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In 1982, insulin became the first FDA-approved
protein drug created through recombinant DNA
technology. It was made by inserting the human
insulin gene into a bacterial cell's DNA, multiplying the

bacteria and capturing and purifying the human insulin

in bioreactors. Today, recombinant proteins are widely

A bioengineered network of blood vessels

used in medicine, but life for patients who rely on
these drugs isn't pleasant: they must often endure injections several times a week, or visit a medical

facility for intravenous therapy.

Back in 2011, we put forward an idea to make recombinant protein therapies less taxing for patients, by
applying gene therapy to make a patient’s own cells produce the drugs, rather than bacteria in a reactor.
This idea has been around since the advent of gene therapy research few decades ago, but creating
actual clinical therapies has turned out to be more difficult than anticipated. One of the many challenges
is an insufficient understanding of how to engraft patients’ cells back into their bodies in a controlled and
stable fashion.

Some of my colleagues at the Dana-Farber/Boston Children’s Cancer and Blood Disorders Center
are optimistic about gene therapy's potential in blood and immune disorders, finding that patients’
blood stem cells, genetically corrected, do a good job engrafting themselves into the bone marrow. Our
|laboratory, meanwhile, has focused its efforts on endothelial colony-forming cells, precursers of the cells
that line our blood vessels.

Engineered blood vessels

We first learned that endothelial colony-forming cells circulate in the bloodstream and are easily isolated
from a simple blood draw. Later, we learned that they can be manipulated in the laboratory and
transplanted into animals, and that they're particularly good at assembling themselves into stable blood
vessels.

We soon found ourselves exploring this idea:
What if we could insert instructions into these

endothelial precursors, directing them to build
vessels capable of producing drugs?

Proving the idea's feasibility was not
straightforward. We initially tried it with
“blockbuster” protein drugs such as insulin,
only to realize that success would take

more than inserting genes into the cells.

Indeed, we learned that insulin production
needs to be timed properly and coupled to Juan Melero Martin (R) with postdoctoral fellow Ruei-Zeng Lin
blood glucose sensing, requiring more

layers of genetic engineering that we initially realized. Other proteins needed their own particular

refinements.

Endothelial colony-forming cells engineered to produce EPO (shown in red). All images courtesy Melero-
Martin lab.

We ended up focusing on production of the anemia drug erythropoietin (EPQ), which had some $2 billion in U.S.
sales in 2011. Timely release is not crucial, and EPO produces a physiological response that is easily tracked—
namely, an increase in it. Thanks to the ible work and talent of Ruei-Zeng Lin, PhD, the
postdoctoral fellow leading this project, we quickly made our first breakthrough, showing increased hematocrit
levels in mice receiving implants of EPO-producing vascular networks. Soon after, we demonstrated that the

implants were stable and able to correct anemia in mice.

Turning drug delivery on and off
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genetic switch so that the EPO-making gene turned on only when the mice received the drug
doxycycline. While this enabled us to precisely control EPO release, doxycycline is an antibiotic and
probably should not be taken regularly. So we then sought to hamess regulatory systems used naturally
by the body.

Last year, we received funds from Boston Children’s Hospital to develop a system that senses blood
oxygen levels, stimulating EPO production when oxygen levels dip. Our goal is to incorporate multiple
sensing elements into the EPO gene’s “switch” or promoter region so that the modified endothelial
precursor cells will activate EPO production on their own. If this succeeds, it could be the first self-

governing protein drug delivery system that responds to physiologic demands.

Beyond this proof-of-concept effort, we hope to address a wider range of therapeutic applications. A little
over a year ago, we began a collaboration with Ellis Neufeld, MD, PhD, director of the Boston
Hemophilia Center and associate chief of hematology at Boston Children’s, to apply our system to the

treatment of hemophilia A.

Patients with this inherited
bleeding disorder, caused by
mutatiens in the gene for factor VIl
(a coagulation factor), currently
undergo intravenous infusions of
recombinant factor VIiI two to three
times a week—for life. This therapy
is extremely expensive and
creates tremendous discomfort. A
system that could continuously
supply the drug could significantly
improve patients’ quality of life and
potentially reduce cost. Endothelial colony-ferming cells engineered to make Factor VIII (in green)

Qur preliminary studies look
encouraging: we have successfully genetically engineered blood endothelial precursors from four
patients with severe hemophilia A to produce a corrected form of factor VIIl. We are currently evaluating

this approach in animal models.
iPS cells and gene editing

With funding from the Bayer Hemophilia Awards Program, we are also exploring the possibility of creating
induced pluripotent stem cells (iPS cells) from hemophilia A patients to derive all the cells needed to build
drug-producing vascular implants. This exciting effort is already generating encouraging results in the

laboratory.

Despite some successes, the realization of gene therapy as an alternative to IV administration of
recombinant drugs has been sluggish to say the least. In recent years, the advent of gene editing
technologies and increased understanding of stem cell biclogy have brought new excitement and
expanded possibilities in gene therapy. Time will tell whether these technological advances will finally
fulfill gene therapy's potential to improve the lives of millions of patients who rely on injections or

infusions of protein drugs.
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