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Abstract.

Despite considerable efforts by multiple governmental and non-governmental organizations to increase

access to artemisinin-based combination therapies (ACTs), these life-saving antimalarial drugs remain largely unafford-
able to the most vulnerable populations. The cost of artemisinin derivatives, ACTs’ crucial active ingredients, contributes
significantly to the high price of these therapies. With a grant from the Bill and Melinda Gates Foundation, a partnership
between Amyris Biotechnologies, the Institute for OneWorld Health, and the University of California, Berkeley is using
synthetic biology to help reduce the cost of artemisinin. This article presents a description of the technological platform
the partnership—called the Artemisinin Project—is developing to manufacture a low-cost, semi-synthetic artemisinin
through a fermentation process. By making life-saving ACTs affordable to the people who most need them, the
Artemisinin Project hopes to show that the power of biotechnology can be harnessed to provide solutions to global

health problems.

INTRODUCTION

Over the last couple of decades, the rise of biotechnology
has provided a cutting-edge technological platform driving
innovation in the development of new therapies for life-
threatening diseases such as cancer. These innovative ap-
proaches rely on years of research and development using
technologies that are increasingly sophisticated and costly
(the average total cost for the development of a new medicine
is USD $800 million"). Thus, it has been assumed that these
technologies would be too expensive to apply to the creation
of new medicines that are desperately needed in the devel-
oping world.

The Artemisinin Project challenges this assumption.
Armed with a grant from the Bill & Melinda Gates Founda-
tion, a new partnership, comprised of Amyris Biotechnolo-
gies, the Institute for OneWorld Health, and the University of
California, Berkeley, has been formed to inexpensively pro-
duce the antimalarial drug artemisinin through a new fermen-
tation process. This San Francisco Bay Area-based public—
private partnership is applying a combination of synthetic bi-
ology, industrial fermentation, chemical synthesis, and drug
development expertise to a very specific need of the devel-
oping world. In doing so, the partnership is a paradigm of how
groups with critical knowledge and skills can pool talents to
address a major global health problem.

Malaria is a disease that overwhelmingly affects areas of
poverty, producing 300-500 million new infections and 1-3
million deaths each year, with most of the disease burden
falling on African children younger than 5 years of age.” In
the last few decades, Plasmodium falciparum—the parasite
causing the most virulent form of malaria—has become in-
creasingly resistant to first-line drug therapies. However, ar-
temisinin-based combination therapies (ACTs) show nearly
100% effectiveness against these drug-resistant parasites. Un-
fortunately, because of their high cost, ACTs are still beyond
the reach of the world’s poorest people. This unique partner-
ship is using innovative technology to reduce the cost of
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ACTs, thereby making these life-saving therapies more ac-
cessible to people in the developing world.

ACTS: THE LAST LINE OF DEFENSE AGAINST A
GLOBAL SCOURGE

Because of widespread and unsupervised use of malaria
drugs, chloroquine-resistant P. falciparum emerged in the
early 1960s and rapidly spread around the world. Today there
are reported cases of Plasmodium parasite resistance to most
of the currently available antimalarial therapies, thus neces-
sitating the development of new antimalarial treatments.® A
new class of antimalarials—artemisinin derivatives—were
first isolated and developed in China in the 1980s. The world
is greatly indebted to Chinese scientists and traditional heal-
ers for their discovery and open sharing of the antimalarial
properties of the plant Artemisia annua, or sweet wormwood,
also named ginghao in Chinese.* Artemisinin extracted from
the plant can be chemically converted into several active de-
rivatives. Artemisinin derivatives such as artesunate, arte-
mether, and dihydro-artemisinin (DHA) are extremely po-
tent antimalarials that act rapidly against both the parasite’s
asexual and sexual stages, which could potentially help to
reduce the rate of malaria transmission.” In addition, arte-
misinin-derived drugs have been shown to be highly effica-
cious against parasites resistant to other antimalarial drugs.®

As monotherapies, artemisinin derivatives are effective
treatments for uncomplicated malaria, but because of their
very rapid clearance in plasma, complete cure requires a
longer treatment (up to 7 days), which is often not completed.
This has raised concerns of a higher potential for this class of
drugs to induce drug resistance in Plasmodium parasites. To
prevent the development of drug resistance against artemisi-
nin derivatives, ACTs were developed; this method of drug
combination is also used for the treatment of HIV and tuber-
culosis. The treatment consists of the simultaneous adminis-
tration of two or three antimalarial drugs, each with a distinct
mechanism of action against the parasite.

The World Health Organization (WHO) first endorsed
ACT: for the treatment of malaria in 2004 and recommended
a switch to ACTs as the first-line malaria treatment in 2005.°
Unfortunately, because of their high cost, these therapies are
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not widely accessible to the people who most need them,
many of whom resort to using inexpensive but failing drugs
such as chloroquine. Alternatively, some patients may use
artemisinin monotherapies, which are generally cheaper than
ACTs but could accelerate the development of parasite resis-
tance, as has been recently suggested by the work of Jambou
and others.” At present, there have been no documented
cases of ACT treatment failure because of resistance in Plas-
modium parasites, but the study of Jambou and others
strongly supports the need to protect artemisinin derivatives
from the development of parasite resistance. In 2006, the
WHO requested the discontinuation of manufacturing and
marketing of all artemisinin monotherapies, except for the
treatment of severe malaria, in an effort to prevent the de-
velopment of resistance. Many drug manufacturers should be
commended for their responsible response to this call from
the WHO.

Challenges of supplying affordable ACTs. Despite notable
efforts by pharmaceutical companies, governments, and non-
governmental organizations to make ACTs available to ma-
laria patients, ACTs remain too expensive for the majority of
people in endemic countries. Although there are many ele-
ments that influence the cost of these drugs, such as packaging
and the non-artemisinin component of the combination
drugs, the high cost of artemisinin itself (reported to be a
range of $900-$1,600/kg in 2006; Boston Consulting Group,
personal communication) is currently a key cost driver for
ACTs (Figure 1).

Artemisinin is a natural product, and like many other natu-
ral products in the current pharmacopoeia, they have pre-
sented a supply chain challenge for the pharmaceutical indus-
try that—in the case of a few active pharmaceutical ingredi-
ents (APIs) derived from natural products—had to make
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substantial financial investments to manage the API manu-
facturing and supply chain. To manufacture APIs, pharma-
ceutical companies often prefer to use a consistent and reli-
able source of starting material—ideally a chemical that can
be completely synthesized from common and inexpensive
chemicals rather than extracted from the natural source.

Artemisinin, the starting material for the derivatives used
in ACTs, is currently extracted from dried leaves and influo-
rescences from A. annua, an annual herb that is primarily
cultivated throughout China and Southeast Asia. A. annua is
a very labor-intensive crop with a lengthy growing cycle; the
period from time of planting to artemisinin extraction is ~12—
18 months.® In addition, the plant’s artemisinin content is
quite sensitive to genetic backgrounds, cultivation conditions,
and harvesting periods. The commonly accepted artemisinin
recovery yield is ~5 kg per 1,000 kg of dry leaves, produced
from ~1 ha of A. annua plants.® Based on this yield, an esti-
mated 17,000 ha are required to produce enough artemisinin
to manufacture 100 million adult treatments per year. In 2004,
there was only an estimated 4,700 ha of Artemisia grown in
the world, mainly in China and Vietnam.® Recent efforts to
scale-up the cultivation of A. annua in Asia and East Africa
are forecasted to increase the total acreage to ~11,200 ha.
However, an additional source for artemisinin production is
clearly needed to meet the projections of a global demand of
400 million ACT treatments per year.® In addition to the
challenges inherent to the scale-up of A. annua cultivation,
the artemisinin extraction and purification processes are dif-
ficult and costly. These processes currently rely on methods
that use organic solvents such as hexane and petroleum ether,
which are relatively inefficient, potentially unsafe, and envi-
ronmentally damaging.

The plants—and the many farmers who grow them—are
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currently the sole source of artemisinin worldwide and are
responsible for saving the lives of countless numbers of
people who are treated with ACTs each year. A. annua will
continue to play an important role in the ACT manufacturing
process in the future and provide the additional benefit of
supporting the development of local economies in the malaria
endemic countries where A. annua is cultivated. Nonetheless,
it is also clear that there is a need for an additional source of
artemisinin that is consistent, reliable, pure, and inexpensive.
By reducing the cost of this important API intermediate, the
cost of ACTs can in turn be reduced, and these life-saving
drugs will be more accessible to the people who need them most.
Synthetic biology as a cost-effective solution to the problem
of artemisinin supply. The genetic engineering and recombi-
nant DNA technology revolutions have profoundly changed
modern medicine. Today, diseases such as diabetes are effec-
tively treated with recombinant proteins. These proteins are
produced through genetic engineering of microorganisms,
which can be industrially fermented to produce copious
amounts of pure and potent biotherapeutics at a lower cost.
Unfortunately, protein therapeutic approaches have not yet
been applicable to the treatment of infectious diseases, which
overwhelmingly affect populations in the developing world.
Recently, the field of synthetic biology has expanded the
techniques pioneered in the field of recombinant protein
therapeutics to the realm of small molecule drugs. Synthetic
biology combines science and engineering to design and build
novel biologic systems or to redesign existing systems for use-
ful purposes. In this case, the Artemisinin Project team is
using synthetic biology to assemble a biosynthetic pathway of
genes from the plant A. annua and other organisms into mi-
crobes. Professor Jay Keasling’s laboratory at the University
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of California, Berkeley, and scientists at Amyris Biotechnolo-
gies are completing the synthetic biologic process to produce
artemisinic acid, a precursor to artemisinin. Berkeley scien-
tists are elucidating the metabolic pathway in the wormwood
plant and identifying the genes required to make artemisinic
acid. They are inserting this pathway into microorganisms and
optimizing the resulting microbial strains for commercial pro-
duction of the precursor through fermentation.

The technology required for the microbial production un-
derpinning this approach was developed in the Keasling labo-
ratory.”!® By constructing a new metabolic pathway com-
prised of bacterial, yeast, and plant genes into a bacterial
“chassis,” they created a platform organism capable of syn-
thesizing copious supply of isoprenoid precursors. These pre-
cursors can then be converted to any isoprenoid product of
choice through the addition of a specific biosynthetic gene—
amorphadiene synthase in the case of the artemisinin biosyn-
thetic pathway (Figure 2). Through synthetic biology efforts
by the Amyris/Keasling laboratory collaboration as well as
fermentation process optimization by Amyris, titers of amor-
phadiene have increased nearly 100-fold in 1.5 years and
> 10-million-fold since the initial inception of the project in
1999.

To complete the artemisinin biosynthetic pathway, amor-
phadiene undergoes three oxidation steps to form artemisinic
acid. A very significant milestone of the project was met with
the discovery of the CYP71AV1I gene, whose product belongs
to a large class of enzymes known as cytochrome P450s.'!
Using the yeast eukaryotic system as a screening platform, the
UC Berkeley scientists identified a single gene, CYP7IAV1,
which catalyzes all three oxidation steps required for the con-
version of amorphadiene into artemisinic acid. Taken to-
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FIGURE 2. The process for the microbial production of artemisinin. Using synthetic biology, the metabolism of the microbe is engineered to
produce artemisinic acid, a precursor to artemisinin. Starting from acetyl-CoA (an abundant product of the central metabolism of many microbes),
the microbes produce, in turn, mevalonate, farnesyl pyrophosphate (FPP), amorphadiene, and finally, artemisinic acid. The artemisinic acid is
released from the microbes and purified from the culture media. The artemisinic acid is chemically converted to artemisinin. Once the artemisinin
is produced, it must be further chemically converted into a derivative such as artesunate or artemether, which are integrated into ACTs for the

treatment of malaria.
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gether, these results show that an artemisinic acid—producing
strain of baker’s yeast (Saccharomyces cerevisiae) can be cre-
ated by engineering the endogenous farnesyl pyrophosphate
(FPP) pathway and by expressing the A. annua genes, amor-
phadiene synthase, and CYP71AVI and its redox partner
(CPR). Efforts are currently underway to optimize the
CYP71AVI gene expression in microbial strains that have
been optimized to sustain high-level production of amorpha-
diene.

In the A. annua plant, artemisinic acid is subsequently oxi-
dized to yield artemisinin. However, a singlet oxygen-
generating enzyme capable of peroxidizing artemisinic acid
has not been identified. Furthermore, it is currently postu-
lated that the transformation of artemisinic acid to artemisi-
nin is performed in a light-driven reaction. Thus, these steps
are difficult to complete through the microbial fermentation
process, and the required chemical conversion has tradition-
ally been considered costly and extremely difficult to perform
at a commercial scale. We have overcome these challenges by
developing—at Amyris Biotechnologies—a novel and inex-
pensive chemical process that can be scaled-up for commer-
cial application. Using this proprietary chemistry process, we
have successfully completed the synthesis of artemisinin,
identical in all ways to natural material. Once the artemisinin
is produced, it must be further chemically converted into de-
rivatives such as artesunate or artemether, which are inte-
grated into ACTs.

Although the discoveries to date constitute a good proof of
concept, a substantial amount of work remains to be done for
this process to be scalable and cost-effective. Efforts are un-
derway to significantly increase the yield of artemisinic acid
and to optimize the downstream chemistry process converting
artemisinic acid into artemisinin. To effectively steer these
efforts and to maximize the project probability of success,
OneWorld Health is working with Amyris Biotechnologies
and the Keasling laboratory, the Bill & Melinda Gates Foun-
dation, and scientific and business advisors to determine the
best overall product development strategy. This includes de-
termining decision criteria to move the project forward and
future partnerships needed to transition the research and
laboratory-scale development work to pilot-scale and even-
tual manufacture at a commercial scale. In addition, One-
World Health is developing a commercialization strategy
based on a thorough understanding of the worldwide regula-
tory requirements and on an analysis of the current ACT
manufacturing supply chain and distribution models. The out-
come of this analysis will allow OneWorld Health to select
scale-up and manufacturing partners that will maximize the
impact of the semi-synthetic artemisinin on global ACT
pricing.

Public health windfalls of cheaper artemisinin. The imple-
mentation of adequate vector control approaches, (such as
insecticide indoor residual spraying), prevention methods
(such as insecticide-treated nets), and the development of
malaria vaccines are crucial in the campaign to decrease the
incidence of malaria. Nonetheless, access to effective and safe
antimalarial drugs has always been—and remains today—a
key component of any malaria control program.

In sub-Saharan Africa, the region with the greatest burden
of malaria, high cost is the primary factor limiting access to
life-saving ACTs. The ultimate goal of the Artemisinin
Project is to lower the cost of ACTs by reducing the cost of

artemisinin derivatives. Lowering the cost of ACTs is neces-
sary to enable the adoption of these drugs as first-line anti-
malarials in impoverished countries. Currently, ACTs are not
economically competitive with chloroquine and sulfadoxine-
pyrimethamine (SP), and the economic incentive for coun-
tries to implement a policy switch to ACTs is low. To some
extent the situation is comparable—and maybe even worse,
considering the currently high cost of ACTs—to the situation
in the 1990s, when a policy switch from chloroquine to the
more expensive SP was recommended but was quite costly to
African countries. For example, it was estimated that the bud-
get for the planned change in the United Republic of Tanza-
nia was equivalent to 1% of the total annual Ministry of
Health budget over an 18-month period.'? The creation of the
Global Fund to Fight AIDS, Tuberculosis, and Malaria has
provided a financial mechanism to allow for governments to
implement the WHO recommendations and switch to ACTs
as first-line therapies. Nonetheless, additional approaches
aiming to reduce the ACT cost such as the Artemisinin
Project are much needed to further expand the use of these
life-saving drugs.

Fermentation has been used for decades to produce impor-
tant chemicals and medicines, such as vitamins, antibiotics,
and protein-based pharmaceuticals. The Artemisinin Project
aims to develop and validate inexpensive processes to begin
the scale-up process of fermentation combined with synthetic
chemistry to produce artemisinin. It is anticipated that bulk
production of this important compound will significantly re-
duce the price of these lives-saving medicines (Figure 1), mak-
ing them accessible to the hundreds of millions of impover-
ished people who contract malaria each year. In addition to
reducing the production cost, industrial fermentation pro-
cesses offer advantages in scalability, reliability, and flexibil-
ity, which allow for a greater and faster ability to adjust to
market changes.

If successful, the Artemisinin Project could impact public
health significantly. First and foremost, by increasing access
to ACTs, this project is expected to have an impact on malaria
mortality. Rapid access to effective treatments at the first
onset of symptoms has been clearly shown to prevent the
progression of the disease to more life-threatening stages such
as severe and cerebral malaria.'> Another expected project
outcome is a dramatic reduction of the use of artemisinin
monotherapies. Artemisinin monotherapies are a real threat
to the longevity of this class of drugs in the field. As men-
tioned previously, recent studies support the hypothesis that
the use of artemisinin monotherapies could potentially in-
crease the risk of drug resistance development.” The Institute
for OneWorld Health is leading the manufacturing and com-
mercialization effort for the Artemisinin Project in the devel-
oping world, and their policy will be to supply artemisinin
exclusively to pharmaceutical manufacturers who only pro-
vide ACTs; artemisinin will not be supplied to companies that
produce monotherapies. By providing low-cost artemisinin
only to ACT manufacturers, it is expected that ACTs will be
able to outcompete the artemisinin monotherapies.

It is also anticipated that the Artemisinin Project will have
an impact on the pervasiveness of counterfeited drugs. The
problem of counterfeited drugs in the developing world has
steadily grown in magnitude, and some reports state that up
to 50% of the drugs sold on the private market in certain parts
of Africa and Asia are counterfeited.'® By providing the mar-
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ket with low-cost ACTs, thereby diminishing the potential
profits generated by criminal counterfeiting activities, the in-
centive to manufacture and sell counterfeited drugs could be
substantially lowered.

This project is a unique opportunity to provide the world
with an additional consistent, reliable, and inexpensive source
of artemisinin. By using state-of-the art technologies to solve
a global health problem, the Artemisinin Project hopes to
bring affordable antimalarials to the people who most need
them.
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