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Induction of Multidrug Tolerance in
Plasmodium falciparum by Extended
Artemisinin Pressure

Technical Appendix

We use the term quiescence, rather than dormancy, to refer to the particular cell cycle
arrested status resulting from the severe cellular oxidative insult induced by exposure to
artemisinin (1). Quiescence refers to a metabolically active, nonreplicating cell that is
resistant to multiple environmental insults, whereas dormancy is a common (not induced)
condition found in many species and describes the propensity of pathogens or seeds to arrest
their growth (2,3). Several metabolic pathways and organelles, including the mitochondrion
and the apicoplast, are reported as active in artemisinin-exposed sensitive parasites (4).

It appears that all P. falciparum strains whatever their genetic background, enter
quiescence after exposure to artemisinins, although the rate of recovery differs among
susceptible strains, suggesting that artemisinin-induced dormancy is a conserved trait in
Plasmodium falciparum parasites (5,6). This baseline propensity, which is also observed after
pyrimethamine or mefloquine treatment and results in late recrudescence (7,8), probably

accounts for the late and low-rate recrudescence of the F32-TEM line.

The situation differs markedly in artemisinin-resistant parasites of the F32-ART
lineage that have acquired a 1-3 log higher recovery rate/quiescence capacity after exposure
to dihydroartemisinin than susceptible strains (9,10). We reported that F32-ART3 remained
quiescent after long exposure (>96 h) to high doses of artemisinin (>70 umol/L) and quickly
recovered after removal of artemisinin (1). This finding indicates a remarkably strong
capacity of parasites to withstand toxicity of artemisinin, which is consistent with
modifications of metabolic composition of artemisinin-resistant parasites documented by
recent transcriptome studies that indicate increased expression of unfolded protein response
pathways (11). Artemisinin-resistant parasites also display a decelerated progression through
the first part of the asexual intraerythrocytic development cycle (11), which might favor

quiescence upon exposure to artemisinin.
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Ring-Stage Survival Assay Performed with Atovoquone and Amodiaquine

A ring-stage survival assay was performed with 0—3-h-old ring-stage F32-ARTS5 and
F32-TEM parasites exposed for 6 h to 3 umol/L amodiaquine or 0.3 pumol/L atovaquone.
Similar, increased survival rates were observed for both lines (27% and 32% for amodiaquine,
and 20% and 27% for atovaquone). These results are consistent with the insensitivity of ring
stages to quinolines that inhibit mature stages, are inactive on young rings, and require a long

incubation time (12), and with mode of action of atovaquone that targets mature stages (13).

The recently developed ring-stage survival assay monitors susceptibility to fast-acting
molecules, such as artemisinin derivatives, and is sensitive for young developmental stages.
Therefore, this assay is irrelevant for long-acting molecules and those molecules that exert

their inhibitory power at later developmental stages (such as amodiaquine and atovaquone).

Specific assays should be implemented to detect multidrug tolerance in the field.
Improvements to the recrudescence assays used are warranted because they are time-
consuming and labor-intensive. These assays should be conducted in addition to those
currently used in field-based settings. The novel multidrug resistance phenotype should be
evaluated for possible emergence in the field alongside possible selection of genuine

resistance to the partner drug.
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Technical Appendix Table. Genotypic characteristics of Plasmodium falciparum F32-ART5 and F32-TEM lineages for known
or candidate drug-resistance genes*

Gene Name Nucleotide Amino acid
PF3D7_0709000 crt 3D7 type 3D7 type
PF3D7_0523000 mdrl A551T T1512A G1948A A1954G Y184F N504K D650N N652D
PF3D7_1303500 nhel C21G C2605T G4140T T4670C H869Y K1380N F1557S
PF3D7_0417200 dhfr 3D7 type 3D7 type
PF3D7_0810800 dhps G426A T1306G S436A
PF3D7_1447900 mdr2 G623A T1268A A1474G A2127C S208N F423Y 1492V 17091
M76611, mal_mito_3 cytb 3D7 type 3D7 type

*Shown are sequence characteristics of F32-ART5 parasites surviving pressure cycle 123. Sequence is identical to that of F32-ARTS5 collected at
pressure cycle 120 and to F32-TEM (9). Reference sequence is 3D7 (plasmodb.org). crt, chloroquine resistance transporter; mdrl, multidrug resistance
1; nhel, Na*/H* exchanger 1; dhfr, dihydrofolate reductase; dhps, dihydropteroate synthase; cytb, cytochrome b.

Page 3 of 5


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20863228&dopt=Abstract
http://dx.doi.org/10.1086/656476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8542997&dopt=Abstract
http://dx.doi.org/10.1006/expr.1995.1149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11897575&dopt=Abstract
http://dx.doi.org/10.1128/AAC.46.4.958-965.2002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24352242&dopt=Abstract
http://dx.doi.org/10.1038/nature12876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25502314&dopt=Abstract
http://dx.doi.org/10.1126/science.1260867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25502316&dopt=Abstract
http://dx.doi.org/10.1126/science.1260403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8983859&dopt=Abstract
http://dx.doi.org/10.2165/00003088-199630040-00002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23573547&dopt=Abstract

24-h drug pressure 48-h drug pressure
)

| \
F32-ART3 | | F32-ARTS |
10 —

T T PFaD7 1302100 #

“TPF3D7 1115700 PF3D7_1459600
PF3D7_1464500

<=

-
PF3D71343700 -K13

Artemisinin dose, umol/L
'
T4

0.1

*

0 10 20 30 40 50 60 70 80 90 100 110 120 130
No. artemisinin pressure cycles

0.01

Technical Appendix Figure 1. Stepwise artemisinin selection of Plasmodium falciparum F32-ART
lineage and sampling for molecular and phenotypic studies. F32-Tanzania parasites were exposed to
increasing artemisinin concentrations (1,2) for 123 consecutive cycles and analyzed by using whole-
genome sequencing and PCR to detect more precise time windows of acquisition of specific
mutations. Dashed double-headed arrows indicate selection window during which individual mutations
arose and were fixed. The last whole-genome sequencing (#) performed on the F32-ART5 line (drug
pressure cycle 123) confirmed the presence of the 8 mutations detected in F32-ARTS5 from pressure
#120 and showed no additional mutation or gene copy amplification. The D56V mutation of
PF3D7_0110400 (RBP-9) was acquired between cycles 23 and 39; the M4761 mutation of
PF3D7_1343700 (K13 locus) was acquired between cycles 23 and 30; the double mutation of
codonl104, E104stop of PF3D7_0213400 (PK7) was acquired between cycles 56 and 68; the S69stop
mutation of PF3D7_1115700 (falcipain2a) was acquired between cycles 68 and 98; the P201T
mutation of PF3D7_1302100 (Pfg27) was acquired between cycles 56 and 120; the S292T mutation of
PF3D7_1459600 (unknown function) was acquired between cycles 56 and 120; and the N1629S
mutation of PF3D7_1464500 (unknown function) was acquired between cycles 56 and 120 (1). As in
vitro phenotyping experiments conducted on F32-ART lineage lasted several months, parasites were
cultivated under regular drug pressure to ensure maintenance of the phenotypic characteristics.
However, assays were performed once a stable concentration/duration of pressure was achieved. The
windows corresponding to F32-ART3 and F32-ARTS5 are indicated by the solid double-headed arrows.
Black stars indicate intermediate lines from the F32-ART lineage tested by using ring-stage survival
assay (RSA)%-3h and RSA3-16h (Table 2).
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Technical Appendix Figure 2. Recrudescence curves of synchronous ring-stage parasites of
Plasmodium falciparum F32-ART5 (dashed lines) and F32-TEM (solid lines) after a 48-h exposure to
various antimalarial drugs. Curves show the percentage of parasite recrudescence (i.e., cultures
having reached day 0 parasite density) vs. time. A log-rank (Mantel-Cox) test was used for statistical
analysis, and corresponding p values are reported in Table 3. Small black vertical tick marks indicate
individual F32-TEM lines whose recrudescence times have been right-censored because the parasite

line did not recrudesce during the monitoring study.
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