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Serious side effects plagued
the field's early years, but

researchers are finding ways
to minimize the risks

By Tanya Lewis

AUDREY WAS SIX MONTHS OLD when her parents first no-
ticed something wasn’t right. Without warning, her
body stiffened, and her eyes rolled into the corners of
their sockets for hours at a time. Despite visits to multi-
ple specialists, no one knew what was wrong. Her doc-
tors prescribed seizure medication—lots of it—which se-
dated her but did not stop the eye-rolling. Finally, they
confessed that they did not know how to help and sent
Audrey and her parents home with a handful of pam-
phlets about living with a disability.

Genetic tests later diagnosed Audrey
with a condition known as aromatic L-ami-
no acid decarboxylase (AADC) deficiency,
caused by mutations in a single gene. The
extremely rare disorder manifests in infan-
cy and lowers the activity of AADC, an en-
zyme that is critical for making the brain-
signaling chemicals dopamine and sero-
tonin. It causes severe developmental and
motor disabilities, as well as sleep and
mood problems. Most children with the
condition are unable to talk, sit up or sup-
port their own weight.

After years of frustration, Audrey’s par-
ents enrolled her in a clinical trial led by
Krystof Bankiewicz, a professor of neuro-
surgery at the University of California, San
Francisco, and the Ohio State University

College of Medicine. The gene therapy
Bankiewicz and his colleagues were testing
uses a harmless virus as a vector to intro-
duce an intact version of the gene respon-
sible for making the AADC enzyme. Seven
children participated in the trial. The re-
searchers injected the virus directly into
each child’s brain near neurons they hoped
would start making AADC and, subsequent-
ly, dopamine.

The children ranged in age from four
through nine years old at the beginning of
the trial (Audrey was six at the time). The
results were dramatic: by three months af-
ter surgery, six of the seven children stopped
having oculogyric crises—the distinctive
eye-rolling that is a hallmark of the disease.
The seventh child also improved initially

but died seven months later from compli-
cations of the disease itself, Bankiewicz
says. A year postsurgery all six surviving
children could control their heads normal-
ly, and four could sit independently. After a
year and a half, Audrey and one other child
were walking with hand support and learn-
ing to use muscles they had previously been
unable to command. So far none of the chil-
dren has shown any serious side effects.

Outcomes like Audrey’s would not have
been possible without decades of research
and patients who volunteered for experi-
mental treatments, knowing they could be
risking their lives, to help move gene ther-
apy forward. Serious side effects, some
deadly, threatened to derail the field in its
early years, prompting researchers to step
back and reconsider their approach. Con-
vinced of the promise of genetic cures and
of the potential to find safer, more precise
gene delivery methods, they persisted.

Since then, gene therapy has yielded
some notable successes [see “Success Sto-
ries,” on page S12]. Yet the quest to control
side effects is far from over. As in any pio-
neering field of medical science, research-
ers must strike a balance between advanc-
ing knowledge that could help cure devas-
tating diseases and proceeding with caution
to protect patients.

FIRST DO NO HARM

JESSE GELSINGER WAS 18 years old in 1999,
when he joined one of the first clinical tri-
als of gene therapy [see “The Gene Fix,” on
page S3]. Gelsinger suffered from an inher-
ited genetic disorder called ornithine trans-
carbamylase (OTC) deficiency, which causes
toxic levels of ammonia to build up in the
blood. Untreated, that buildup can lead to
vomiting, lethargy and, in severe cases,
death. The condition affects up to one in
50,000 infants and is caused by mutations
in the OTC gene. Standard treatment for the
condition involves a restricted diet and sup-
plementation known as alternative path-
way therapy. Gelsinger was being treated
for the condition and had a mild case, but
he occasionally experienced episodes of
high ammonia levels, known as hyperam-
monemia, once even slipping into a coma.

The gene therapy trial he enrolled in
used a type of cold virus known as an ade-
novirus that had been engineered to deliver
aworking version of the O7C gene to his liv-
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er cells. Gelsinger was one of two partici-
pants receiving the highest dose. Within
days of the treatment, however, his condi-
tion declined rapidly. His body launched a
severe inflammatory response that led to or-
gan failure and, ultimately, brain death.

A few years later several children who
had been treated with gene therapy for a se-
vere immune disease developed cancer.

Research funding dried up, and many
investigators abandoned the field. But those
who remained began to make improve-
ments in both the safety and the efficacy of
viral vectors. They also began exploring a
gene-editing method called CRISPR, which
could enable more targeted therapies but
came with a new set of risks.

Gene therapy has come a long way since
Gelsinger died—Audrey is living proof of
that. Yet researchers remain vigilant about
the specter of side effects. “We’re in a very
different place now,” says Mark Batshaw,
the physician who helped to lead the trial
involving Gelsinger more than 20 years ago.
“We know a lot more about vectors. We
know a lot more about the immunity that
is associated with that. And I think there’s
a lot more care.”

After Gelsinger’s death, the U.S. Food
and Drug Administration banned James
Wilson, the scientist whose laboratory de-
veloped the therapy Gelsinger received, and
his institution, the University of Pennsylva-
nia’s Institute for Human Gene Therapy,
from conducting human trials for at least
five years. An FDA notice cited repeated and
deliberate violations of the trial protocol for
an investigational drug. The agency sus-
pended all research at Wilson’s institute, too.

But it was not the end for gene therapy
or for Wilson’s career. “There was a precip-
itous decline in enthusiasm in supporting
the field,” Wilson says. Nevertheless, “there
were a few of us who continued to work on
gene therapy,” he says. “We pivoted from
clinical applications to basic science around
the delivery of genes.” Wilson and his col-
leagues turned back to the lab bench to un-
derstand what went wrong in Gelsinger’s
death. Their best hypothesis is that he had
antibodies to adenovirus from a previous ex-
posure to the virus and that these relics of a
former infection supercharged his immune
system’s response to the adenovirus vector.

Wilson and other researchers took a
hard look at the issue of side effects and how

to minimize them. Because the viral vector
seemed to be the biggest risk, they switched
to adeno-associated viruses (AAVs), which
proved far safer. Today AAVs are used in nu-
merous therapies, including an approved
drug for spinal muscular atrophy. “I'm glad
we stayed with it,” Wilson says.

LEARNING FROM FAILURE
AROUND THE SAME TIME as the Gelsinger tri-
al, scientists in France and England were
working on a therapy for severe combined
immunodeficiency syndrome (SCID), a ge-
netic condition that affects at least one in
50,000 babies. It is sometimes referred to
as “bubble boy disease” because those af-
flicted with it, primarily boys, are born
without an immune system and must live
in isolated, sterile environments to keep
from getting sick. It can be cured with a
bone marrow transplant from a matched
donor, but only about a quarter of affected
children find such a match. Without treat-
ment, children with SCID usually die with-
in the first year of life.

For their vector, the researchers turned
to a group of viruses called gammaretrovi-
ruses because they believed them to be effi-
cient at delivering genetic material to cells.
In a pair of clinical trials, they targeted a
form of SCID that is passed down from a
mother to her baby on an X chromosome,
known as SCID-X1. It is caused by errors
in a gene that encodes a protein called
IL2RG. In both trials, the patients’ own bone
marrow stem cells were collected and iso-
lated. The researchers used a gammaretro-
viral vector to insert a working copy of the
IL2RG gene into them, then reinfused the
modified cells. Initially the therapy ap-
peared somewhat successful: most of the 10
children who were treated started produc-
ing functional T cells—an important com-
ponent of a working immune system. But
within three to six years half the subjects de-
veloped leukemia, and one died. The viral
vectors are believed to have activated a
known cancer-causing gene. The FDA halt-
ed all U.S. trials involving a retroviral vector
aimed at modifying bone marrow stem cells.

“Our knowledge came from animal
models,” says Marina Cavazzana, a pedia-
trician and hematologist at Paris Descartes
University’s Necker Hospital, who wrote the
clinical protocol and handled patient fol-
low-up for the clinical trial in France. The
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problem, she says, is that the animal mod-
els were unable to predict human toxicity.
“I stopped the clinical trial, we came back
to the bench, and we tried to explain the
reason for these side effects. And we came
back again to the clinic,” she says.

David Williams, chief of hematology and
oncology at Boston Children’s Hospital, was
involved in those early SCID trials. “In the
end,” he says of both the SCID trials and
Gelsinger’s trial, “you have to try these
things in human beings to completely un-
derstand the benefits versus the risks.”

When Williams and his colleagues re-
sumed their work on SCID a decade later,
they created a modified version of their
gammaretrovirus to avoid activating can-
cer-causing oncogenes. It still prompted the
development of just one type of immune
cell, however, and recipients required con-
tinued intravenous injections to maintain
production. But nearly a decade later none
of the subjects has shown signs of leukemia
or other side effects.

It was yet another viral vector that
helped to push the SCID effort across the
finish line. In 2016 a team led by Ewelina
Mamcarz, a bone marrow transplant spe-
cialist at St. Jude Children’s Research Hos-
pital in Memphis, launched a trial for
SCID-X1 using a lentivirus (a virus relat-
ed to HIV) as a vector. Researchers built a
“firewall” into it that would prevent the
activation of any parts of the genome that
might cause leukemia. Mamcarz and her
colleagues also pretreated patients with
chemotherapy to make room for the mod-
ified bone marrow stem cells.

Mamcarz’s team has treated a total of 18
infants with this gene therapy. To date,
about five years post-treatment, none has
developed leukemia. “We are hopeful we're
kind of out of the woods now, but we will
continue to monitor patients closely;” Mam-
carz says. “My anxiety level was much high-
er when we started [the trial] because there
was so much unknown,” she says. “I think
I can sleep at peace now, years into this
gene therapy in infants, but we never rest.”

Concerns about gene therapy’s side ef-
fects have also been front of mind for re-
searchers working on other conditions.
Sickle cell disease, which affects about
300,000 infants born every year and oc-
curs more commonly among people of
African descent, has long been a prime tar-
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get for gene therapy because it, too, is
caused by a single-gene defect. This condi-
tion causes red blood cells to take on a sick-
le shape and clump together, making them
unable to transport oxygen efficiently. Peo-
ple with the disease experience debilitat-
ing pain crises, strokes and other problems,
and it can be fatal. Although treatments ex-
ist, the only cure is a risky bone marrow or
stem cell transplant.

Bluebird Bio, a biotech company in
Cambridge, Mass., reported promising re-
sults from a clinical trial of its sickle cell
gene therapy in late 2020. Nineteen pa-
tients were treated with a lentiviral vector
containing a working version of the gene
that encodes a component of adult hemo-
globin—all 19 stopped having severe pain
crises within six months. But more than five
years later two patients in a different cohort
developed a rare blood cancer called acute
myeloid leukemia.

The FDA placed a clinical hold on the
Bluebird Bio study, as well as several simi-
lar trials, while the company investigated
these cases. Bluebird Bio’s own investiga-
tion found that the leukemia was unlikely
to be related to gene therapy. According to
Rich Colvin, Bluebird Bio’s chief medical of-
ficer, in one of the cases the viral vector was
not found in the cancer cells, and in the oth-
er, viral DNA was present but had not inte-
grated into any gene known to be involved
in leukemia development. In June 2021 the
FDA lifted its hold on the trials, which have
since resumed.

Bluebird Bio is also testing a gene ther-
apy for patients with X-linked adrenoleu-
kodystrophy (ALD), a devastating disease
that primarily affects boys and gives them
only a five- to 10-year life expectancy. In
that trial, one of the 67 patients developed
myelodysplastic syndrome, a condition
that can lead to leukemia, and this time it
was found to be related to the viral vector.
The FDA has now placed the trial on hold.
Colvin says the benefits of the therapy still
outweigh the risk of ALD, which would
have proved fatal. But he knows it is a del-
icate balance: “I think you have to have
humility when you’re manipulating the
human genome.”

RISK VS. BENEFIT
VIRAL VECTORS, by their very nature, can in-
sert themselves into an undesired part of

the target cell’s genome. But newer technol-
ogy is enabling much more precise edits to
a gene. The CRISPR technique is already
being used in some gene therapies. Al-
though there is a potential risk of so-called
off-target effects on other parts of the ge-
nome, these have not been observed in the
early clinical trials.

In a trial sponsored by Cambridge,
Mass.-based CRISPR Therapeutics and
Boston-based Vertex Pharmaceuticals
involving CRISPR gene therapy, two pa-
tients with sickle cell disease and 20 pa-
tients with a related condition called beta
thalassemia saw near-complete improve-
ment of their symptoms, according to un-
published data. Although longer-term fol-
low-up is needed, David Altshuler, chief
scientific officer at Vertex Pharmaceuti-
cals, calls the results a “medical and scien-
tific milestone.”

With all new therapies, the risk of side
effects must be considered in the context
of the diseases being treated. A condition
such as AADC deficiency can be fatal, and
Audrey’s mother, Carrie, knew that when
she enrolled her daughter in the U.C.S.F.
clinical trial. She was desperate and fig-
ured any improvement would be better
than the status quo.

Three years after enrolling Audrey in
the trial, Carrie says that her daughter is
a “totally different kid.” She doesn’t have
the eye-rolling anymore. She is learning
to eat food by mouth and to speak some
words. Thanks to her talking device—
a touch-pad machine that allows her to
activate spoken, computer-generated
phrases—she can communicate. Carrie
says that before the treatment, her daugh-
ter could understand what people were
saying, but she could not express herself.
“Now she can just really speak her mind,”
Carrie says.

Audrey continues to struggle with some
things, including balance and speech. But
her life today is far from what it might oth-
erwise have looked like. And in that one
gene therapy’s success, Carrie says, other
families can find hope. “If we don’t do it,
we know the end result,” she says. But “if it
can do anything, even a little bit, it’s al-
ready a win.”

Tanya Lewis is senior editor for health and
medicine at Scientific American.
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