefly, a mouse with
parasitemia between 0.3 and 1% was selected as a donor mouse.
Then, 5 pl of infected blood (parasitized red blood cells, RBCs) was
collected from the tail of the mouse using pl of heparinized syringe
and diluted in 1 ml of 1 x PBS buffer. The number of infected
erythrocytes per 1 pl was estimated from 20 pl of diluted blood. The
cell suspension was then diluted further with 1 x PBS buffer to an
estimated final concentration of 0.5 parasites/200ul PBS. Fifteen
mice were intravenously injected each with 200ul /mouse of
parasitized RBCs. Cloning was considered effective when about
fifth to half of the inoculated mice tested positive and bared a
parasitemia of between 0.3 and 1% at day 8 post infection.

Determination of indices of PRD resistance

The stability of PRD resistant line was evaluated by: (i) measuring
drug responses after making five drug-free passages and (ii)
freeze-thawing of parasites from -80°C stored for a period of four
weeks followed by the measurement of effective doses in the 4-Day
suppressive test. Stable resistance was defined as the
maintenance of the resistance phenotype when drug-selection
pressure was removed for at least five passages in mice (Kimani et
al., 2014). Acquisition of resistance was assessed after every five
drug passages using standard 4-DT to confirm the response levels
of the parasite to the pyronaridine compound. 4-DT permits the
measurement of the EDsy and EDgo, as well as the index of
resistance at the 90% levels (o). The indices of resistance (lgo)
were defined as the ratio of the EDgo of the resistant line to that of
the parent strain as described by Kimani et al. (2014). Resistance
was classified into three categories based on an earlier work (Merkli
and Richle, 1980): lg = 1.0, sensitive, (2) lgo = 1.01-10.0, slight
resistance, (3) lgo = 10.01-100.0, moderate resistance and (4) lgo>
100.0, high resistance.

Pyronaridine sensitivity profiles tests

To assess the resistance profile of individual clones generated by
dilution cloning, the fastest growing clone among the four
generation was selected and evaluated for its response to PRD in
the 4-DT (Fidock et al., 2004). Briefly for each selected clone, mice
were infected intraperitoneally with 1 x 10° parasites/mouse. Oral
treatment of drug was initiated on day O (4 h post infection) and
continued for 24, 48 and 72 h post infection. Parasite density was
estimated microscopically (x100) after 96 h post parasite
inoculation using thin blood films made from tail blood. Parasite

growth was then followed for at least 15 days post-infection to
assess the recrudescence of the parasites after cessation of drug
treatment as earlier described elsewhere (Kiboi et al., 2014).

Parasite preparation and extraction of parasitic DNA

Parasitized blood cells were harvested from mice under general
anaesthesia, when trophozoite stages were most prevalent into
PBS (PH 7.2). In preparing parasitic DNA, mouse white blood cells
was removed by successive filtration of infected blood using
Plasmodipur filters (Euro-Diagnostica) as previously described
(Janse et al., 2004). Intact parasites were released from their host
red blood cells (RBCs) using RBC lysis buffer (Roche). Briefly,
packed cells was re-suspended in 5 volumes of cold (4°C)
erythrocyte lysis buffer for 5 min until the suspension becomes a
clear red colour before spinning at 2000rmp for 8 min to pellet the
parasite. Total genomic DNA of both the sensitive and resistant
parasites was extracted using commercially available QiAamp DNA
Blood kit (Qiagen) according to manufacturer’s instructions.

Amplification and sequencing of PbMDR-1 gene

A 4260-nucleotide length fragment of theMDR-1 gene was
amplified by Polymerase Chain Reaction (PCR). Briefly, MDR-1
gene was amplified by PCR and sequenced using the primer pairs
described by Kiboi et al. (2014) and also provided in Supplementary
Table S1. The reaction mixture consisted of approximately 200 ng
of genomic DNA, 0.5 uM of forward and reverse primers, 1X PCR
buffer (Promega), 2 mM MgCl,, 200 pM deoxynucleotide
triphosphate (dNTP) and 0.025 U DreamTaq polymerase
(Eurogentec) in a final volume of 25u pl. The thermo-cycler (Applied
Biosystems)) was programmed as follows: an initial 95°C for 5 min
followed by 30 cycles of 95°C for 1 minute, 48°C for 30 s and 68°C
for 5 min. A final 10-min extension step was done at 72°C. A MDR-
1 gene sequence was obtained from http://plasmodb.org.
Accession No. PBANKA_123780. Primers for amplification and
sequencing were manually designed (Table 1). Products of PCR
amplification were analysed using gel electrophoresis system. After
PCR products were purified by GeneJET™ PCR purification Kkit,
sequencing was conducted using ABI Prism Big Dye Terminator
v3.1 (Applied Biosystems, CA, and U.S.A) cycle sequencing ready
reaction kits according to the manufacturer’s instructions.

Evaluation of gene expression of PboMDR-1gene

To determine the expression profile of the PbMDR-1 at specific
selection stage presented as 5th, 10th, 15th and 20th drug pressure
passage, clones were generated by dilution cloning and the best
growing clone among the generations were selected as described
earlier (Janse et al.,, 2004). To assess the mRNA transcripts
guantity of PMDR-1gene, briefly fresh parasites were centrifuged
and the pellet prepared. The total RNA was extracted from at least
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Figure la. The indices of resistance recorded during selection of antimalarial pyronaridine resistance determined by 4-Day
suppressive test. (b) Growth profiles of the best growing clones generated by dilution cloning of the pyronaridine resistant parasite
of 20" passage number (PRDF) compared to the wild-type drug sensitive line (PRDS). The data points were gotten from an
averaging parasitaemias observed from tail blood film of five mice per group.

1 x 10° parasites based on High Pure RNA extraction kit (Roche™).
The RNA was immediately used for cDNA synthesis following the
Transcriptor First Strand cDNA synthesis kit (Roche™).Briefly, the
Transcriptor Reverse Transcriptase (20 U/ul) were added to first
strand cDNA and RT reaction mix was incubated at 50°C for 60
min, then at 85°C for 5 min and finally chilled on ice. The cDNA was
used as template for RT-PCR assays or stored at =15 to -20°C for
longer period. Primers (Supplementary Table S2) were designed to
run the reactions for PoMDR-1 in the same plate by using similar
cycling conditions. Relative quantification of transcripts was
performed using the housekeeping gene PbB-actin
(PBANKA_145930) as a reference gene. The difference in relative
expression levels of PbMDR-1 was calculated from 272! value
after normalization of data to actin (Livak and Schmittgen, 2001). All
analyses were performed triplicate. The conditions for these
reactions were: 94°C for 4 min; followed by denaturation at 94°C for
15 s and annealing/extension at 56°C for 30 s, for 40 cycles.

Data analysis

Gene sequences were manually compiled, then compared between
drug selected and unselected clones (Altschul et al., 1990) and
then analysed using MEGAX software (Kumar et al., 2018). The
relative expression level data was normalized using PbB-actin as
endogenous control gene using the formula 22T (Livak and
Schmittgen, 2001).

RESULTS AND DISCUSSION

Previously, stable PRD- resistant P. berghei ANKA lines
were selected by in vivo drug pressure (Figure 1a). The
fastest growing clone of PRD resistant line (PRD™) was
selected and subjected to drug sensitivity profiles (Table
1, Figure 1b). Subsequently, the best growing clone with
high resistance profile was considered for the evaluation

of genetic polymorphism and quantification of transcripts.
Then the MDR-1 coding sequence of both PRD-Sensitive
and PRDR clones were amplified and sequenced
(Supplementary Figure S1). To explore the potential
modulatory and compensatory role of MDR-1, the mRNA
transcript level was measured. Consequently, these
results demonstrated that the transcripts level increased
during selection of pyronaridine resistance (Figure 2),
while the translated PbMDR-1sequence alignment of
PRD-sensitive and PRD-resistant was 100% identical
(Supplementary Figure S2). Consistence with part of in
vivo results, Pradine et al. reported the absence of
association between pyronaridine in vitro responses and
polymorphisms in genes involved in quinoline resistance
in Plasmodium falciparum (Pradines et al., 2010).

The global dissemination of drug-resistant P.
falciparum is spurring intense efforts to implement
artemisinin  (ART)-based combination therapies for
malaria, including ASN/PRD. Nevertheless, resistance to
at least one component of some forms of ACT currently
in clinical use has been documented, and it is feared that
ACT will gradually lose its clinical efficacy due to
widespread use. Individual P. falciparum parasites with
longer clearance times have been described in Cambodia
(Rogers et al., 2009).

The biggest challenge at present is genetic elasticity
and high frequency of human malaria parasite P.
falciparum to develop resistance to structurally and
mechanistically related and unrelated drugs (accelerated
resistance to multiple drugs, ARMD) (Rathod et al.,
1997), ARMD is characterized by the ability of a strain to
generate a drug-resistant clone when put under drug
pressure. This results from the high mutation rate during
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parasite multiplication. The goal of the present study was
to investigate the role of multidrug resistance gene -1
which is known to be associated with reduced quinoline
susceptibility in modulating PRD resistance. Previously,
PRD resistance line was developed for over a period of
six months and cloned the parasite which was highly
growing and with the highest resistance; however, the
mechanisms underlying this resistance was nhever
investigated (Kimani et al., 2014).

It has been proposed that the selective pressure for
resistance to PRD-ASN combinations would be exerted
by the longer-acting PRD component. The mechanism by
which resistance to pyronaridine develops is unknown,
but may be due to a direct effect on the pyronaridine
mechanism of action or modulation of targeted gene. For
instance, Wu et al. (1988) described an increase in the
number of food vacuoles in trophozoites from a
pyronaridine-resistant P. berghei (RP) line, some of
which were fusing. There was also a marked reduction in
the digestive food vesicles containing malaria pigment
granules for both trophozoites and schizonts and typical
hemozoin grains were not formed in the pyronaridine-
resistant parasites (Auparakkitanon et al., 2006; Wu et
al., 1988). These and other ultra-structural differences
suggested that resistance may be due to a direct effect
on the pyronaridine mechanism of action. Another study
by Li et al., found over-expression of a 54 kDa protein in
a pyronaridine-resistant strain of P. berghei (ANKA) (Li et
al., 1995). The protein was localized mainly in the
cytoplasm of erythrocytic stage trophozoites, schizonts
and merozoites and less commonly in the cytoplasm of
infected erythrocytes(Li et al., 1995). Interestingly, a 54
kDa protein is also expressed in chloroquine-resistant P.
berghei (ANKA) suggesting a common effect, though
whether this is related to resistance development remains

unknown (Li et al., 1995). Notably, Qi et al. proposed that
antimalarial pyronaridine could be an inhibitor of P-
glycoprotein mediated multidrug resistance in tumor cells
(Qi etal.,, 2002; Qi et al., 2004).

The P. falciparum multidrug (MDR) resistance protein

(PfMDR-1) has been implicated in altering parasite
susceptibility to a variety of currently available
antimalarial drugs. Point mutations in PfMDR-1 have
been associated with changes in parasite susceptibility to
Chloroquine, Quinine, Mefloquine, and Artemesinin
derivatives in both laboratory lines and clinical isolates;
however, these mutations have limited use as molecular
markers (Duraisingh and Cowman, 2005; Woodrow and
Krishna, 2006).

Conclusion

Comparison of coding region of parent strain and
pyronaridine resistant line revealed that the nucleotide
and translated protein sequence of the PbMDR-1 was
identical. Thus, point mutation in MDR-1 was not involved
in the generation of pyronaridine resistance. However,
the expression levels of the gene increased in tandem
with the increase of the resistance implying that the
expression profile may be linked to PRD resistance.
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Table S1. The primer sequences used for PCR amplification and sequencing
PbMDR-1 candidate gene.

Primer name
PbMDR-1-1F UTR
PbMDR-1-R (UTR)

Primer sequence (5’ to 3’): PCR primers
GTCTAAATGTTGTAATTTGTTGTCCT
GACATTATCTAATTTCATCACCTTG

Primer name

PbMDR-1-F (UTR)

Pbmdr-1: sequencing primer (5’ to 3')
TTCACGCTATAAAAGTACAGACTA

PbMDR-1-1R CAGTATCATTCACACTTTCTCC
PbMDR-1-2F GTGCAACTATATCAGGAGCTTCG
PbMDR-1-2R CACTTTCTCCACAATAACTTGCTACA
PbMDR-1-3F GCAGCTCTATATGTAATAAAAGGGTC
PbMDR-1-3R GTCGACAGCTGGTTTTCTG
PbMDR-1-4F CTTTGAATTACGGTAGTGGCT
PbMDR-1-4R TCGCTAGTTGTATTCCTCTTAGA
PbMDR-1-5F TGGAGTAGTTAGTCAAGATCCT
PbMDR-1-5R GTGCCTTGTTCAACTATTACAC
PbMDR-1-6F TCAAATAGAGATCAAGAATCAACAGG
PbMDR-1-6R GGATATAAACCACCTGCCACT
PbMDR-1-7F GCCAAGTAAACCATCATTCTTCA
PbMDR-1-7R TCGCGTTGTAATGGTATATGCT
PbMDR-1-8F GGATTTTTATCGTCGCATATTAACAG
PbMDR-1-8R TAGCTTTATCTGCATCTCCTTTGAAG
PbMDR-1-9F TGCAATAGATTATGACAGTAAAGGGG=-
PbMDR-1-9R ATCTTTCAAATCGTAGAATCGCAT
PbMDR-1-10F CTTCAAAGGAGATGCAGATAAAGCTA
PbMDR-1-10R GATTCAATAAATTCGTCAATAGCAGC
PbMDR-1-11F TGCAATAGTTAACCAAGAACCAATGT

PbMDR-1-11RUTR CAATAGCCGATTAAAAGAAAAAACGA

Table S2. Real-time PCR Primers used to assess PbMDR-1 transcription levels with PbB-actin as endogenous control.

Primer Name Primer Sequence (5’ to 3’) Position Length Tm GC%
PbMDR-1-F GACCCAACAGACGGAGATATTG 1282 22 62.2 50

PbMDR-1-R GTCCACCTGACAACTTAGATGAG 1723 23 62.2 47.8
PbMDR-1-F CTGTAGCAAGTTATTGTGGAGAAAG 716 25 61.9 40

PbMDR-1-R CTCCGTCTGTTGGGTCATAAA 1297 21 61.8 47.6
PbMDR-1-F TGGAGAAACTGGATGTGGTAAA 3471 22 61.8 40.9
PbMDR-1-R AGGCTCTAGCAATAGCAACTC 3976 21 61.7 47.6
PbMDR-1-F CAGGAGCTTCGTTGCCTATT 188 20 62.2 50

PbMDR-1-R AGCCACTACCGTAATTCAAAGT 928 22 62.1 40.9
PbMDR-1-F TTCTGATACAGGTGCTGCTAAA 2142 22 61.8 40.9
PbMDR-1-R GGATATAAACCACCTGCCACTAT 2399 23 61.9 43.4
Pb B-actin -F CAGCAATGTATGTAGCAATTCAAGC 392 24 61.8 56.8
Pb B-actin —R CATGGGGTAATGCATATCCTTCATAA 523 25 61.7 58.9
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Figure S1. Gel photo of amplified mdr-1 gene isolated from both sensitive (PRD%) and resistant
clone (PRD) that was and run against gene ladder and positive control.
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Figure S2. Pbmdr-1-S (Sensitive clone) and Pbmdr-1-R (Resistant clone) alignment by Clustal Omega.
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