n the late 19th century, when the

pioneering architect Daniel H.

Burnham was planning some of
the first modern skyscrapers, his associ-
ates were skeptical about erecting build-
ings that soared into the clouds. Burn-
ham reportedly warned the skeptics
against making “little plans,” having
“no magic to stir men’s blood.” He
urged them to reach beyond traditional
architectural boundaries, to think once
inconceivable thoughts and to perform
previously unimagined deeds—the hall-
marks of revolutions.

Revolutionary changes have also oc-
curred in medicine over the past few
centuries. Witness the new understand-
ings and practices that issued from the
introduction of microscopy, anesthesia,
vaccination, antibiotics and transplanta-
tion. Medicine is now preparing to un-
dergo another epochal shift: to an era in
which genes will be delivered routinely
to cure or alleviate an array of inherited
and acquired diseases.

Preparing for a radical change, yes,
but not yet in the midst of it. By empha-
sizing hopes and downplaying uncer-
tainties, some overzealous researchers,
representatives of industry and mem-
bers of the lay and scientific media have
implied that gene therapy is already ad-
vanced enough for widespread applica-
tion. It is not.

Arguably, the conceptual part of the
gene therapy revolution has indeed oc-
curred. Whenever a new gene is discov-
ered, researchers and nonscientists im-
mediately ask whether it can be used to
treat some disorder, even when more tra-
ditional approaches might be applied.
But the technical part of the revolution—
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the ability to correct disease—is another
story. Investigators have accomplished
the requisite first steps: they have shown
that transferred genes can be induced to
function in the human body, at times for
several years. So far, however, no ap-
proach has definitively improved the
health of a single one of the more than
2,000 patients who have enrolled in
gene therapy trials worldwide.

This lack of a convincing therapeutic
benefit is sobering. Yet it would be a
mistake to doubt gene therapy’s power-
ful future. Remember, the field is young;
in the U.S., trials in patients have been
carried out for fewer than 10 years. A
more realistic interpretation of the un-
spectacular clinical results thus far is
that they reflect researchers’ imperfect
initial gropings toward a difficult new
technology and that the obstacles are
more formidable than many of us had
expected.

A central challenge, as a federally
commissioned critique of the gene-ther-
apy research effort noted in 19935, is per-
fecting methods for delivering therapeu-
tic genes to cells. Often genes introduced
into patients do not reach enough of
the appropriate cells or, for reasons that
are not always clear, function poorly or
shut off after a time. Under those con-
ditions, a gene that could potentially be
helpful would have little chance of af-
fecting a disease process.

In this article I will outline some of the
most pressing technological stumbling
blocks to successful gene transfer and
the strategies being considered to cope
with those difficulties. I will deal only
with therapy affecting somatic cells, the
kinds that are neither sperm nor egg.
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Overcoming the Obstacles

Treating disease by providing needed
genes remains a compelling idea, but
clinical and basic researchers still have
much to do before gene therapy can
live up to its promise

To date, research aimed at human gene
therapy has avoided manipulations that
would deliberately affect descendants of
the treated individuals, perhaps in unin-
tended ways. The need for enlightened
public debate over the merits and risks
of germ-line therapy has, however, been
made more urgent by the recent cloning
of an adult sheep [see “What Cloning
Means for Gene Therapy,” by Steve
Mirsky and John Rennie, on page 122].

How Genes and Gene Therapy Work

Anyone who wants to understand the
obstacles to gene therapy should
first know a bit about what genes do
and about how attempts at gene thera-
py are currently carried out. An individ-
ual gene in the human cell is a stretch of
DNA that, in most cases, acts as a blue-
print for making a specific protein; it
spells out the sequence of amino acids
composing that protein. All cells in a
body carry the same genes in the chro-
mosomes of the nucleus. But neurons,
say, behave unlike liver cells because dif-
ferent cells use, or express, distinct sub-
sets of genes and hence make separate
sets of proteins (the main functionaries
of cells). Put more precisely, each cell
copies only selected genes into individu-
al molecules of messenger RNA, which
then serve as the templates from which
proteins are constructed.

If a particular gene is mutated, its
protein product may not be made at all
or may work poorly or even too aggres-
sively. In any case, the flaw may disturb
vital functions of cells and tissues that
use the normal gene product and can
thereby cause symptoms of disease.

Overcoming the Obstacles to Gene Therapy



to Gene Therapy

Historically, physicians have treated
disorders stemming from inherited ge-
netic mutations not by altering genes but
by intervening in the biological events
resulting from a mutation. For example,
dietary restriction has long been pre-
scribed for phenylketonuria, in which
loss of a gene leads to the toxic buildup
of the metabolic products of the amino
acid phenylalanine. Unfortunately, non-
genetic manipulations are usually only
partly effective against inherited ills.

In the early 1970s this fact—combined
with growing understanding of how
genes function and with discovery of the
genes underlying many inherited ills—
led to the suggestion that better results
might be achieved by attacking inborn
diseases at their source. Among the ge-
netic diseases that have been studied
are cystic fibrosis (which mainly affects

INVIVO

DELIVERY OF GENES to human
subjects is sometimes accomplished

the lungs), muscular dystrophy, adeno-
sine deaminase deficiency (which severe-
ly impairs immunity), and familial hy-
percholesterolemia (which leads to the
early onset of severe atherosclerosis).
Surprisingly, as time went on, it be-
came clear that even acquired maladies
often have a genetic component that can
theoretically be a target of a genetic cor-
rection strategy. Indeed, quite unexpect-
edly, more than half of all clinical trials
for gene therapy these days aim at can-
cer, which in most cases is not inherited
but results from genetic damage accu-
mulated after birth [see “Gene Therapy
for Cancer,” by R. Michael Blaese, on
page 111]. A number of trials also fo-
cus on AIDS, which is caused by the
human immunodeficiency virus (HIV).
In principle, a normal gene can be de-
livered so that it physically takes the

EXVIVO

THERAPEUTIC GENE

VECTORS

place of a flawed version on a chromo-
some. In practice, such targeted inser-
tion of a gene into a chromosome is not
yet achievable in people; fortunately, it
often is not required. Most attempts at
gene therapy simply add a useful gene
into a selected cell type to compensate
for a missing or ineffective version or to
instill some entirely new property. Many
proposed anticancer gene therapies un-
der study take this last tack: they aim to
induce cancer cells to make substances
that will kill those cells directly, elicit a
potent attack by the immune system or
eliminate the blood supply that tumors
require for growth.

Some gene therapy groups are also
devising strategies to compensate for
genetic mutations that result in destruc-
tive proteins. In one approach, called
antisense therapy, short stretches of syn-

HUMAN CELLS

ALTERED CELLS

directly (orange arrow), by putting vec-

tors (agents carrying potentially therapeu-

tic genes) straight into some target tissue in

the body (in vivo). More often the ex vivo ap-
proach (blue arrows) is used: physicians re-
move cells from a patient, add a desired gene in
the laboratory and return the genetically corrected
cells to the patient. An in vivo approach still in devel-
opment would rely on “smart” vectors that could be
injected into the bloodstream or elsewhere and would
home to specific cell types anywhere in the body.
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thetic DNA act on messenger RNA tran-
scripts of mutant genes, preventing the
transcripts from being translated into
abnormal proteins. Related tactics de-
ploy small RNA molecules called ribo-
zymes to degrade messenger RNA cop-
ied from aberrant genes. A rather dif-
ferent plan provides a gene for a protein,
called an intracellular antibody, that can
block the activity of the mutant protein
itself. Some therapeutic strategies rely
on the design of hybrids of DNA and
RNA that might direct the repair of
mutant genes.

Genes are currently provided to pa-
tients in two basic ways. In both cases,
the genes are usually first put into trans-
porters, or vectors, able to deposit for-
eign genes into cells. In the more com-

NATURALLY OCCURRING virus
(bottom panel) releases its genetic
material into cells. Whether or not
the genes become integrated into the
DNA of the infected cell, they soon
direct the synthesis of new viral par-
ticles that can injure the cell and in-
fect others. To convert a wild-type
virus into a safe gene therapy vector,
scientists replace viral genes with
ones specifying therapeutic proteins
(top panel), while ideally leaving
only the viral elements needed for
gene expression. Such vectors should
enter cells and give rise to helpful
proteins but should not multiply.

mon method, scientists remove cells
from a selected tissue in a patient, ex-
pose them to gene-transfer vectors in
the laboratory (ex vivo) and then return
the genetically corrected cells to the in-
dividual. Other times researchers intro-
duce the vectors directly into the body
(in vivo), generally into the tissue to be
treated. Our ultimate goal, of course, is
to deliver vectors into the bloodstream
or other sites and to have them act like
homing pigeons, finding their own way
to the desired cells—say, to organs that
are hard to reach or to hidden cancer de-
posits. No such targeted carriers are yet
ready for testing in patients, but work
toward that end is advancing quickly.
In the body, certain genes will be help-
ful only if their expression is regulated
tightly: in other words, they must give
rise to just the right amount of protein
at the right times. Biologists have yet to
achieve such precise control over for-
eign genes put into the body. For many
gene therapy applications, however, ex-
quisite regulation will not be essential.
Nor will it always be necessary to put
genes into the cells that are in need of
fixing. Sometimes more accessible cell
types (say, muscle or skin) might be

turned into protein factories; these fac-
tories would release proteins needed by
nearby cells or might secrete proteins
into the bloodstream for transport to
distant sites.

Retrovirus Vectors: Flaws and Fixes

he key to success for any gene ther-

apy strategy is having a vector able
to serve as a safe and efficient gene de-
livery vehicle. From the start, viruses—
which are little more than self-replicat-
ing genes wrapped in protein coats—
have drawn the most attention as
potential vectors. They are attractive
because evolution has designed them
specifically to enter cells and express
their genes there. Further, scientists can
substitute one or more potentially ther-
apeutic genes for genes involved in viral
replication and virulence. In theory,
then, an altered, tamed virus should
transfer helpful genes to cells but should
not multiply or produce disease.

The viruses that have been examined
most extensively are retroviruses, which
splice copies of their genes permanently
into the chromosomes of the cells they
invade. Such an integrated gene is cop-
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Retroviruses
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only dividing cells

ied and passed to all future generations
of those cells. In contrast, many other
kinds of viruses do not integrate their
genetic material into a host’s chromo-
somes. Their genes generally function
in the body more transiently—in part
because the genes do not replicate when
recipient cells divide.

One group of ideal target cells for
retrovirus vectors consists of so-called
stem cells, which persist indefinitely and
also produce more specialized descen-
dant cells. Blood-forming stem cells, for
example, give rise to every other type of
blood cell (red cells, white cells of the
immune system, and so on) and recon-
stitute the blood as needed; they also
make more copies of themselves. At the
moment, however, it is extremely diffi-
cult to identify human stem cells and
modify them in safe, predictable ways.

Despite the appeal of retroviruses,
which were first introduced as vectors in
the early 1980s, they pose several chal-
lenges. They are promiscuous, deposit-
ing their genes into the chromosomes of
a variety of cell types. Such lack of fine
specificity for host cells can militate
against direct delivery of the vectors
into the body; uptake by cells that were
not intended to receive the foreign gene
could reduce transfer to the targeted
population and might have unwanted
physiological effects. Conversely, the
retroviruses now receiving the most
study fail to transfer genes to cell types
that cannot divide or that do so only
rarely (such as mature neurons and skel-
etal muscle cells). Current retrovirus
vectors reach chromosomes only when
the membrane surrounding the nucleus
of the host cell dissolves, an event that
occurs solely during cell division.
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Also problematic is the fact that retro-
viruses splice their DNA into host chro-
mosomes randomly, instead of into pre-
dictable sites. Depending on where in-
serted genes land, they might disrupt an
essential gene or alter genes in ways that
favor cancer development. Tumors
would probably result only rarely, but
even the remote chance of increasing
cancer risk must be taken seriously.

Researchers have made good prog-
ress recently in confronting the short-
comings of retroviruses as gene delivery
vehicles. For instance, to increase speci-
ficity and thus enable retrovirus vectors
to direct themselves to particular cells
in the body, researchers are altering the
viral envelope (the outermost surface).
Like other viruses, retroviruses deposit
their genetic cargo into a cell only if pro-
teins projecting from their surface find
specific mates, or receptors, on the cell.
Binding of the viral proteins to the cel-
lular receptors enables a retrovirus to
fuse its envelope with the cell membrane
and to release viral genes and proteins
into the cell’s interior. To make retrovi-
ruses more selective about the cells they
invade, investigators are learning how
to replace or modify natural envelope
proteins or to add new proteins or parts
of proteins to existing envelopes.

In an experiment showing that the re-
placement strategy is feasible, Jiing-
Kuan Yee of the University of Califor-
nia at San Diego, with my laboratory at
that university, substituted the envelope
protein of the mouse leukemia virus
with that of the human vesicular stoma-
titis virus. (The mouse virus, which caus-
es no known disease in people, is the
retrovirus that has been evaluated most
extensively as a gene therapy vector.)
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VECTORS UNDER STUDY as
gene delivery vehicles include viral
and nonviral carriers, only some of
which are listed. Each vector type
has its own set of advantages and
disadvantages, and all are being
modified rapidly to improve their
effectiveness in patients.

The altered mouse retrovirus then in-
fected cells bearing receptors for the hu-
man vesicular stomatitis virus instead of
cells with receptors for the mouse virus.

Work on modifying existing envelope
proteins is also proceeding well. Yuet
Wai Kan and his colleagues at the Uni-
versity of California at San Francisco
have recently linked a protein hormone
to the envelope protein of the mouse
leukemia virus. This hormone enabled
the virus to infect human cells that dis-
played the receptor for that hormone.

Prospects for generating retrovirus
vectors able to insert therapeutic genes
into the chromosomes of nondividing
cells are looking up as well. Inder M.
Verma, Didier Trono and their col-
leagues at the Salk Institute for Biologi-
cal Studies in San Diego have capital-
ized on the ability of HIV, a retrovirus,
to deposit its genes into the nucleus of
nondividing brain cells without waiting
for the nuclear wrapping to dissolve dur-
ing cell division.

The team removed genes that would
allow HIV to reproduce and substituted
a gene coding for a protein that was easy
to trace. This vector then brought the
traceable gene into nonreplicating cells,
not only when the vector was mixed
with cells in culture but also when it was
injected directly into the brains of rats.
HIV itself might one day prove to be a
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useful vector if worry that the disabled
vectors might somehow become path-
ogenic can be allayed. Another tactic
would transfer certain of HIV’s useful
genes—particularly those coding for the
proteins that transport genes to the nu-
cleus—into retroviruses that do not
cause human disease.

Finally, efforts are under way to en-
sure that retrovirus vectors will place
genes less randomly into human chro-
mosomes. Workers toiling in this taxing
realm have recently been assisted by
new understanding of how genes inte-
grate into predictable sites in the DNA
of other organisms, such as yeast.

Pros and Cons of Other Virus Vectors

Vectors derived from viruses other
than retroviruses present their own
sets of advantages and disadvantages.
Those based on the ubiquitous human
adenoviruses have gained the most pop-
ularity as alternatives to retroviruses in
part because they are quite safe; the nat-
urally occurring forms typically cause
nothing more serious than chest colds
in otherwise healthy people. Moreover,
they infect human cells readily and, ini-
tially at least, tend to yield high levels of
the therapeutic protein.

Adenovirus vectors dispatch genes to
the nucleus but apparently do not insert
them into chromosomes. This feature
avoids the possibility of disturbing vital
cellular genes or abetting cancer forma-
tion, but, regrettably for some applica-
tions, the genes are often effective only
temporarily. Because the DNA eventu-
ally disappears, treatments for chronic
conditions, such as cystic fibrosis, would
have to be repeated periodically (every
so many months or years). In some sit-

- MOUSE LEUKEMIA VIRUS -

uations, though—say, when a protein is
needed only temporarily to induce an
immune response to cancer or to a path-
ogen—short-term expression of a for-
eign gene may be preferable. Another
drawback, shared with retroviruses, is
lack of specificity for target cells. As is
true for retroviruses, however, scientists
are rapidly devising ways to target ade-
novirus vectors to tissues of the re-
searchers’ choosing.

At the moment the more serious stum-
bling block to use of adenovirus vectors
in patients is the body’s strong immune
response against them. During an initial
round of treatment, such vectors might
infect the appropriate cells and generate
high amounts of the desired proteins.
But soon host defenses come into play,
killing the altered cells and inactivating
their new genes. Further, once the im-
mune system is alerted to the viruses, it
eliminates them quickly if they are de-
livered a second time. Such responses
probably have contributed to a shut-
down of gene expression in a number
of adenovirus gene-transfer studies in
patients. Advancing understanding of
the shortcomings of adenoviruses is
now leading to a new generation of vec-
tors that should reduce defensive inter-
ference. These enhancements have been
achieved in part by removing or mutat-
ing the adenovirus genes most responsi-
ble for eliciting immune attacks.

Several other viruses are being ex-
plored as vectors as well—among them,
adeno-associated viruses, herpesviruses,
alphaviruses and poxviruses. None is
perfected yet, but each is likely to have
its own therapeutic niche. For example,
adeno-associated viruses appeal because
they cause no known diseases in people.
What is more, in their natural form, they

integrate their genes into human chro-
mosomes. They are likely to be useful
for some applications that now depend
on retroviruses, but they are smaller and
so may not be able to accommodate
large genes. Herpesviruses, in contrast,
do not integrate their genes into the
DNA of their hosts. But they are attract-
ed to neurons, some of which retain the
viruses in a more or less innocuous state
for the lifetime of the affected person.
Herpesviruses therefore have potential
as vectors for therapy aimed at neuro-
logical disorders [see “Gene Therapy
for the Nervous System,” by Dora Y. Ho
and Robert M. Sapolsky, on page 116].

Perfecting Nonviral Delivery Systems

R a group, vectors produced from vi-
ruses continue to show great prom-
ise, although researchers must always
work to ensure that the viruses will not
change in ways that will enable them to
cause disease. This consideration and
others have encouraged development of
various nonviral methods for therapeu-
tic gene transfer. In common with virus-
es, these synthetic agents generally con-
sist of DNA combined with molecules
that can condense the DNA, deliver it
to cells and protect it from degradation
inside cells. And, like virus vectors, they
will almost certainly be used in medical
practice eventually but are still in need
of refinement. The genes transferred by
nonviral vectors become integrated into
the chromosomes of recipient cells in the
laboratory but have done so only rarely
after delivery into the body. Whether
lack of integration will be an advantage
or disadvantage depends, as I have not-
ed, on the particular goal of therapy.
Liposomes, which are small fatty (lip-
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VIRUSES MUST BIND to particular surface molecules, or
receptors, to gain entry into cells. The naturally occurring
mouse leukemia virus normally binds through its envelope
protein to a receptor found on many cell types (left). By al-

tering the envelope protein to include new components
(center) or replacing it with other proteins (right), scientists
have directed the virus to cells it would otherwise ignore.
Similar tactics can target other vectors to selected cell types.
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HUMAN BRAIN CELL took up an
HIV-based vector containing a gene
for a traceable protein (shown in yel-
low). This success implies that dis-
armed forms of HIV, a retrovirus, can
potentially be used to deliver thera-
peutic genes into neurons, which, be-
ing unable to divide, are resistant to
traditional retrovirus vectors.

id) spheres, have been studied almost as
long as retrovirus vectors. These synthet-
ic bubbles can be designed to harbor a
plasmid—a stable loop of DNA derived
from bacterial viruses known as phag-
es—in which original genes have been
replaced by those intended to be thera-
peutic. Gene transfer by liposomes (or
“lipoplexes,” as current versions are in-
creasingly called) is much less efficient
than virus-mediated transfer but has ad-
vanced enough for these vectors to enter
clinical trials for such diseases as cancer
and cystic fibrosis. Meanwhile altera-
tions in the chemical composition of li-
posomes are addressing the efficiency
problem and are beginning to produce
vectors that mimic viruses in their tar-
getability and prowess at gene transfer
[see “Nonviral Strategies for Gene Ther-
apy,” by Philip L. Felgner, on page 102].

Newer kinds of vectors sheathe DNA
in nonlipid coats. These coats include
amino acid polymers and other sub-
stances intended to target therapeutic
genes to the proper cells in the body and
to protect the genes from being broken
down by cellular enzymes. These com-
plexes—studied intensively by Max
Birnstiel and Matt Cotten of the Insti-
tute of Molecular Pathology in Vienna
and by David T. Curiel of the Universi-
ty of Alabama at Birmingham—have
performed well in cell culture experi-
ments. They are now being further mod-
ified and are undergoing testing in ani-
mal studies and in patients.

Some scientists are also exploring in-
jecting so-called naked DNA—without
a lipid wrapping—into patients. Initial
results suggest that the naked-DNA
strategy has exciting potential for im-
munization against infectious diseases,
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and even against certain kinds of cancer.

Alternatives to plasmids are being pur-
sued as well. Notably, workers are learn-
ing to construct miniature chromosomes,
or artificial human chromosomes, into
which therapeutic genes can be spliced.
These constructs will contain the mini-
mum amount of genetic material need-
ed to avoid degradation in the nucleus
and loss during cell division. They will
also incorporate elements that enable the
artificial chromosomes to copy them-
selves accurately (and only once) each
time a cell divides, just as ordinary chro-
mosomes do.

Looking Ahead

In the future, as now, investigators will
choose one or another gene delivery
method on the basis of their therapeutic
goal. If a patient inherited a genetic de-
fect and needs a continuing supply of the
normal gene product throughout life, a
vector that can integrate the therapeutic
gene into the patient’s chromosomes,
where it will stay in perpetuity, might be
best. Then a retrovirus or adeno-associ-
ated virus may be selected. If only short-
term activity of a gene is needed, such
as to arouse the immune system against
cancer cells or an infectious agent, non-
integrating delivery vehicles, such as
adenovirus vectors, liposomes or even
naked DNA may be more suitable.

But the tools that finally come into
common use almost certainly will not
be the prototypes being tested today.
And because no single technique will be
perfect for every disorder, there will be
many choices. The ideal gene transfer
systems of the future will combine the
best features of different vectors. Each
system will be tailored to the specific
tissue or cell type requiring modifica-
tion, to the needed duration of gene ac-
tion and to the desired physiological ef-
fect of the gene product. Scientists will
also want to develop ways to alter the
level of gene expression at will and to
shut off or completely remove intro-
duced genes if therapy goes awry.
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Even when these gene delivery vec
are perfected, the challenges will not end:

For instance, cells often modify foreign o

genes in ways that ultimately cause the
genes to stop working. This activity is
being addressed vigorously but is not
yet solved. In addition, we still have few
clues as to how the defensive systems of
patients will respond when they encoun-
ter a seemingly foreign protein from a
therapeutic gene. To prevent an inacti-
vating immune reaction, physicians
might have to treat some patients with
antirejection drugs or try to induce im-
mune tolerance to the encoded protein
by carrying out gene therapy very early
in a patient’s life (before the immune
system is fully competent).

Although T have dwelled on certain
technical challenges to gene therapy, I
am nonetheless highly optimistic that it
will soon begin to prove helpful for
some diseases. Our tools are improving
rapidly, and some of the burgeoning
clinical trials clearly are on the verge of
demonstrating real merit in ameliorat-
ing disease, even with today’s imperfect
techniques. Notably, it seems likely that
gene-based immunotherapies for some
malignancies, such as neuroblastoma
and melanoma, will be shown convinc-
ingly in the next few years to slow the
development of further disease and to
force existing tumors to regress; they
should then become helpful additions
to existing therapies. But I must empha-
size that it is only through insistence on
rigorous science, carefully designed clin-
ical studies and less exaggerated report-
ing of results that researchers can ensure
the timely, ethical and effective flowering
of this exciting new field of medicine. &
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