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Malaria control and elimination efforts are hampered by widespread resistance to frontline antimalarial drugs. Resistance has developed to all antimalarial drugs in clinical use. BElI Resources, a NIAID-fund_ed_prog%ram managed by ATCC, serves researchers worldwide through the provision of drug-resistant reference strains,
which are critical for the development of diagnostics, vaccines and therapeutics, and are available to qualified registered investigators and institutions. Bioresources within BEI include well-characterized malaria isolates as part of the Malaria Research and Reference Reagent Resource Center (MR4). Concerted efforts are made
to acquire, produce, authenticate écha_racterlze_), preserve, and distribute drug-resistant strains of topical interest to the malaria research and control community. As part of our efforts to provide well-characterized drug-resistant reference isolates, we have been measuring in vitro antimalarial susceptibility of malaria isolates
acquired from different malaria-endemic countries since 2012. SYBR® Green I-based IC50 assays were used to determine the susceptibility of >100 catalog isolates agamst a standard panel of drugs, including chloroquine (CQ), artemisinin (ART), quinine (QN), pyrimethamine (PYR), sulfadoxine (SDX), and cycloguanil (CYC).
Additional antimalarial susceptibility testing was performed against a secondary panel of drugs, including halofantrine (HF) and lumefantrine (LM). Because standard IC50 assays poorly capture in vitro parasite susceptibility to artemisinin drugs and piperaquine, ring-stage survival ass%ys and piperaquine-survival assays were
also performed on a subset of isolates &n = 22), which were primarily deposited into BElI Resources as showing sensitivity or resistance to these drugs. Our results reveal a range of drug susceptibility profiles for the different isolates and provide valuable information to assist current and prospective users of the BEI Resources

repository in making data-driven requests of isolates to meet their research needs.

BACKGROUND TECHNICAL APPROACH SUMMARY RESULTS

**Malaria control and elimination efforts are hampered by widespread resistance to front-line antimalarial (1) Grow culture-adapted  (2) Incubate parasites  (3) Lyse parasites & label them  (4) Analyze data using A 275 . y=0Br+ 13 B | _*] y= 0331 23
drugS parasites & synchronize with serial dilutions with a DNA-fluorescent dye. GraphPad Prism — o 250 5 ' < 225 .
] by sorbitol treatment of the antimalarial Obtain fluorescence readout obtain sigmoidal curves . o w _— t .
IC 5 erial diutions of drug and drug ICs, values it 2.4 1 . £ 40 * "i‘ - .
: : : : : Drug Assays _— NANRANRRNANRNANRN KB S 2.00 - s "4 *
“*Funded by the National Institute of Allergy and Infectious Diseases (NIAID), BElI Resources provides - : N :> adddacodsasaE = / = i E 2.00 %E“ 1.75 1 . . o
: e o : . : : g r el 000000000000, | - 7S 75 -
registered researchers and institutions worldwide with a centralized repository for the acquisition, ( I 1111111 e =2 _ W £ 5 - S
: : . : C : . . =N 0000000000 @) redne - | 5 = 140 g
production, characterization, preservation, storage and distribution of well-characterized drug-resistant @ S . §§§§§§§§§§§§}a . o 5 2 125 o
' ' ' - - . cx <3 oo, o) i 1.25 1 =
malaria strains. The Malaria Research and Reference Reagent Resource Center (MR4) integrated with row cuture- | (5 g - e e Y g 2 1.
1 adapted Schizontr No-drug Drug-exposed EI'-I . . E
BEI| Resources in 2010. Ceresiitsio == g . e
>5% > . Drug exposure 5
_ . _ _ o _ _ _ parasitemia ﬂ;;f’s’t'a‘;'g 6 hrs. DHA 0.50 0.50 . . . . . . . .
»The present StUdy measured /n vitro antimalarial SUSCepthI“ty prOflleS of >100 strains in the BEI Zﬁif:fcm ] - - o Lsg-irarlgfﬁnrrr:eﬁg Er:I.;ﬁrnqiiaDe Iézﬁ R e L|:|E1I '%?anﬁllnﬁiﬁmeJ g]hh:ur|1:|.t?:|ﬂinezljtjli‘i]| S
. . . . . . . > 5 - S0
Resources Catalog with the goal of helping registered and prospective users make judicious data-driven oo, ] El . :
requests of isolates Drug Wesh out v Figure 3. Correlation between in vitro activities of antimalarial drugs. Scatter plots of IC., data recapitulate previously defined
' Q 1 ‘” o% - .v'ab'e activity relationships between drugs. This includes the positive correlation between the potency of chloroquine (CQ) and quinine
> = |_> | :> |:> I::> (Panel A), and the inverse relationship between the in vitro activities of CQ and lumefantrine (Panel B).
Parasite 988 uol (=] " 80 - |
MATERIALS & METHODS Survival Assays \ 4 - v ot 5 Dead ' vl Rt e PP enpoar _ _ _
(1) Perform schizont  (2) Incubate purified (3) Synchronize (4) Incubate parasites with (5) Estimate parasite " Figure 4. Parasite SUI'VIV.a| Rates after
enrichment using mature schizonts early rings by drugs at pharmacologically =~ viability (survival) T 60 - exposure to pharmacologically relevant
BE|l Resources Plasmodium falciparum strains used Percoll gradients for exactly 3 hrs sorbitol treatment  relevant concentrations using microscopy ; DHA or PPQ concentrations. Blue and
o | green dots show data for DHA and PPQ
. : : C e & 40 respectively. The dotted red line is a
109 P. falciparum isolates in the BEI Resources Catalog were assayed for in vitro drug sensitivity. Figure 1. Schematic representation of antimalarial susceptibility testing for malaria isolates using standard IC50 Drug Assays (Top g . + previously — defined  threshold  for
panel; steps 1 — 4) and Parasite Survival Assays (Bottom panel; steps 1 — 5). Drug concentrations were converted to their natural E, 30 5 it categorizing parasites as either drug-
& These include the Widely used 3D7 (MRA-102) and Dd2 (MRA-150) parasites. logarithm to plot the sigmoidal curves and estimate IC50 of each compound S 20 4 : Vs + $ susceptible (below the line) or drug-
S S TS0 A AN, + _____ . 4 resistant (above the line). Both susceptible
_ _ RESULT 2 - and resistant isolates are adequately
*»» Parasites were grown in leukocyte-depleted human type O+ erythrocytes. Omﬁgéﬁééﬁﬁﬁﬁﬁg*ﬁgggﬁ - represented in the BEI Resources MR4

~—

N

o
1

— = = = = = w= x= = = w—=  x= = = = = = = = = =
|||||||||||||||||

. . : s . : sidddédcsdididdddedidisd repository
" - . " mg mgm u = = =2 =2 =2 = =2 2 = =2 =2 2 =2 =2 =2 =2 =2 = =2 = = =2
Standard in vitro antimalarial susceptibility testing Malaria isolates in the BEl Resources Catalog exhibit a range of antimalarial IC,, values - = ==
270 - 35 - JE0 g o= o e e e e e e e e e e = = e = == ==
. T . . . . . . : 400 4
% In vitro susceptibilities of isolates were measured against standard antimalarial compounds including N 2 . . k SUMMARY
chloroquine (CQ), quinine (QN), artemisinin (ART), pyrimethamine (PYR), sulfadoxine (SDX) and Z 100 ! \ ¥ _ < a0 | Femimg "‘“\
. . . . . . 3 - IPC_6403 S o H_.; Ddz N¢ 1 1 " 1 1 I I ithili I 1
cycloguanil (CYC) using the standardized SYBR Green Antimalarial Assay'2. A subset of isolates (n = 2] l/ - SR gy % | i ﬁjr « Over a hundred isolates with unique in vitro antimalarial susceptibility profiles are available to the
. . . S 120 S5 . L AR o ® ) © 200 . . ,
26) were also tested against a secondary drug panel (lumefantrine and halofantrine). S | g [/_ F ok MR | Hl 4 + 1 malaria  research ~ community  through  NIAID's ~ BEl ~ Resources  Program
I H Ty R LA TN o [T+ 1& # £ ; (https://www.beiresources.org)
. , , _ _ _ _ SARK I N A EX IR R AU b L L ¢ ‘_]H ¢t :i ' L g o .
< Antimalarial test compounds were obtained from the WorldWide Antimalarial Resistance Network ; 'Zz%?./;.'iii“;';'} -‘;_;.{.“,,",,\ﬁ‘_-ﬂ‘if:“ R SRR N TSR T & ﬁ*::r*‘*- * * Standard IG5, assays reveal significant variation in drug susceptibility among BEI| Resources F
(WWARN), Sigma-Aldrich, Toronto Research Chemicals (TRC) and MP Biomedicals. N NN 00 D D w0 e 7 @ w0 0 0 IR IR falciparum isolates (Fig. 2). This extensive variation in drug response was observed across all the
Q drugs tested except quinine, which was potent against all the isolates, and sulfadoxine, which was
< Drug assays were run in triplicate at 0.5% parasitemia and 1.5% hematocrit in 96-well plates. Each o oo inefiective against all the isolates analyzed (Fig. 2).
assay run included laboratory control parasite lines, 3D7 (MRA-102) and Dd2 (MRA-150). ol . e J | - < The drug susceptibility status of each isolate matched the drug response phenotype indicated by
L E=] T A m# 11l H IS oo ] I 't the isolate’s depositor.
< Dose-response curves and half-maximal inhibitory concentrations (ICx,s) for each drug were determined ca T (eS Y f w Tl \ % iR, 3 . N e - -
. P y 50 9 ;# IS . gm0 p i } T H _{%- 2 3000 b 14 % *» We observed that absolute ICs, values vary significantly even within the two defined categories of
. . ny wgw . . I I o *. ) = Tea® | & * e '. | Lf o _ l T 25000 4 e l T e 1| T . . . . . . .
from the parasite growth inhibition data using GraphPad Prism v8.0. i é‘ e EsI fURIRR w % 5 20000 *\J! A ot ++d }l susceptibility and resistance, suggesting a multigenic inheritance of drug resistance.
SR L QPP ol AL o[t __ & 200 N I . e | : = 15000 4 s & S ' _ _ _ _ - _
i . : - : : : . (PR N %Jﬁ# ‘ ool Lo | rot B t oo { e et ﬁ *» Parasite survival assays are more informative than traditional IC5, assays at assessing ART and
In vitro Antimalarial Susceptibility Testing using Parasite Survival Assays T ! = S N A L S [ PPQ susceptibility
. m 20 30 fl.EI 5;] E.EI J0 80 20 100 110 ’ 0 ’I.III 2ll:l 3ll:l 4.|:I Ell:l ElEI ?'TII B.EI BlEI 1|I.I|II 1';EI ’ 0 10 20 30 40 &0 ®BO 70 80 S0 100 110 .
. . o o Assigned |sclate [D Assigned Isolate |D Assigned | solate 1D References
“ Because IC;, Assays fail to accurately capture parasite susceptibility to artemisinins (ARTs) and Fiaure 2. Absolute d tibility of BE| | | | o o | |
: : T : : : 34 200 ; T ilgure <. Absolute drug suscepubiiity o 1. Ahmed AOA, Nkhoma SC, Zaman S, Rashid S, Bradford R, Stedman TT, Molestina RE. In vitro antimalarial susceptibility profile of Plasmodium
piperaquine (PPQ), SUSCeptlblllty to these drugs was measured uSing Parasite Survival ASSGyS. ! - S P. falciparum isolates. Each dot on the plot falciparum isolates in the BEI Resources repository. Antimicrob Agents Chemother. 2024 Oct 8;68(10):e0118923.
o ol 21 i represents a previously suggested ICs, for @ 2 Hartwig, C.L., Ahmed, A.O., Cooper, R.A., Stedman, T.T., 2013. METHODS IN MALARIA RESEARCH. 6th ed., pp. 122-129, MR4/ATCC,
_ _ S o[ Fovme - =10 e single isolate. The dotted red line represents the Manassas, VA.
+» Parasites were exposed to a pharmacolog|CaIIy-reIevant drug dose (7OOHM DHA for 6 h and 200nM PPQ ic;m _}/” l . %ij}"hﬂ?;f; ’(‘jh"eShO'd _I_O" C?tt)e?orizi?r? p?ras),ites as ?i’f[he'; 3. Witkowski, B., et al 2013. Novel phenotypic assays for the detection of artemisinin-resistant Plasmodium falciparum malaria in Cambodia: in-
: _ T : @ 0 . 27 e - rug-sensitive  (below the line) or resistan vitro and ex-vivo drug-response studies. Lancet Infect Dis 13, 1043-1049.
for 48 h) in 48-well plates undgr Stanqard culture COndItIOn.S. Drug was then removed’ ana paraSIteS £ 1;2 l +' = k _________ ?i ' ___* _____ i (R (above the Ime). _Previously  suggested 4. Duru, V., et al. 2015. Plasmodium falciparum dihydroartemisinin-piperaquine failures in Cambodia are associated with mutant K13 parasites
were allowed to recover and prollferate In normal growth media. ué B0 - k " l S 4 + ; ;ﬁ o T lCS?JQreh;h?lds for(;n w:ro CQ- r?3|stan?;e 76)“6 38 presenting high survival rates in novel piperaquine in vitro assays: retrospective and prospective investigations. BMC Med 13, 305.
= . T * 1 oa - 0] n or moderate resistance an
ig it , . 'r ?. >100nM for high-grade resistance (45-47). Acknowledgments
o O : : : : : : : - ; - - ' ¢ . Thresholds for QN, PYR, SDX, CYC, HF and < The following reagents were obtained through BEI| Resources, National Institute of Allergy and Infectious Diseases (NIAID), National
» /0 ParaSIte SUFVlval was determlned by mI_CrOSCOplc_examlnatlc_)n and Countlng Of Vlable paraSIteS In Du — 0 ey ey, LM resistance are >450nM (45-47), 2000nM Institutes of Health (NIH): Plasmodium falciparum strains were contributed by depositors listed in the supplemental material [1].
drug-treated versus untreated wells. Parasites showing a survival rate of 210% were deemed drug- Assigned solate ID DU T 7 gedisdaed "l (48), 32uM (49), 500nM (48), 6nM (50, 51) and % The project was funded in part with federal funds from the NIAID, NIH, Department of Health and Human Services, under the BEI Resources
reSiStant 150nM (46) respectively. contract no. 75N93024C00001, managed by the American Type Culture Collection.

I | ATCC 10801 University Boulevard, Manassas, Virginia 20110-2209 Phone: 800.638.6597 Email: Contact@BEIResources.org  Wehb: www.beiresources.org
© 2025 American Type Culture Collection. ATCC product identifiers marked with the TM symbol are trademarks owned by the American Type Culture Collection.



https://www.beiresources.org/
https://www.beiresources.org/
https://www.beiresources.org/
https://www.beiresources.org/
https://www.beiresources.org/
https://www.beiresources.org/
https://www.beiresources.org/
mailto:aahmed@atcc.org
mailto:snkhoma@atcc.org

	Slide 1

