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Natural products represent valuable chemical scaffolds for drug development. A recent success story in this
context was artemisinin, which is not only active against malaria but also to other diseases. This raised the
interest of artemisinin's potential for drug repurposing. On the present review, we give an overview on arte-
misinin's antiviral activity. There is good in vitro and in vivo evidence for the activity of artemisinin and its
derivatives against DNA viruses of the Herpesviridae and Hepadnaviridae families such as cytomegaloviruses,
human herpesvirus 6, herpes simplex viruses 1 and 2, Epstein-Barr virus and Hepatitis B virus. The evidence is
weaker for Polyomaviruses and papilloma viruses. Weaker or no inhibitory activity in vitro has been reported for
RNA viruses such as human immunodeficiency viruses 1 and 2, hepatitis C virus, influenza virus and others.
Interestingly, the artemisinin derivative artesunate did not exert cross-resistance to ganciclovir-resistant HCMV
and exerted synergistic inhibition in combination with several clinically established antiviral standard drugs.
The antiviral activity of first generation artemisinin derivatives (e.g. artesunate, artemether, etc.) was enhanced
by novel derivatives, including dimer and trimer molecules. First results on patients indicating activity in a
subset of HCMV patients. Novel developments in the field of nanotechnology and synthetic biology to bioeng-
ineer microorganisms for artemisinin production may pave the way for novel drugs to fight viral infections with

artemisinin-based drugs.

1. Introduction

Natural products play an important role as scaffolds for the devel-
opment of drugs. Innumerous chemical entities derived from natural
sourced serve as clinically established drugs against many diseases
(Newman and Cragg, 2012). Chemical derivatization, semi- or total
synthesis, enzymatic modifications of chemical structures, plant cell
and hairy root cultures, and other biotechnological techniques allowed
to enlarge the chemical diversity of bioactive compounds, and to up-
scale their production for clinical utilization. Nowadays, novel tech-
nologies supplement the broad methodological range, including nano-
technological devices for natural products, coupling of natural toxins to
disease-targeted vectors (i.e. antibody-drug conjugation, aptamer-drug
conjugates, etc.). The heterologous expression of plant or microbial
genes encoding entire biosynthetic pathways for pharmacologically
active phytochemicals or antibiotics in microorganisms such as E. coli,
Bacillus subtilis, etc. favored the emergence of an entire new field,
termed synthetic biology (Mora-Pale et al., 2013). As a new branch,
white biotechnology supplemented green biotechnology in agriculture
and red biotechnology in medicine (Wenzel, 2006; Bouws et al., 2008;

Gartland et al., 2013; Singh et al., 2017). It is expected that all these
novel disciplines will speed up the drug development process in the
years to come.

One of the most thriving showcase examples in natural product-
based drug research represents artemisinin. It is a sesquiterpene lactone
isolated from the medicinal plant, Artemisia annua L. It has been used
since ages in traditional Chinese medicine to treat fever and chills. The
chemical structure has been elucidated in the 1970s. The discovery of
its antimalarial activity led to the conferment of the Nobel Prize for
Medicine or Physiology in 2015 to the Chinese scientist, Youyou Tu
(Efferth et al., 2015). Semisynthetic derivatives (i.e. artesunate, arte-
mether) are now used worldwide for malaria treatment and saved
millions of lifes during the past decades.

Intriguingly, the therapeutic spectrum of artemisinin-based com-
pounds is much broader than initially estimated. There is an increasing
number of investigations to show that this class of compounds reveal
profound activities in vitro and in vivo against other diseases than ma-
laria, including cancer, viral and other microbial diseases, diabetes,
immunological diseases, etc. (Fig. 1) (Efferth et al., 2008; Michaelsen
et al., 2015; Hou and Huang, 2016; Saeed et al., 2016; Daddy et al.,
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Fig. 1. Synopsis of the antiviral activity of artemisinin-
type drugs in vitro towards diverse virus types.
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2017; Li et al., 2017). While the anticancer activity (including clinical
Phase I/1I trials) is quite well documented (Efferth, 2017a,b), an up-
dated review on artemisinin's antiviral activity is missing.

The aims of the present article were

(1) To give a comprehensive overview of bioactivities towards a broad
range of viruses from diverse taxonomic genera and families;

(2) To critically discuss deficiencies and requirements to bring arte-
misinin-based therapies from the bench to the bedside; and

(3) To evaluate novel biotechnological approaches to improve and
enhance the therapeutic potential of artemisinin-type compounds
for antiviral treatment.

2. Human cytomegalovirus (HCMV)
2.1. Experimental data

Most of the investigations on the antiviral activity of artemisinin
and its derivatives have been performed on double-stranded DNA
viruses. In 2002, it was shown that artesunate inhibited the replication
of the human cytomegalovirus (HCMV) in both sensitive and ganci-
clovir-resistant strains without cross-resistance. The HCMV-induced
activation of the cellular transcription factor NF-xB and Sp-1 was also
inhibited by artesunate. Furthermore, phosphorylation of the upstream
kinase PI3K was downreglated by artesunate. These results have been
confirmed in subsequent years (Table 1). The anti-HCMV activity has
not been only shown for the widely distributed Towne and AD169
strains, but also for ganciclovir-resistant sublines and clinical isolates
(Schnepf et al., 2011). Diverse artemisinin derivatives all revealed anti-
HCMV activity, some of which at even lower ICso values than the
clinically approved compounds, artesunate and artemether (Arav-Boger
et al., 2010; He et al., 2011). The fact that ganciclovir-resistant HCMV
strains did not exhibit pronounced cross-resistance to artemisinin-type
compounds indicate that clinically refractory HCMV-infections not re-
sponding to standard antiviral therapy may still be treatable with this
class of compounds. An interesting finding was that fractional appli-
cation of artesunate or dihydroartemisinin resulted in increased in-
hibitory activity as compared to application of corresponding single full
doses (Flobinus et al., 2014). Reiter et al. (2015a,b) prepared artemi-
sinin-based dimer and trimer molecules as well as 1,2,4-trioxane
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ferrocene hybrids. One of the trimers (trimer 6) revealed very strong
anti-HCMV activity with an ICsy value of 0.04 uM, which was much
lower than the ones of the control drug ganciclovir (2.6 M), dihy-
droartemisinin (> 10 uM) and artesunic acid (3.8 uM). The trioxane
ferrocene hybrids 5-7 were also better than the control drugs (ICso
values below 0.5 uM). Hutterer et al. (2015) also investigated dimers
and trimers synthesized by the Reiter group and observed strong anti-
HCMV activity. The anti-cytomegaloviral activity was not restricted to
human CMV, but was also found in CMV strain from rat, guinea pig and
mouse. Remarkably, the authors could not induce resistance of HCMV
towards artesunate. The NF-xB activity upregulated during HCMV re-
plication was partially inhibited by artesunate. The drug bound to NF-
kB RelA/p65 in vitro and also in silico as shown by molecular docking.

The antiviral effectiveness of artemisinin-type compounds has been
enhanced by combination therapy with ganciclovir, which revealed
strong synergistic effects (Kaptein et al., 2006). A strong synergism of
ganciclovir combined with artemisinin-based monomers or dimers was
also reported by Cai et al. (2014). However, the same authors observed
antagonistic effects with artemisinin dimers and sunitinib. The combi-
nation of artesunate plus maribavir also showed improved additive to
synergistic anti-HCMV activities (Chou et al., 2011; Morere et al.,
2015). Combinations of artesunate with cidofovir or foscarnet yielded
additive anti-HCMV effects (Kaptein et al., 2006). Despite the numerous
in vitro studies, only few authors in vivo investigations have been per-
formed. Using a rat cytomegalovirus (RCMV) model, artesunate therapy
decreased viral DNA load and virus titers in salivary glands of RCMV-
infected rats (Kaptein et al., 2006). The synergistic effect of artesunate
combined with maribavir observed in vitro, was not found in an ex vivo
model of first trimester placental CMV infection. Here only additive
effects were apparent (Morere et al., 2015).

In addition to cytomegaloviruses, a clinical isolate of human herpes
simplex virus 1 (HSV-1) was strongly inhibited by artesunate in vitro,
while no effect on cell viability on Vero host cells was seen (Efferth
et al.,, 2002). The combination of artesunate and valacyclovir was
compared with valacyclovir monotherapy in a murine model of herpes
simplex encephalitis (Canivet et al., 2015). Intraperitoneal application
to infected mice resulted in a significantly prolonged survival time of
the combination regimen compared to valacyclovir alone. Im-
munological markers (IL-1f3, IL-6, IFN-y, CCL2/4/6) were also more
reduced by the combination therpay than by valacyclovir alone.
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Table 1

Activity of artemisinin derivatives against double-stranded DNA viruses.
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Virus Family Drug Effect Reference
HCMV AD169 Herpesviridae Artesunate ICs0: 5.8 + 0.4 pM (in vitro) Efferth et al., 2002
HCMV Towne Herpesviridae Artesunate 99% inhibition at 15 uM (in vitro) Efferth et al., 2002
HCMV clinical isolates Herpesviridae Artesunate 69% and 82% inhibition at 15 pM (in vitro) Efferth et al., 2002
HCMV ganciclovir-resistant mutant  Herpesviridae Artesunate ICs0: 6.9 = 0.2 uM (in vitro) Efferth et al., 2002
HCMV, various sensitive and Herpesviridae Artesunate Range of ICso values: 1.5 = 0.6t04.0 + 0.16 uM  Schnepf et al., 2011
ganciclovir-resistant strains no cross-resistance to gancliclovir
HCMV AD169 and clinical isolate Herpesviridae Artesunate, dihyroartemisinin, artemisinin ICso in a range of 3.46 * 1.14 to Flobinus et al., 2014
VI1210 16.51 + 7.29 uM (with FCS) and 9,50 + 7.73 to
47.06 *+ 13.79 (without FCS); fractional
application increased activity of both drugs
compared to single doses. Artemisin was inactive.
HCMV Towne Herpesviridae Artemisinin, artesunate, artemether, ECsp values artemisinin: 16.8 = 4.0 pM; Arav-Boger et al., 2010
artefanilide, dimer sulfone carbonate, artesunate: 18.5 * 5.2 uM; artemether
dimer primary alcohol 5.3 = 2.7 uM; artefanilide 8.1 = 2.2 uM; dimer
sulfone carbonate 0.06 *+ < 0.001 pM; dimer
primary alcohol 0.15 * 0.02 pM
HCMV Towne Herpesviridae Artemisinin dimers 832-4; 838; 760; 606; ECsq: for dimers in the range of 0.04 + 0.003 to  He et al., 2011
artesunate 0.16 + 0.008 puM; artesunate 6.6 + 0.4 uM
HCMV Towne Herpesviridae Artemisinin dimers 838; 855; 836; 853; ECs of 7 dimers in the range of 39 = 3 to Mott et al., 2013
907; 923; 895; 851; 762; artemether; 78 + 4 uM; artemether 5300 = 2700 pM;
artesunate artesunate 18.5 * 5200 uyM
HCMV Towne Herpesviridae Artemisinin dimer 606; artemisinin dimer Dimer 606: 0.16 + 0.01 uM; dimer 838: He et al., 2013
838; artemisinin dimer 762; artemisinin 0.039 = < 0.001 pM; dimer 762:
monomer 558; artemisinin monomer 482; 1.57 *+ 0.08 uM; dimer 558: 0.24 *+ 0.01 puM;
artesunate monomer 482: 38.3 + 2.3 uM;
artesunate6.6 * 0.4 uM
HCMV ganciclovir-sensitive and Herpesviridae Artesunate ICsp in HEL cells: range from 3.26 * 1.36 yM to  Chou et al., 2011
resistant strains 6.25 * 1.22 uM; ICsp in HFF cells: range from
2.41 = 0.84uMto 4.93 = 0.98 M
HCMV Towne Herpesviridae Combination therapy of artmisinin dimer  Both combinations were highly synergistic He et al., 2012
838 plus ganiciclovir, artesunate plus
ganciclovir
HCMV Towne Herpesviridae Gancliclovir or sunitinib plus artemisinin ~ Strong synergistic effects with ganciclovir; Cai et al., 2014
monomers or dimers antagonistic effects with sunitinib
RCMV Herpesviridae Artesunate 38% inhibition at 15 uM (in vitro) reduction of DNA  Kaptein et al., 2006
load and virus titers in salivary glands in rats
HCMV AD169-GFP Herpesviridae Artemisinin-derived dimer and trimer ICs of trimer 6: 0.04 puM; ICs, of Reiter et al., 2015a
molecules dihydroartemisinin: > 10 pM; ICsq of artesunic
acid: 3,6 pM; ICs, of ganciclovir: 2.6 uM
HCMV AD169-GFP Herpesviridae 1,2,4-Trioxane-ferrecene hybrids ICs of hybrids 5-7: < 0.5 uM Reiter et al., 2015b
HCMV AD169-GFP; GPCMV v403- Herpesviridae Artesunate ICsp HCMV: 3.9 = 0.6 uM; ICso GPCMV: Hutterer et al., 2015
GFP; MCMV Smith-GFP; RCMV 1.2 = 0.4 pM;ICso MCMV: 9.9 + 1.2 uM; ICso
Maastricht RCMV: 4.1 = 0.6 uM
HCMV AD169 and clinical isolate Herpesviridae Artesunate combination of artesunate plus AD169 ICso: 1.96 + 1.32 uM; clinical isolate IC5o:  Morére et al., 2015
maribavir 1.26 = 0.13 uM AD169: reduction of infection by
40% clinical isolate: no synergistic effect
HCMV-Towne Herpesviridae Artesunate, artesunate dimer Inhibition of HCMV; cell cycle arrest, down- Roy et al., 2015
regulation of CDK2/4/6 and
hypophosphporylation of RB1 in HFF host cells.
HCMV-Towne-GFP Herpesviridae Artesunate Artesunate treatment (> 12.5 pM) 1.5 h post- Zhang et al., 2015
HCMYV inoculation resulted in significantly reduced
infection rates
HCMV Herpesviridae Artesunate alone and in combination with ICsp artesunate: 3.86 + 1.25 pM; all combinations Drouet et al., 2016
ganciclovir, cidofovir, maribavir, or foscarnet  resulted in synergistic inhibition of HCMV
HHV-6A U1102 Herpesviridae Artesunate ICs0: 3.80 += 1.06 yM Milbradt et al., 2009
HHV-6A GS Herpesviridae Artemisinin Minimal cytotoxic concentration: 40 pg/mL Naesens et al., 2006
HSV-1 clinical isolate Herpesviridae Artesunate 83% inhibition at 15 uM (in vitro) Efferth et al., 2002
HSV-1 KOS and clinical isolates; Herpesviridae Artesunate, artemisinin derivative 838 No activity He et al., 2012
HSV-2 clinical isolates
EBV B95-8 Herpesviridae Artesunate ICsp: 7.21 * 2.25uM Milbradt et al., 2009
EBV Herpesviridae Artesunate artemisinin dimer 838 No inhibition of lytic replication He et al., 2012
EBV B95-8 Herpesviridae Artesunate ICs0: 6.4 = 2.7 pM and 3.1 = 0.9 M Auerochs et al., 2011
HBV Hepadnaviridae Artemisinin derivatives AD1 and AD4 Reduction of HBV-DNA to culture medium Blazquez et al., 2013
by > 50% at < 0.1 yM
HBV Hepadnaviridae Artemisinin artesunate HB,Ag release ICs,: 55 UM; HBV-DNA release Romero et al., 2005
ICso: > 100 uM HBsAg release ICso: 2.3 uM; HBV-
DNA release I1Cso: 0.5 uM
BKV Polyomaviridae Artesunate 65% reduction of virus load by 10 uM artesunate ~ Sharma et al., 2014a
after 72 h
JCPyV Polyomaviridae Artesunate ECso: 2.9 uM of viral DNA load 96 h post infection Sharma et al., 2014b
Canine oral papillomavirus Papillomaviridae ~ Dihydroartemisinin No inhibition of virus replication, but inhibition of Disbrow et al., 2005
virus-induced tumor formation in vivo
HPV 39 Papillomaviridae ~ Artemisinin Downregulation of E6 and E7 viral oncoproteins in  Mondal and Chatterji,

ME-180 cervical carcinoma cells

2015
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2.2. Clinical data

The anti-HCMV activity of artesunate and artemether has been in-
vestigated in only few observational case studies and clinical trials. The
first hint that artesunate might reveal clinical activity came from stem
cell transplant recipients, who experienced HCMV infection. Three
patients revealed a rapid viral load decline during 7 days, whereas four
other patients showed a continued, yet stalled viral growth slope during
treatment (Shapira et al., 2008; Wolf et al., 2011). Another case report
described a renal transplant recipient with valganciclovir resistance and
mutations in the HCMV genome. Twenty days of intravenous artesunate
therapy (180 mg/d) did not reduce the HCMV load (Lau et al., 2011).
Another case series reported on two hematopoietic stem cell transplant
recipients and three solid-organ transplant recipients with HCMV in-
fection (Germi et al., 2014). Artesunate treatment led to virological and
clinical response in two patients with mild infection, but failure in three
other cases with fatal HCMV disease. Another hematopoietic stem cell
transplantation patient developed a multidrug-resistant HCMV infec-
tion. Among other modalities, the patient was treated with artesunate,
but he did not respond to this drug (Stuehler et al., 2015).

As yet, there is one larger clinical trial concerning artesunate
treatment of HCMV-infected patients. However, viral infections fre-
quently occur together with other diseases in co-morbid patients. In the
course of malaria treatment, 11.4% out of 494 Ugandan children were
diagnosed with HCMV infection prior to malaria treatment. All patients
were randomized either for artesunate plus amodiaquine or sulfa-
doxine-pyrimethamine to manage their malaria infections. Concomitant
determination of HCMV load revealed no measurable difference in ei-
ther the frequency or quantity of HCMV detected in blood between
patients of the two treatment arms. The author concluded that the ar-
tesunate-containing anti-malarial regimen exerted no detectable effect
on HCMV viremia in children with malaria (Gantt et al., 2013). In 164
malaria patients with HCMV infection, the virus was shedded at high
rates into the urine. Artemether-lumefantrine combination therapy
decreased the urine virus loads (Barger-Kamate et al., 2016).

3. Human immunodeficiency virus (HIV)

In areas with high malaria incidence, Artemisia annua decoctions are
frequently used to treat malaria. Since malaria patients occasionally
may also suffer from AIDS due to infection with human im-
munodeficiency virus (HIV), it has been speculated that A. annua may
also exert anti-HIV activity. Indeed, A. annua tea infusions inhibited
HIV with an ICsq value of 2.9 ug/mL in vitro (Lubbe et al., 2012). Sur-
prisingly, the isolated artemisinin did not show inhibitory effects up to
concentrations of 25 ug/mL. Another Artemisia species, A. afra, also
revealed anti-HIV activity in vitro. As A. afra is known not to contain
artemisinin, this compound might not be responsible for the effects
observed with A. annua. While Efferth et al. (2002) found only weak
inhibition rates against two HIV-1 strains, Jana et al. (2017) synthe-
sized six 1,5-disubstituted 1,2,3-triazole derivatives of dihy-
droartemisinin, and three of them showed considerable anti-HIV ac-
tivity (ICso values: 1.34-2.65 pM). In another study, artesunate at a
concentration of 10 uM only modestly inhibited the NL4.3 HIV stain in
peripheral blood mononuclear cells by 60% (Oguariri et al., 2010). In
conclusion, the available in vitro data do not support a major role of the
lead compound artemisinin for the management of HIV infections as of
yet. However, novel derivatives may offer better alternatives.

4. Other viruses
4.1. Double-stranded DNA viruses (with envelope)
Human herpesvirus 6 (HHV6) is an AIDS-related virus that has been

a frequent subject for investigations to identify antiviral compounds.
The results on artemisinin and its derivatives are, however, somewhat
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controversial. Whereas Naesens et al. (2006) reported that artemisinin
did not affect HHV-6A and -B replication in HSB2 and MOL3 cells, re-
spectively, Milbradt et al. (2009) found an inhibition of HHV-6A re-
plication as well as early and late protein synthesis at an ICs, value of
3.8 + 1.06 uM.

Interestingly, the compassionate use of artesunate in a child suf-
fering from HHV-6-related myocarditis improved the clinical status and
heart function of the patient (Hakacova et al., 2013). The therapeutic
improvement was correlated with a reduction of HHV-6B DNA in en-
domyocardial biopsies and lymphocytic infiltration. Side effects were
not observed in the patient.

Using an Epstein-Barr virus (EBV)-based reporter construct, arte-
sunate revealed inhibitory activity at low micromolar concentrations.
The inhibition of EBV was due to suppression of biosynthesis of im-
mediate early EBV proteins (Auerochs et al., 2011).

Romero et al. (2005) found that both artemisinin and artesunate
inhibited hepatitis B virus (HBV) production at non-cytotoxic con-
centrations. The antiviral effects of several artemisinin derivatives were
enhanced by iron-containing compounds (hemin, Ferrosanol™)
(Blazquez et al., 2013).

4.2. Single-stranded RNA viruses (with envelope)

Artemisinin and its derivatives are also active against single-
stranded RNA viruses. Using a luciferase assay, artemisinin inhibited
the replication of a hepatitis C virus (HCV) genomic fragment in Huh 5-
2 cell at an ECsy concentration of 78 = 21 uM. Furthermore, the
combination of artemisinin with hemin led to a synergistic HCV in-
hibition (Paeshuyse et al., 2006). The same authors also found that a
panel of artemisinin derivatives inhibited full-length infectious HCV
JFH1 in hepatoma cell with much better efficacy than the lead com-
pound, artemisinin (Obeid et al., 2013). They suggest that reactive
oxygen species (ROS) rather than carbon-centered radical molecules are
responsible for the anti-HCV activity of artemisinin, since the ROS-in-
hibitor, r-N-acetylcysteine, inhibited artemisinin's activity. Huh7-5-1
and ORG6 cells infected with the HCV strain JFH1 were used to test the
effect of artesunate. The virus replication was inhibited, while the cell
proliferation rates remained unchanged (Dai et al., 2016).

The Dengue virus is another single-stranded RNA virus.
Interestingly, a malaria patient also suffering from Dengue shock syn-
drome-related acute renal failure was successfully treated with par-
enteral artemisinin (Thaha et al., 2008) in addition to standard multi-
modal therapy to manage the Dengue shock syndrome. The patient
responded to treatment, but a specific effect of artemisinin on the
Dengue virus load has not been demonstrated. The clinical activity of
artemisinin against Dengue virus, therefore, remains elusive.

Artesunate was not active against influenza viruses. In MDCK cells
infected with the InflVA (WSN/33) strain, neither replication nor host
cell viability were affected (Efferth et al., 2002).

Artesunate was also active against bovine viral diarrhea virus
(BVDV). Epithelial cells derived from embryonic trachea tissue (EBTr)
infected with the BVDV-strain C24V were treated with artesunate. The
drug prevented BVDV-induced death of EBTr cells in a similar fashion
as the control drug ribavirin did (Romero et al., 2006).

4.3. Double-stranded DNA viruses (without envelope)

There are several reports on the activity of artemisinin-type com-
pounds against double-stranded DNA viruses. Sharma et al. (2014a,b)
investigated the antiviral effects of artesunate towards polyomavirus BK
(BKV). This virus causes nephropathy and hemorrhagic cystitis in
transplantation patients. Artesunate inhibited BKV replication in
human primary renal proximal tubular epithelial cells. The antiviral
effects were apparent in terms of viral DNA loads as well as early large
T antigen in RNA and protein expression. However, artesunate also
exerted anti-proliferative effects towards the host cells (Sharma et al.,
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2014a).

Another polyomavirus, the human JC polyomavirus (JCPyV) was
also inhibited by artesunate as measured by viral load and VP1 capsid
protein expression (Sharma et al., 2014b). This virus causes progressive
multifocal leukoencephalopathy.

Disbrow et al. (2005) analyzed the cytotoxicity of artemisinin, ar-
tesunate and dihydroartemisinin towards human papillomavirus
(HPV)-immortalized and transformed cervix cells. Artesunate and di-
hydroartemisinin induced cellular apoptosis without affecting HPV-re-
lated oncogene expression. The oral mucosa of dogs infected with ca-
nine oral papillomavirus was topically treated with dihydroartemisinin,
and the dogs developed antibodies against the viral L1 capsid protein.
The authors concluded that dihydroartemisinin may exert antitumor,
but not anti-papillomavirus effects. Mondal and Chatterji (2015) also
investigated the effect of artemisinin on human papillomaviruses. They
found that artemisinin downregulated the expression of HPV39 en-
coded E6 and E7 proteins in infected ME-180 cervical carcinoma cells.
This might indicate that the antiproliferative effect of artemisinin on
cervix cancer cells is caused by downregulation of the oncogenic viral
E6 and E7 proteins. Studies with the high-risk HPV 18 and 16 are
missing as yet.

4.4. Single-stranded DNA-viruses (without envelope)

Parvovirus infections occasionally occur together with malaria.
Therefore, antimalarial drugs including artesunate have been in-
vestigated for their activity towards human parvovirus B19 (B19V).
Artesunate exerted moderate activity at concentrations higher than
10 uM in vitro (Bonsch et al., 2010).

5. Conclusions and perspectives

As shown in Tables 1 and 2 and Fig. 1, artemisinin-based drugs
inhibited some viruses. It seems that artemisinin and its derivatives act
better against double-stranded DNA viruses with envelope (Herpesvir-
idae and Hepadnaviridae) than against other virus types. However,
much less has been published on single-stranded RNA viruses with or

Table 2
Activity of artemisinin derivatives against single-stranded RNA viruses.
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without envelope. It is still too early to draw a final conclusion, whether
or not artemisinin is active against such virus-types. To my opinion, the
future developments for research on the antiviral activity of artemi-
sinin-type drugs are in the following fields:

5.1. Medicinal chemistry

Some studies demonstrated that artemisinin derivatives were
strongly active against viruses, while the lead compound was con-
siderably weakly active (Tables 1 and 2). This indicates that the anti-
viral potential may be improved by derivatization of the lead chemical
scaffold. This is a main task of medicinal chemistry. While the number
of artemisinin derivatives tested against viruses is limited, a plethora of
artemisinin derivatives have been synthesized during the past two
decades for the improvement of malaria and cancer therapy. All these
derivatives await to be tested for their antiviral activity. In addition to
modified artemisinin molecules, numerous dimer and trimer artemi-
sinin-based complexes have been prepared. Besides homodimers (be-
tween two artemisinin molecules), heterodimers have also been pub-
lished (e.g. artemisinin-ferrocene, and others) (Reiter et al., 2015b). It is
beyond the scope of this review to give a detailed overview on the novel
development in this field. Therefore, the reader is referred to the recent
literature (O'Neill et al., 1999; Posner et al.,, 1999; Li et al., 2000;
Vennerstrom et al., 2000; Ma et al., 2000; Ekthawatchai et al., 2001;
Avery et al., 2002; Paik et al., 2006; Hencken et al., 2010; Njuguna
et al., 2012; Frohlich et al., 2016; Ren et al., 2016).

5.2. Nanotechnology

The hydrophobic artemisinin — like many other natural products too
— is not well soluble in water. This is a challenge for pharmaceutical
formulation, because the bioavailability is low. This and the drug's
short half-life time causes suboptimal absorption and distribution in the
body. Novel devices from nanotechnology may improve the therapeutic
index of artemisinin-type drugs. Nanotechnology experienced a
thriving development during the past years, because nano-sized drug
formulations (below 200-300 nm) bear a tremendous therapeutic

Virus Family Drug Effect Reference
HIV-1 Ba-L Retroviridae Artesunate Inhibition of replication by 64 * 1% of Efferth et al., 2002
HIV-1 NL4-3 Retroviridae control at 600 nM; inhibition of
replication by 52 + 3% of control at
600 nM
HIV-1 NL4-3 Retroviridae Artemisinin Inhibition of replication by 60% of control Oguariri et al.,
at 10 yM 2010
iFIGS HIV-1 plasmid Retroviridae Artemisinin Artemisia annua Artemisia Not active at 25 pg/mL ICsq: 2.0 pg/mL Lubbe et al., 2012
afra similar activity than A. annua
HIV-1 IIIb, HIV-1 ROD, HIV-2 Retroviridae 1,5-Disubstituted dihydroartemisinin ICs of 3 derviatives: 1.34 to 2.65 pM Jana et al., 2017
RES056 derivatives
BVDV Flaviviridae Dihydroartemisinin 8 artemisinin Inhibition of BVDV-RNA release by AD1 Blazquez et al.,
derivatives and AD2 2013
BVDV Flaviviridae Artemisinin Reduction of BVDV-induced host cell Romero et al., 2006
death
HCV Flaviviridae Artesunate 6 artemisinin derivatives ECso: 75 = 7 UM ECs0: 3.2 + 2.4 to Obeid et al., 2013
36 + 16 uM
HCV Flaviviridae Artemisinin ECso: 14 + 21 and 78 + 21 uM Paeshuyse et al.,
2006
HCV JFH1 Flaviviridae Artesunate Dose-dependent inhibition of replication Dai et al., 2016
Influenza virus A WSN/33 Orthonyxo- Artesunate No inhibition Efferth et al., 2002
viridae
Influenza virus A Orthomyxo- Artesunate No inhibition Milbradt et al.,
viridae 2009
B19V Parvovirus Artesunate Moderate inhibition above 10 pM Bonsch et al., 2010




T. Efferth

potential. Novel nano-formulations have also been developed for arte-
misinin and it derivatives (Efferth et al., 2016; Aderibigbe, 2017):

- Liposomes are vesicles formed by lipid bilayers, which entrap drugs.
Thereby, longer half-life times, reduced toxicity and better target
specificity of the drugs can be yielded. The generation of artemi-
sinin- and artemether-based liposomes has been reported (Isacchi
et al., 2011; Chen et al., 2015).

Ninosomes are liposomes consisting of non-ionic surfactants. They
are more stable than liposomes. Artesunate and artemisone have
been encapsuled in ninosomes (Asgharkhani et al., 2014; Dwivedi
et al., 2015).

Soft lipid vesicles are termed ethosomes. Artesunate has been used
to prepare ethosomes (Shen et al., 2015).

Nanocapsules have a shell composed of chitosan, gelatin, alginate
and provide increased bioavailability of the enclosed drug.
Nanocapsules have been reported for artemisinin and artesunate
(Chen et al., 2009; Xiao and Hong, 2010).

- Micelles result from self-assembly of amphiphilic molecules in water
leading to improved drug stability and increased bioavailability.
Artemisinin- and artemether-containing micelles have been pre-
pared (Bhadra et al., 2005; Wang et al., 2012).

Nanotubes are carbon-based biodegradable drug delivery systems.
Several nanotubes with encapsuled artemisinins have been reported
(Rezaei et al., 2011; Zhang et al., 2015).

Lipid nanoparticles are composed of triglycerides. They have been
prepared with several artemisinin-type drugs, e.g dihy-
droartemisinin, artemether, arteether, an artemisinin dimer, and
artemisone (Aditya et al., 2010; Zhang et al., 2010, 2013; Dwivedi
et al., 2014).

Polymer-based nanoparticles consist of biodegradable polymers
such as polyactic acid, chitosan, gelatin, poly-alkyl-cyanoacrylates,
etc.) to provide controlled drug release. Artemisinin, artesunate and
dihydroartemisinin have been incorporated into a number of dif-
ferent nanoparticles (Chadha et al., 2012; Ibrahim et al., 2015;
Nguyen et al., 2015; Want et al., 2015).

Polymer-based drug conjugates are biodegradable molecules that
form a backbone for coalnet linkage with therapeutic drug mole-
cules. Polymers used for drug conjugation are polyethylene glycol,
cyclodextrins, chitosan, polyurethane, polyorganophosphazenes and
others. Polymer-drug conjugates are known for artemisinin, dihy-
droartemisinin and artemether (Efferth et al., 2004; Yaméogo et al.,
2012; Wang et al., 2013; Xiao et al., 2013; Kumar et al., 2015;
Jabbarzadegan et al., 2017).

Nanotechnology for artemisinin-type drugs has been mainly used to
treat malaria and cancer. A few studies reported on their use against
leishmaniosis (Want et al., 2015). Artemisinin-based nano-drugs have
not been used against viral infections as of yet. It can be expected that
major improvements can be achieved by taking advantage of this
technology, especially in animal experiment and clinical trials in pa-
tients, where the full potential of artemisinin-based drugs to combat
viral diseases still remains to be convincingly demonstrated.

5.3. Synthetic biology

As the amount of artemisinin in wild-type Artemisia annua plants is
only low (0.01-0.8%), there is a growing demand to increase sustain-
able artemisinin production. Although total synthesis is possible
(Schmid and Hofheinz, 1983; Ravindranathan et al., 1990; Avery et al.,
1992), it is not routinely done, because it is too time-consuming and not
economical. Other approaches have been developed to increase the
yield of artemisinin for the global market, e.g. the breeding of high-
yield cultivars in field and greenhouses and the cultivation of transgenic
plants that produce more artemisinin than wild-type plants (Laughlin,
1994; Delabays et al., 2001). An effective biotechnological technique is
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hairy root cultures of Artemisia annua, which can rapidly produce high
amounts of artemisinin (Patra and Srivastava, 2016).

A revolutionary development in biotechnology is termed synthetic
biology, which is the bioengineering of entire microorganisms to fulfill
a specific function (Khalil and Collins, 2010; Weber and Fussenegger,
2011). A showcase example in synthetic biology has been the hetero-
logous expression of the biosynthetic pathway for artemisinin in mi-
croorganisms (E. coli, Saccharomyces cerevisiae, etc.) (Martin et al., 2003;
Ro et al., 2006; Withers and Keasling, 2007; Liu et al., 2011; Paddon
et al., 2013). A precondition for this technical breakthrough was the
elucidation of the biosynthesis pathway in Artemisia annua and the
cloning of the genes encoding the corresponding biosynthetic enzymes
(Kirby and Keasling, 2009). With the application of such high-tech
methodologies, it is possible to upscale the artemisinin production
without restrictions and to fulfill the global demand on artemisinin. It is
to be hoped that artemisinin will not only be used for the malaria
therapy market, but also to treat viral diseases in the future.

5.4. Clinical trials

Preliminary data have been generated on the treatment of viral
diseases in patients. For HCMV, artesunate seemed to exert a positive
effect in a subset of patients. The main challenge is that convincing
clinical evidence is still missing for viral infections. In a comparable
fashion as for cancer and schistosomiasis (Jansen et al., 2011; Krishna
et al., 2014; Saeed et al., 2016; von Hagens et al., 2017), phase 1/1I
trials should be performed for viral infections. Without placebo-con-
trolled double-blind clinical trials, it cannot be finally decided, whether
or not artemisinin-type drugs are useful weapons in the fight against
viral diseases.
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