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NF54 Parasite Stages Tested

Mosquito Human Stages

Treatments Stage Asexual Sexual

. .. Sporozoite Merozoite
*Artemisinin (7.78 uM) Ring stage

Trophozoite
Schizont Gametocyte

*Methylene blue (10 uM)
*A. annua tea (7.78 uM)
*A. afra tea (0.019 uM)

gPCR & microscopic analyses showed

*All Artemisia teas inhibited trophozoites
*Gametocytes inhibited by all Artemisia teas
*Gametocyte inhibition stronger when
artemisinin present

*PfGEXP5 and Pfs25 reduced most when
artemisinin present Stage1&2  Stage3 Stage 4 Stage 5

Early stage (PfGEXP5) Late stage (Pfs25)
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Abstract

Ethnophar macological relevance

Artemisia annua has a long history of use in Southeast Asia witenas used to treat “fever”
and A. afra has a similar history in southern Africa. Sinceithdiscovery,A. annua use, in
particular, has expanded globally with millions @éople using the plant in therapeutic tea
infusions, mainly to treat malaria.

Aim of the Study

In this study, we useth vitro studies to query if and how. annua and A. afra tea infusions
being used across the globe affect aselliamodium falciparum parasites, and their sexual
gametocytes.

Materialsand Methods

P. falciparum NF54 was grownn vitro, synchronizegdand induced to form gametocytes using
N-acetylglucosamine. Cultures during asexual, eaahd late stage gametocytogenesis were
treated with artemisinin, methylene blue, aldannua and A. afra tea infusions (5g DWI/L)
using cultivars that contained 0-283 uM artemisiisexual parasitemia and gametocytemia
were analyzed microscopically. Gametocyte morphplafgo was scored. Markers of early
(PTGEXP5) and late stageP{s25) gametocyte gene expression also were measured RSi-
gPCR.

Results

Both A. annua and A. afra tea infusions reduced gametocytermavitro, and the effect was
mainly artemisinin dependent. Expression levelbath marker genes were reduced and also
occurred with the effect mainly attributed to arigmin content of four tested\rtemisia
cultivars. Tea infusions of both species also itathasexual parasitemia and although mainly
artemisinin dependent, there was a weak antiparasiect from artemisinin-deficiert. afra.

Conclusions
These results showed that annua and to a lesser exterd, afra, inhibited parasitemia and
gametocytemian vitro.



List of compounds studied:
Artemisinin
Methylene blue

Abbreviations:

ACT - artemisinin combination therapy
ASAQ - artesunate amodiaquine

CM — complete media

DMSO - dimethyl sulfoxide

GCMS - gas chromatography mass spectroscopy
ICM — incomplete media

LUX — the Luxembourg cultivar oA. afra
MB — methylene blue

NAG — N-acetyl glucosamine

PAR — the Paris cultivar &. afra

SAM — the SAM cultivar ofA. annua
SCM - standard culturing methods
SEN - the Senegal cultivar Af afra



1. Introduction

Malaria is a severe global health problem thatrdisprtionately affects Africans and especially
children under age 5. In 2018, there were 228 onilicases of malaria worldwide, and 93%
occurred in Africa (World Health Organization, 201%he plantArtemisia annua L. has been
used for > 2,000 years to treat fever, a charatterof malaria (Hsu, 2006; Tu, 1999).
Artemisinin is the antimalarial sesquiterpene laetasolated from the glandular trichomes of
this plant.A. afra, usually deficient in artemisinin, has been useligenously in southern Africa
to treat malaria (Kane et al., 2019; Weenen etl8b0).

Artemisinin has poor solubility and low bioavailbdy, so it is no longer clinically used. Instead,
it has been replaced with one of four semisynthdédvatives used in combination with a
partner drug to form artemisinin-combination théeap(ACTSs), the current frontline global
antimalarials (Gomes et al., 2016). To achieveieation of malaria, therapies must not only
eliminate patient infections, but also prevent paeatransmission (The malERA Consultative
Group on Drugs, 2011).

When the malaria parasitelasmodium falciparum, enters the human body via a mosquito bite,
it first undergoes asexual development, followddrldy its sexual stage (Phillips et al., 2017).
The asexual stage causes the severe clinical sympdb the disease and, if left untreated, can
result in death. The sexual stage, gametocytesotaontribute to patient mortality, but rather
are responsible for parasite transmission backéomosquito to complete the full life cycle of
the parasite (Phillips et al., 2017). Gametocyresahso crucial therapeutic targets, because by
eliminating them, the cycle of malaria can be broke

Few currently used antimalarials are effective lmhiaating both asexual and sexual stages of
the parasite. Most antimalarials target metabdlicattive parasite stages (Delves et al., 2013).
As gametocytes mature, however, their overall n@tabactivity declines until they reach
guiescence at maturity (Young et al., 2005). Wisibene antimalarials, including artemisinin
derivatives, chloroquine, quinine, and atovaquohaye some activity against early stage
gametocytes, only primaquine is clinically approvedkill quiescent late stage gametocytes
(Baker, 2010; Beri et al., 2018; Duffy and Averg13). Primaquine, however, has some serious
adverse effects, so safer gametocyte-targetedpiatias are desirable (Sanofi-Aventis, 2017).

Tea infusions oAA. annua and its cousirA. afra are used to treat malaria (deRidder et al. 2008;
Liu et al 2009).There is anecdotal evidence suggesting hot wattla@g can eliminate
gametocytes, so it is important to understand #rmaajocytocidal effects of the twArtemisia
species by comparing how tea infusion treatmeriectajametocytes at different stages of their
maturation. Gametocytes are significantly undeimeged when only measured microscopically,
so qPCR analysis of developmental stage markersgertant to establish the efficacy of any
anti-gametocyte therapeutic (Bousema et al., 206re we used microscopy and RT-gPCR to
track the early and late stage mark@f§EXPS andPfs25, respectively, to measure the efficacy
of Artemisia spp. tea infusionsn vitro against NF54°. falciparum gametocytes.



2. Materialsand Methods

2.1.Plant material and its preparation for testing
Artemisia annua L. cv. SAM (voucher MASS 317314) aml afra Jacq. ex Willd. (SEN,
voucher LG0019529; PAR, voucher LG0019528; LUX, cloer MNHNL2014/172) tea
infusions were all prepared from dried plant matefieaves and small twigs) steeped in boiling
water for 10 minutes to create a final concentratb5 g/L. After cooling, the infusion was then
successively filtered as follows: 1 mm sieve, 600 sieve, Whatman #1 filter paper, Millipore
RWO03 pre-filter, 0.45 um type HA filter, and las0&22 um filter to sterilize. Sterile infusion
was aliquoted into 1.5 mL tubes and stored at -8@i&misinin content of the filtered infusions
was determined by gas chromatography mass speapp$GCMS) as detailed in Martini et al.
2020 (Martini et al., 2020). SAM. annua and SENA. afra tea infusions contained 283 and 0.69
KM artemisinin, respectivelyA. afra PAR and LUX contained no detectable artemisinor. A&
annua tea infusion, an appropriate volume for the experital design was added to the culture
to yield a final artemisinin concentration of 7.@81. The same volume of tha&. afra tea
infusions was added to parasite cultures so thaitvalgnt amounts of dry plant material were
delivered for each infusion. This amounted to 49.AM amount of artemisinin for SEA afra
tea infusions, and undetectable artemisinin conteRAR and LUXA. afra tea infusions.

2.2 Plasmodium falciparum in vitro culture

NF54 P. falciparum asexual parasites (gift of Dr. Ashley Vaughan, Se&hildren’s Research
Institute) were maintained using standard cultuethmds (SCM): a 37°C incubator at 5% O
and 5% CQ and maintained at 4% hematocrit using type A huergthrocytes (Red Cross) in
complete media (CM: RPMI-1640 media supplementett WEPES, D-glucose, hypoxanthine,
gentamicin, sodium bicarbonate, and 10% type ABR-esctivated human serum) (Moll et al.,
2013). Cultures were fed with daily media changed diluted to 1% parasitemia every other
day with fresh erythrocytes.

2.3.Parasite synchronization and gametocyte for mation protocol
Once asexual parasite cultures achieved 1% parasgiter higher, they were synchronized for
use in drug exposure assays. Working stock cultwe® layered atop 70% Percoll columns
(Percoll diluted in 10x RPMI, 13.3% sorbitol, and BBS) and centrifuged at 2,500 x g for 10
min with no brake to yield a column with 4 distincands. The top two bands (media and
infected erythrocytes) were removed from the coluimfected erythrocytes were washed with
repeated cycles of adding incomplete media (ICMPNR1640 media supplemented with
HEPES, D-glucose, hypoxanthine, gentamicin, andusodbicarbonate), centrifugation, and
removal of culture media. Synchronized erythrocytese resuspended in CM to 2% or 4%
hematocrit as dictated by the experimental designyield a gametocyte-rich culture for use in
the various assays, we adapted a method from seBtbof Saliba and Jacobs-Lorena (Saliba
and Jacobs-Lorena, 2013) to induce a high levegarhetocytogenesis. The above Percoll
synchronization was performed and followed by dailiture maintenance in which medium was
changed, erythrocytes were not replenished, andspamia was monitored by Giemsa stain.
Once the culture reached 6-10% parasitemia, thenx@Mreplaced by CM supplemented with 50
mM N-acetylglucosamine (NAG). NAG was used to efigie asexual parasites and ensure an
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enriched gametocyte culture for testing. Daily moedi changes were done with NAG-
supplemented CM (NAG-CM) anywhere from 3-10 d dejoeg on experimental design.

2.4.Experimental design for drug exposure
For the asexual parasite drug exposure time cqliigare 1A), an asexual feeder culture was
maintained using SCM. Cultures were synchronizeadguthe aforementioned Percoll method
and then the synchronized infected erythrocyte®wsplit evenly into the appropriate number of
T12.5 flasks as dictated by each experiment. Feggthrocytes, CM, and drug solution were
added into each flask for a final hematocrit of Z8iltures were incubated in their respective
drug treatments for 48 hr at standard conditioms.tRe early stage gametocyte drug exposure
time course (Figure 1B), an asexual feeder cultvas maintained according to SCM. Once
asexual parasitemia reached at least 1%, the eultas Percoll synchronized and gametocyte
formation was NAG induced. Cultures were treatethWAG-CM for 3 d after reaching the 6-
10% parasitemia threshold. Prior to drug treatmeatly stage gametocytes were washed with
ICM, suspended in CM, and equal volumes of the exusipn were aliquoted evenly into as
many flasks as needed for the experimental dediasks were treated with drug and
resuspended to 2% hematocrit. Cultures were inedbd&r 48 hr in standard culturing
conditions. For the late stage gametocyte drug sxgotime course (Figure 1C), the same
protocol was followed as described for the earfgstgametocyte assay, except cultures were
maintained in NAG-CM for 12 d post-induction rattiean 3 days post-induction. Artemisinin
controls were prepared to a final concentration7af8 pM (high) or 0.019 uM (low) in
0.00275% DMSO. Methylene blue (MB) was preparedvater at a final concentration of 10
HM. MB was the positive control because it killsgdmetocyte stages (Wadi et al. 2018).

2.5.Microscopy analysis and mor phology assessment

Thin-film smears were fixed in 100% methanol, Gianssained, and counted using standard
protocols (Moll et al., 2013). Asexual parasitermias determined and categorized as rings,
trophozoites, or schizonts (Moll et al., 2013). Bbsolute gametocyte counts, a 0.5 cm x 0.5 cm
square was drawn on a thin-film Giemsa-stained sragd gametocytes were counted under
1000x magnification in that marked region. Erythytes were also counted in order to quantify
gametocytemia. Each gametocyte was imaged andtajuedly assessed for morphological
damage in order to score gametocyte ‘health’. thgagametocytes had smooth, intact edges,
a robust appearance, and possessed hemozoin €rystaded darker than the rest of the cell.
‘Unhealthy’ gametocytes had a sickly appearanceacterized by a variety of cell membrane
deformities (see examples shown above Table 2).

2.6.RT-gPCR analysis of gametocyte-specific genes
Culture samples for RNA analysis were preservedguBNAater (Invitrogen) and stored at -
20C until extraction. For extraction, RNgker reagent was removed, and then buffer ATL,
Proteinase K, and buffer AL were added in that ofdem a QIAGEN QIAamp DNA mini kit.
Samples were then processed using QIAGEN RNeasy hkiin with the addition B-
mercaptoethanol to RLT buffer and on-column DNAegigon using the QIAGEN RNase-free
DNase kit. RNA was eluted in RNase-free water atmded at -80°C until use. cDNA was



synthesized using QIAGEN QuantiTect Reverse Trapoison kit using gene-specific primers
(Table 1) and stored at -20°C until use. RT-qPCGRtien was performed in a Roche Lightcycler
using FastStart Essential DNA Probes Master mixcfiep and gene specific primer/probe sets
(Table 1) with ASL as the reference gene.
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Table 1. Genes, primers, and probe sequencesusad study.
Gene | Accessionf cDNA  Synthesis| RT-qPCR Primers RT-qPCR probe
Primer Forward Reverse
ASL | XM_0013 | 5- 5- 5- 5-
49541.1 CCAATTTTGATTG | GTGAGATTTCAG | GGATTTACTTTAT | ACATTGATCGATTTAT
AGTTGTTCA-3' ATACATTGGC-3' GTGGCATGCG-3' CTGTTGATATGTGCG-3'
Pfs25 | AF154117 5'- 5'- 5'- 5'-
1 TTTAATGAGCATT | TCTGAAATGTGA | AGCGTATGAAAC | ATAAACCATGTGGAG
TGGTTTCTCCAT- | CGAAAAGACTGT- | GGGATTTCC-3' ATTT-3'
3 3
PfGE | XM_0013 | 5- 5- 5- 5-
XP5 | 52194.1 CCATACAACATA | TTCTTGTTCGAGA | AGTCTACTAATT | TGTAATGTAGTAGAAG
TTATGCATCTTC- TTATCCC-3' CAGACAGC-3 GTACCATTGGTCA-3'
3

2.7.Reagentsand other materials
All reagents were from Millipore Sigma unless othise already specified.

2.8.Statistical analysis

Descriptive statistics of RT-gPCR were calculatsthg Excel. RT-gPCR data were analyzed
using Excel and the Pfaffl method for determiniefative gene expression (Pfaffl, 2001). Excel
was also used for descriptive statistics on mi@pgaata. Data and statistical tests of RT-gPCR
and microscopy data were analyzed using GraphPisth Rrersion 7.03. Normality of each
dataset was determined using the Shapiro-Wilk nbtyriest. Appropriate parametric or non-
parametric tests were applied to the data setsdbasethe targeted comparison. Two-tailed
pairedt-test (or nonparametric equivalent) was used to esenpime points within treatment
conditions, whereas one-way ANOVA (or nonparameg&guivalent) was used to compare
between treatment conditions at a defined timetpoin

3. Results

3.1.In vitro assays show asexual stage elimination by Artemisia tea infusions
Prior to drug treatment, synchronized asexual oedtuat 1% parasitemia consisted of
approximately 72% trophozoites with no significalifferences in culture composition between
each treatment group (Figure 2).
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Figure 2. Asexual culture composition prior to drirfgatment. Percent parasitemia of each
asexual parasite stage was normalized to totabpanaia to determine proportions of life stages
in each culture prior to drug treatment. AN, artgimin; MB, methylene blue. AN low and high
levels were 0.019 and 7.78 uM, respectively. Ebvars = £ SD;n = 3. Kruskal-Wallis with
Dunn’s multiple comparisons test performed on gaarfasite stage data set.

Thin blood smears were taken immediately after temfdiof drug and 48 hr after treatment.
Asexual parasitemia increased in thgOHand DMSO-only controls over the 48 hr by at least
200%, showing uninhibited growth of asexual paessituring that time (Figure 3A). All
treatments, except for AN (low), showed a significaecline in parasitemia 48 hours post
treatment compared to their respective control; &igh), MB, and SAMannua tea were
particularly potent (Figure 3A). Although all thrée afra tea infusions yielded a significant
level of inhibitory activity when compared to the@®icontrol at 48 hrg = 0.03, 0.05, and 0.04
for SEN, PAR, and LUX respectively) the inhibitieras not as strong as that observed for the
SAM A. annua tea infusion treatmenp€0.0001) (Figure 3A). When the thrée afra cultivar

tea infusions were compared to the SAMannua infusion, none of thé\. afra infusions was
significantly different (Figure 3B). This suggestitht the threé\. afra cultivar infusions had
some inhibitory activity againd®. falciparum parasites, but on a DW basis they were not as
effective as SAMA. annua tea infusions. With confirmation that the experitarsystem was
active against the asexual stagePofalciparum parasites, we next determined how these two
Artemisia tea infusions affected both early and late stageegiacytes.
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Figure 3. Percent change in asexual parasitenea 48t hours as determined by microscopy. A).
Comparison of the percent change in parasitemex dB-hr treatment. B). Comparison of the
percent change in parasitemia after treatment different Artemisia afra tea infusions. AN low
and high levels were 0.019 and 7.78 uM, respegtivEhe average parasitemia at t=0 for all
samples was 1.12%, SD = 0.32. Error bars, #5D3, one-way ANOVA with Tukey’s multiple
comparisons test, ns, not significap@.05), * =p<0.05 ** = p<0.01, *** = p<0.001, **** =
p<0.0001. AN, artemisinin; MB, methylene blue.

3.2.Microscopically, A. annuateainfusions reduced P. falciparum gametocytes.
Artemisia tea infusions were tested separately against aadylate stage gametocytes. Stage Il
gametocytes are the earliest gametocyte stagec#imbe microscopically identified, so they
were used as a proxy for the presence of stageghihetocytes. Prior to treatment, 55% of
gametocytes counted were stage Il gametocyte$, mot significant differences between the
individual cultures (Figure 4A).
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Figure 4. Gametocyte culture composition prior togdtreatment. A) Population composition of
early gametocyte culture. B) Population compositidriate gametocyte culture. Both culture
compositions were determined by light microscopr.cBnt gametocytemia of each gametocyte
stage was normalized to total gametocytemia torchite proportions of life stages in each
culture prior to drug treatment. AN, artemisininBMmethylene blue. AN high level = 7.78 uM.
Error bars = + SDn = 3. Kruskal-Wallis with Dunn’s multiple comparisoest performed on
each parasite stage data set for late gametocltees;wone-way ANOVA with Tukey's multiple
comparisons test performed on each parasite stdgeset for early gametocyte culture.

After 48 hr treatment, the percent change in stdggametocytemia for the artemisinin and
SAM A. annua tea infusion treatment groups were significantlwéo than their respective
controls, but there was no such difference obsefeedhe SENA. afra tea treatment group
(Figure 5A).

Prior to treatment, gametocyte cultures consisted366 healthy stage V gametocytes, with no
significant difference between planned treatmemiddmns (Figure 4B). After 48 hr, all three
tea infusions had a decrease in gametocytemiainguiigm a 15% decrease (SENatea) to a
57% decrease (MB). However, despite these decreabgmercent changes were insignificant
compared to the percent change of the water coffrglire 5B). These results were likely due to
low overall gametocyte populations.

Early Stage Gametocytes Late Stage Gametocytes

A 150 - ; B 150 : p=0623
;m_ ns f p=0.108
g 1004 g p=0.083
= 2 100- |
*°]

- -
3 50 L
2 2
S o S
o o 0-
1)) 1))
[=] -50 =]
=2 £ 5o
O -100 o -
B X
-150 T T T T T T -100
» D
&@ .\o}‘\ & N4 0\?5’ 0\@
NP\ S N
¢ et (¢ W0 Q
9 \at Q

Figure 5. Percent change in healthy gametocyteftea 48 hours as determined by microscopy
A) Comparison of the percent change in healthyestdggametocytemia after 48-hr treatment.
B) Comparison of the percent change in healthyestdggametocytemia after 48-hr treatment.
AN high level = 7.78 uM. Average % gametocytemianigtocytes/erythrocytes) at t=0 was
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0.145% (SD = 0.033) and 0.31% (SD = 0.16) for eargl late stage gametocytes, respectively.
Error bars, + SDn =3, one-way ANOVA with Tukey’'s multiple comparisomsst; ns, not
significant £>0.05), **= p<0.01, ***= p<0.001.

3.3.Gametocyte morphology post-treatment reveals tractable and distinct types of
damage.

Besides counting gametocytes in cultures, the nubogly of each gametocyte was scored to
assess the overall health of that individual gaoyé& Healthy stage V gametocytes have a
distinct, sausage-like shape with smooth, intactl @unded edges; they appear plump (Table
2). Gametocytes were deemed unhealthy if they apgeamaciated, had bent or jagged edges,
had abnormal bulging, or were lysed open (TableAZhough this analysis depends on the
assumption that only viable gametocytes can mantainormal morphology, it provides
additional information regarding how different th@@&nts affected late stage gametocyte
morphology. Damage data are summarized in Tabletl2 iwpresentative images of observed
morphologies illustrated along the top of Tabl@Rhough there were no significant differences
between treatments, there was generally more dasegeafter 48 hr of treatment with MB and
SAM A. annua tea infusions than with SEN. afra tea infusions (Table 2).

3.4.Artemisinin-containing treatments alter expression levels of gametocyte-specific
genes

To probe more in depth, two different gametocyteefic genes were measured using RT-
gPCR,PfGEXP5 andPfs25. In early stage gametocytddGEXP5 expression was significantly
reduced in SAMA. annua tea infusion treated cultures, and this is similarthe nearly-
significant reduction observed in the pure artenistreated cultures. No effect was seen in the
SENA. afra treated cultures, suggesting that artemisinin cant@as a major driver of this effect
(Figure 6A).
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Figure 6. Quantification of gametocyte gene expoessatios via RT-qgPCR in early and late
stage gametocytes. AYGEXP5 gene expression ratios before and after 48-hmiresit in early
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stage gametocytes. B¥s25 gene expression ratios before and after 48-hr tteegment in late
stage gametocytes. AN low and high levels were®dd 7.78 uM, respectively. Error bars, +
SD, n=3, two-tailed paired-test (except for kD control in B analyzed by Wilcoxon test), ns, not
significant £>0.05), *=p<0.05. **=p<0.01.

A similar effect was seen in late stage gametoclge®fs25.There were significant reductions

in expression in cultures treated with pure artexmg(7.78 uM, but not seen at 0.019 uM) and
SAM A. annua tea infusion treatment groups. There was also aynsgnificant (p=0.078)
reduction for the SEM\. afra tea infusion treatment condition (Figure 6b). letingly, despite
MB’s gametocytocidal activity seen in the microsgogsults, MB did not reduce the expression
of either gametocyte-specific gene tested hereefheg, these results suggest that there may be
an artemisinin-specific effect on these two gamgmmspecific genes.

14



Table 2. Morphological aberrations among gametaclytgore and after drug treatment.

- L E4d 1] A

Treatment '(I'rirrl;e g?r?:etocyteas gamel-tlgglli?é ?éa%r::t]g?;tt?; mor?ﬁg?(;g’al Ejngc:;d ?dg?(leegibw % Bent,c ?dgggg 99 E/;/seq)yc (I)EA)maciategC
b,c ,C

H,0O 0 82 53 29 33.7 8.3 43.9 21.8 125 15.1 2.6
control 48 102 63 39 22.7 28.7 40.3 29.7 4.0 16.7 7.3
DMSO 0 86 63 23 34.2 10.0 53.3 22.5 6.7 7.5 6.7
control 48 104 62 42 26.9 19.7 33.7 21.0 6.1 17.3 9.1
Artemisinin 0 58 44 14 22,5 12.5 55.0 27.5 125 5.0 0.0
(AN)* 48 82 45 37 17.4 9.1 46.6 8.0 7.3 20.2 14.3
Methylene O 54 41 13 9.1 0.0 61.4 4.5 29.5 4.5 0.0
blue (MB) 48 97 39 58 46.1 12.1 47.3 20.1 14.4 315 40.2
saM A O 97 60 37 334 3.8 65.9 13.3 8.3 20.2 1.8
annuatea  4g 102 44 58 49.7 12.2 40.1 18.4 5.9 27.7 115
SEN A O 78 50 28 10.6 18.2 37.2 26.1 12.3 25.0 3.9
afratea 48 79 55 24 49.9 13.2 67.8 28.5 8.5 8.3 19.9

a: Sum of stage V gametocytes counted across thpéieates for the time point and experimental ¢toral.

b: Reflects percentage of abnormal gametocytesspittific deformity in that time point and treatrheandition.

c: Total percentages may not add up to 100% becsade percentage is the average of three repljcaesone single gametocyte may possess multiple
forms of damage.
d: AN at 7.78 uM.
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4. Discussion
To our knowledge, this is the first study that meed thein vitro antiparasitic ability of
Artemisia tea infusions against the sexual, gametocyte stadeB. falciparum. Several
interesting and relevant patterns have emergest, firere appears to be a correlation between
artemisinin concentration and antiparasitic efficad¢ the tea infusionsn vitro. Duffy and
Avery (2013) used parasite strain NF54 to deterntiireelGso of pure artemisinin against early
and late stage gametocytes, and th@si@ere 12 nM and 5 nM, respectively. Although tea
infusions contain other phytochemicals besidesnasiain, they still behaved in a dose-
dependent manner. According to the publishegslboth SAMA. annua and SENA. afra tea
infusionsdelivered enough artemisinin to kill late stage gtuytes, but only SAMA. annua
delivered enough artemisinin to eliminate earlygstgametocytes, results consistent with the
published IC50 (Duffy and Avery, 2013). For eartgge gametocytes the results of this study
were fully consistent with the Duffy and Avery (Z)Tesults; there was a significant decrease in
gametocytemia when exposed to SAMannua tea infusions, but not SEN infusions. For late
stage gametocytes, both SAM and SEN had anti-gaytet@activity, but not as powerful as
anticipated. This was attributed to the fact thatthe late stage experiments the gametocyte
populations were lower than those measured atahg gtages closer to NAG induction. Results
of this study, thus, were generally consistent wita results of Duffy and Avery (2013) and
showed better efficacy for the SAM vs. the SEN sndas. In this study 7.78 pM artemisinin was
delivered from the SANMA. annua tea, whereas only 19 nM artemisinin was delivdreth the
SEN A. afra tea. Taken together, these suggested that am@misas the major driver of
gametocytocidal activity for theggtemisia tea infusions.

There is little information abolwArtemisia-specific anti-gametocyte molecules in the literatu
However, the amino acid, arginine, is highAnannua leaves at ~2% (w/w) (Brisbee et al.
2009). Arginine is the substrate for NO productionvivo and reactive nitrogen inactivates
gametocytes (Naotunne et al. 1993). In malarieeptgj arginine levels are abnormally low (Yeo
et al. 2007). In another instance, Moyo et al. @0fecently identified two guaianolide
sesquiterpene lactonesAnafra that had anti-gametocyte IC50s of ~iN.

Along with microscopically quantifying gametocytemafter treatment, we were also able to
score the health of gametocytes via morphologicalysis. Although we were unable to
determine any significant differences between tneat groups after 48 hr treatment, in general
there was a higher percentage of damaged gamesaoytailtures treated with MB or SAM.
annua tea infusion. The results obtained by using MB weasasistent with Wadi et al. (2018)
who showed that MB is effective at eliminating betxly and late stage gametocytes, with an
ICso Of 424 nM and 106 nM, respectively. They also shbwkat MB induced distinct
morphological damage to late stage gametocytekjdimg membrane deformities or shrinkage
(Wadi et al.,, 2018). After 48 hr treatment with U1 MB, we also observed substantial
morphological damage in the form of various memberaeformities. This suggests that the
morphological damage observed in the SAM annua tea infusion may indicate that the
additional phytochemicals present in the infusiontdbuted to the overall antiparasitic effect,
particularly because similar levels of damage weot seen in the artemisinin-only treatment
condition.
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We were also interested in exploring what was aaogion a molecular level when gametocytes
were treated withArtemisia spp. tea infusions. To address this question, we lookedwo
gametocyte-specific genePfGEXP5 is the earliest known gametocyte-specific gene @o b
expressed (Tiburcio et al., 2015), aRf$25 is a stage V gametocyte marker gene expressed
predominantly in late stage gametocytBfs25 function is well characterized as an ookinete
surface antigen that is translationally repressethe late stage female gametocyte (Kaslow et
al., 1988).PIGEXPS5 function is currently unknown, although it is eegsed about 14 hours after

a sexually committed merozoite invades an erythim@nd that it is likely exported into the host
cell cytoplasm to perform its function (Tiburcioadt, 2015).

Here we showed thaPfGEXP5 and Pfs25 expression levels decreased when there were
appreciable amounts of artemisinin in the treats)emut not so in the MB treatment.
Nevertheless, MB significantly reduced microscopitints of gametocytes. This suggests that
the gametocytocidal effects of each treatment waees td distinctly different mechanisms of
action leading to different gametocyte-specific geexpression profiles. Although the
mechanism of action for both artemisinin and MB aoé fully elucidated, it is thought that MB

is an oxidative stress inducer that specificallgess the cellular antioxidant protein glutathione
reductase (Delves et al., 2013; Mott et al., 20AB)emisinin likely has multiple mechanisms of
action. When the molecule comes into contact witle heme in the parasite, the endoperoxide
bridge is cleaved and reactive oxygen species (R{dSYyeleased, causing damage to parasite
proteins via alkylation (Delves et al., 2013; Medhal., 2009). The molecule itself can also bind
directly to at least 124 different parasite prase{ivang et al., 2015). Since neitHefs25 nor
PfGEXPS play a role in the oxidative stress response,libics that neither of these genes are
targets of MB. However, since artemisinin targéteast 124 proteins from all different cellular
processes, it is possible that bBGEXPS andPfs25 are direct targets of artemisinin.

Although the functional importance &fGEXPS5 has not yet been elucidatdefs25 yields the
ookinete surface antigen, and reducing the expmessithis gene may have downstream effects
in the female gamete. In fact, there is evidened B25 is essential for ookinete survival in the
mosquito midgut, as well as transformation intcoanyst (Tomas et al., 2001). Further research
is needed to understand the functional relevandhisfdecrease in expression of gametocyte-
specific genes.

In this study, we aimed to determine the antipéiasifects of variousArtemisia tea infusions
on different stages d®. falciparum gametocytes. At the time of this report, there watréeast
seven other studies that tesfadiemisia tea infusions againgt. falciparumin vitro (de Donno et
al., 2012; Liu et al., 2010; Mouton et al., 2013n& et al., 2013; Silva et al., 2012; Suberu et
al., 2013; Zime-Diawara et al., 2015). However, @llthese studies only looked at asexual
parasites. The asexual parasite data of this saligns well with results published in those
studies. Of the seven, two reportedgiin nM, with an 1G,of 2.9-7.6 nM (Suberu et al., 2013;
Zime-Diawara et al., 2015). The SE®N afra tea infusion delivered 19 nM artemisinin per dose,
and the SAMA. annua tea infusion delivered about 400x that amount (M. The minimum
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threshold of artemisinin for killin@. falciparum asexual parasites is reported at ~10 pg/L (0.035
pnM) (Alin and Bjorkman, 1994), so while the SAM usion was >200 fold greater than the
minimum artemisinin level, the SEN infusion had atbdalf the artemisinin concentration
required to kill asexual parasites and yet there avaignificant decrease in parasitemia within 48
hr. Despite having undetectable levels of artermsiA. afra PAR and LUX tea infusions also
decreased asexual parasitemia comparable to tisarvanl with SEN. Together these results
suggest that there are other synergistic or ardinahlcompounds present in theAgemisia
cultivars that are providing this antiparasitic idty despite the absence of detectable
artemisinin.

Furthermore, when the antiparasitic efficacy of tlogv artemisinin control treatment is
compared to the efficacy of SEN. afra tea infusion, both of which delivered 19 nM
artemisinin, there appeared to be a stronger effaet to the tea infusion than to the pure
artemisinin (although it was not a significant diffnce). This is consistent with other reports
where an IGyof AN delivered byArtemisia tea infusions againgh vitro asexualP. falciparum
parasites was 2.9-7.6 nM (Suberu et al., 2013; Aasvara et al., 2015), whereas the,JGf
pure artemisinin againsh vitro asexualP. falciparum parasites was 42 nM (Duffy and Avery,
2013). In contrast to the recent claim by Czechowskal. (Czechowski et al., 2019), these
results support the hypothesis thatemisia tea infusions are antiparasitic and deliver addél
phytochemicals that likely act either synergisticalith artemisinin to enhance its antimalarial
ability or possess their own antimalarial activity.

5. Conclusions
This study providesn vitro evidence thatrtemisia spp. tea infusions have gametocytocidal
activity against both early and late stage game#scyout with differential effects in gametocidal
activity, in morphological aberrations, and in gesmepressionArtemisia tea infusions that
contain little to no artemisinin were also antigstia, but less so than cultivars containing
artemisinin.Artemisia tea infusions are also effective against the aasestages of the parasite
but become less effective as the artemisinin cordém specific cultivar declines. Na vitro
study using any extract can replicate vivo studies in which there are also likely host
interactions with the therapeutic. Further workheeded to determine if the tea infusions also
prevent transmission to the mosquito vector. If thecurs, therrtemisia spp., especially those
containing reasonable amounts of artemisinin (~13)jd provide a more cost-effective means
to thwart this deadly disease.
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FigureLegends:

Figure 1. Experimental designs for each of theghassays used in this study. A) Timeline of
asexual stage killing assay. B) Timeline of eartgge gametocyte elimination assay. C)
Timeline of late stage gametocyte elimination as&moxes with arrows indicate when samples
were taken for RNA and/or microscopy analysis.

Figure 2. Asexual culture composition prior to drirgatment. Percent parasitemia of each
asexual parasite stage was normalized to totakjpanaia to determine proportions of life stages
in each culture prior to drug treatment. AN, artg&imn; MB, methylene blue. AN low and high
levels were 0.019 and 7.78 uM, respectively. Ebvars = £ SD;n = 3. Kruskal-Wallis with
Dunn’s multiple comparisons test performed on gzfasite stage data set.

Figure 3. Percent change in asexual parasitenga 48t hours as determined by microscopy. A).
Comparison of the percent change in parasitemex d48-hr treatment. B). Comparison of the
percent change in parasitemia after treatment dviterent Artemisia afra tea infusions. AN low
and high levels were 0.019 and 7.78 pM, respegtivBhe average parasitemia at t=0 for all
samples was 1.12%, SD = 0.32. Error bars, #8583, one-way ANOVA with Tukey’s multiple
comparisons test, ns, not significapt@.05), * =p<0.05 ** = p<0.01, *** = p<0.001, **** =
p<0.0001. AN, artemisinin; MB, methylene blue.

Figure 4. Gametocyte culture composition prior togdtreatment. A) Population composition of
early gametocyte culture. B) Population compositidriate gametocyte culture. Both culture
compositions were determined by light microscopsrcEnt gametocytemia of each gametocyte
stage was normalized to total gametocytemia torch@te proportions of life stages in each
culture prior to drug treatment. AN, artemisininBMmethylene blue. AN high level = 7.78 uM.
Error bars = £ SDn = 3. Kruskal-Wallis with Dunn’s multiple comparis®test performed on
each parasite stage data set for late gametochteeslone-way ANOVA with Tukey’s multiple
comparisons test performed on each parasite stdgeset for early gametocyte culture.

Figure 5. Percent change in healthy gametocyteftea 48 hours as determined by microscopy
A) Comparison of the percent change in healthyestiggametocytemia after 48-hr treatment.
B) Comparison of the percent change in healthyestAggametocytemia after 48-hr treatment.
AN high level = 7.78 uM. Average % gametocytemiani@tocytes/erythrocytes) at t=0 was
0.145% (SD = 0.033) and 0.31% (SD = 0.16) for earlg late stage gametocytes, respectively.
Error bars, £ SDn =3, one-way ANOVA with Tukey’'s multiple comparisomsst; ns, not
significant £>0.05), **=p<0.01, ***= p<0.001.

Figure 6. Quantification of gametocyte gene expoessatios via RT-qPCR in early and late
stage gametocytes. AFGEXP5 gene expression ratios before and after 48-hmivesatt in early
stage gametocytes. Bfs25 gene expression ratios before and after 48-hr tteegment in late
stage gametocytes. AN low and high levels were®did 7.78 uM, respectively. Error bars, +
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SD, n=3, two-tailed paired-test (except for kO control in B analyzed by Wilcoxon test), ns, not
significant £>0.05), *=p<0.05. **=p<0.01.
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Alternate version of Figure 1. Microscopic deteration of asexual parasitemia before and after drug
treatment. A). Comparison of parasitemia after #8rbatment. B). Comparison of parasitemia after
treatment with differenfirtemisia spp. tea infusions. AN low and high levels were 0.019 &/8 uM,
respectively. Error bars, +S;,= 3, one-way ANOVA with Tukey's multiple comparisotest, ns, not
significant >0.05), ** =p<0.01, *** = p<0.001. AN, artemisinin; MB, methylene blue.
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Alternate version of Figure 2. Healthy gametocygeatdter 48-hour drug treatment as determined Iy lig
microscopy. A) Comparison of healthy stage Il gtoogtemia after 48-hr treatment. B) Comparison of
healthy stage V gametocytemia after 48-hr treatm@Nthigh level = 7.78 uM. Error bars, £ SB=3,
one-way ANOVA with Tukey’'s multiple comparisonsttess, not significantg>0.05), **= p<0.01, ***=
p<0.001.

26



Highlights

Artemisia annua and A. afra tea infusions reduced gametocytemia in vitro.
Early and late gametocyte marker genes were also reduced.
Artemisinin-deficient Artemisia sp. were also weakly effective.

Both Artemisia species also reduced trophozoites in vitro.



