When medicine meets moral philosophy

by JONATHAN SHAW

HE NEXT TIME YOU LOOK IN A MIRROR, reflect on this: the

face staring back at you is literally not the same one you saw

two months ago. Your skin is constantly renewing itself. Like

most specialized cells in your body, skin cells are post-mi-

totic—they cannot replace themselves by dividing. Yet there

is always new skin to replace the cells that die and slough off
in the shower every day. The source of the new you? Stem cells.

Doctors believe that if they can understand and harness the power of these
cells, they will usher in a new era of regenerative medicine in which the body’s
own capacities for development and repair can be directed to cure such maladies
. asParkinson’s, diabetes, Lou Gehrig’s disease (ALS), and heart disease. With clini-
) cal applications in mind—between 100 million and 150 million people in the
= United States suffer from diseases potentially treatable with stem-cell-de-
ST / g _ b%-ﬁ\_ rived therapies—the University announced this spring the creation of
g };}-‘" : / i the Harvard Stem Cell Institute (HSCI), which will coordinate the

: }:E teaching, training, and research of 100 scientists across 14 Harvard

h“(“\m‘ schools and afhliated hospitals (see “Stem-cell Science,” May-

\ \ June 2004, page 59). The HSCI has the full and enthusiastic
i ;"‘] support of President Lawrence H. Summers.
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“Stem-cell transplants are already performed every day in
Harvard-affiliated hospitals—and around the world,” says
HSCI codirector David Scadden, professor of medicine at Har-

| vard Medical School (HMS) and director of the Center for Re-
Fr generative Medicine at Massachusetts General Hospital
i i (MGH). So-called bone-marrow transplants, which transfer
; j tens of thousands of cells of many different kinds to a patient,
most critically transfer hematopoietic (adult blood) stem cells.
The proliferative capacity of these cells is so great, says Scadden,
that researchers have demonstrated in mice the regeneration of
the entire blood and immune system from a single cell.
Hematopoietic stem cells routinely save the lives of people with
diseases such as leukemia, lymphoma, and immune deficiencies.
Why is this promising area of research, with the potential to do
so much good, so controversial? The seeming simplicity of the idea—
that there are stem cells that can generate new cells—belies the com-
plexity of the science and the ethical ramifications of its application.
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| The Germ of a Controversy

STEM CELLS CAN BE EITHER ADULT OR EMBRYONIC. The hematopoietic
stem cell (HSC), which has been known for 50 years, is an adult stem

David Scadden



cell—the only one that has been well characterized and the only
one used to treat patients. Found in fetuses, umbilical-cord
blood, children, and adults, adult stem cells are thought to gener-
ate only specific tissues. HSCs, for example, can create the array
of cell types that make up blood and the immune system—Dbut
not other organs. These blood stem cells are mostly quiescent,
perhaps for months to a year, before flickering awake to divide,
creating a few daughter cells called amplifiers. These amplifier
cells, says Scadden, “are generally explosively prolific and have a
huge capacity to divide,” actively generating new tissue.
But the HSCs from which they arose, because they look
like any other cell and are few in number, are difficult
to identify and isolate. Their deep, extended dorman-
cies also make them hard to study or manipulate.

Most scientists believe there are stem cells for the
skin, nervous system, and gut. But “not every organ
and tissue in the body appears to have an adult
stem cell associated with it,” says Douglas Melton,
Cabot professor of the natural sciences and codirec-
tor of the HSCI with Scadden. Melton is a molecular
and cellular biologist who is committed to finding a
cure for Type 1 diabetes, a disease that affects :
both his children. He recently showed X
that there is almost certainly no
adult pancreatic stem cell by
developing a “genetic-lineage-
tracing technique” that al-
lowed him to tag existing beta
cells in the pancreas in order
to track the origin of new
cells. (Beta cells produce in-
sulin to maintain blood-sugar
levels, but in Type 1 diabetes,
the immune system mistakenly
attacks and destroys them.)
Melton found that all new cells
were generated from pre-exist-
ing beta cells. Other organs may
turn out to be like the pancreas,
suggesting that certain tissues
cannot be generated anew from
adult stem cells.

Embryonic stem (ES) cells, on
the other hand, are multipotent:
they can differentiate to become any
tissue in the body. No other cell
type is known to have this capac-
ity. Because they are grown in a
petri dish, ES cells are easy to
work on. Scientists know that if
they remove the inner cell mass
of a blastocyst (a ball of four to
50 undifferentiated cells that
forms in the first few days after
a sperm fertilizes an egg), and
place it in culture, some of the
cells within the mass will repli-
cate themselves in culture,
indefinitely. These properties of

Douglas Melton (left) and
Andrew McMahon

self-renewal and multipotency—not demonstrated in adult stem
cells—have made ES cells important for advancing the field. Sci-
entists have studied ES cells in mice, the model mammalian sys-
tem, for decades. Nevertheless, harvesting and maintaining a line
of stem cells from any animal is “not routine at all,” explains An-
drew McMahon, professor of molecular and cellular biology. No
one has been able to derive stem cells from rats, for example, even
though mice and rats are closely related. So it was an astounding
breakthrough when, in 1998, University of Wisconsin researcher
James Thomson successfully established and sustained
several human stem-cell lines in culture.

The discovery electrified developmental biolo-
gists—and generated immediate controversy. Once
stem cells have been harvested from a blastocyst, it

no longer has the potential to develop further. Presi-
dent Bill Clinton, after asking his national bioethics
advisory commission for a report on




CHAD COWAN

The stakes were too high not fo have good scientific tools:

went against many of his conservative
advisers to promote embryonic stem-
cell research. But he did it in such a
way that even though the work could
proceed, it was very tightly con-
strained,” says Daley, “and I think it
has had a very negative, suppressive

human stem cells, issued an executive order clarifying an existing
congressional ban on the use of federal funds to create or destroy
human embryos. His order did allow federal funding for research
on human stem-cell lines, but not for creating them. Most re-
searchers were satisfied that sufficient private money could be
raised to create new stem-cell lines; they could then use federal
money to pursue their research. But eight months after George W.
Bush became president, he extended the funding ban to research
on all human stem-cell lines, except those already in existence on
August g, 2001, the day he announced his policy. The apparent ra-
tionale was to prevent federal money from creating an incentive
for human embryonic stem-cell derivation using private funding,

effect on progress. Far fewer laboratories are involved than might
have been had there been greater public support. It’s not just the
financial restriction, but the political cloud. There are a lot of scien-
tists who just don't want to deal with the uncertainty, and so fewer
scientists get engaged; fewer students get engaged.”

At the time of Bush’s announcement, he believed there were 60
human stem-cell lines eligible for federal funding. But to date,
U.S. scientists have access to only 1.

In 1999 and early 2000, long before current concerns about the
small numbers of human cell lines eligible for federal funding,
McMahon and Melton worried instead about their quality. McMa-
hon does not work with human stem cells himself, but he is an ex-

Bush imposed the ban de-
spite the fact that, nation-
ally, fertility clinics store

roughly 400,000 frozen
human embryos likely to
be discarded and despite
the National Institutes of
Health guidelines that
mandated the use of such
embryos in creating cell
lines to be studied with federal funds.

“From a basic research perspective, the NIH—which spends
about $27 billion a year on such research—is the single most im-
portant funder of biomedical science worldwide,” says George
Daley, HMS associate professor of biological chemistry and molec-
ular pharmacology and associate professor of pediatrics. “So to
have the NIH on the sidelines for what is arguably one of the most
exciting scientific opportunities of our era is just unthinkable.”
Still, “When Bush made his remarkable presidential address, now
almost three years ago,” Daley continues, “we shouldn't forget that
he fundamentally endorsed the field of stem-cell research. He real-
ized that the work was far too important to stop altogether, even
though his conservative base may have wanted him to. In fact, he

Below, left to right: A colony of 30 to 40 human
embryonic stem cells, fluorescing blue, growing on

a feeder layer of mouse cells in the laboratory of
Douglas Melton; a human embryo at the blastocyst
stage; the inner cell mass from the same embryo
after its outer layer of cells has been removed; a
stem-cell colony grown from that inner cell mass;
many colonies of 50 to 100 cells each, all derived
from that same cell line. Bottom: Researchers must
daily change the media in which the stem cells grow.

pert on mouse ES cells. He studies the signals that
control developmental processes in vertebrates.
These “inducing molecules” encode genetic infor-
mation that triggers apparently undifferentiated
cells—those of an embryo, for instance—to form
complex structures like arms, eyes, or legs. Inducing
molecules carry marching orders for the legions of
cells that make up many living organisms, and they
are conserved across species. So the basic research
R _ AT that McMahon and his
AN colleagues have been pur-
suing since 1993, mostly
on “precursor cells” sev-
£ eral generations down-
Sstream from ES cells,

- il 5 plays arole in trying to
guide stem ceﬂs to develop into specific organs
and tissues, such as liver, brain, skin, or heart.

McMahon says that in 1999, he “had the view,
from looking at the literature and talking with
people, that there were relatively few human
stem-cell lines that were freely available.” He was
also concerned that if the cell lines “weren't easy
to work with, people might draw the wrong con-
clusions from working on them...and that this
would lead to the end of a very promising area of
research.” The stakes were too high not to have
good sc1ent1ﬁc tools: what was needed was “more cell lines that
were better characterized, and were made readily available to any-
one who wanted to work on them.”

ES cells grow in culture on a layer of feeder cells and divide
rapidly, forming clumps. As the clumps grow, says McMahon,
the cells “tend to start to differentiate.” In order to maintain a
stem-cell line in an undifferentiated state, therefore, researchers
must regularly break up the clumps. Some of the existing human
cell lines require hand dissection to effect this—a difficult and
time-consuming procedure. Others are biased toward becoming
a particular type of tissue, heart muscle for example, which lim-
its their usefulness. And all are vulnerable to contamination, so
they must be developed to tolerate antibiotics.
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EW TECHNOLOGIES create controversy. They challenge our

thinking, leading to debate and concern. When recombi-

nant DNA was discovered, the city of Cambridge banned
all work with the new technology. Already, human embryonic
stem-cell research has compelled a group of Harvard alumni,
students, faculty, and staff members to write to Harvard presi-
dent Lawrence H. Summers, protesting research that destroys
“nascent human life.”

Because human embryonic stem-cell research raises ethical
issues, University provost Steven E. Hyman has created a new
committee chaired by Cabot professor of biology Richard
Losick, charged exclusively with reviewing such research. “We
really have to be thinking very deeply about the ethical implica-
tions of the new science and the new medicine,” says Hyman.

“Our starting point is academic freedom,” says Losick—*that a
professor has the prerogative to pursue lines of research that may
be controversial or unpopular.” But professors are not free to pur-
sue any kind of research they may be interested in. Research in-
volving human subjects, for example, faces scrutiny by the inter-
nal review board of the institution where it is carried out.

What standards come into play? “Our goal,” says Losick, “is to
review the research to see if something being proposed would
clearly fall in a realm many people would agree is unethical.” It is

not “the committee’s mandate to try and weigh [societal]
benefits against the ethics of the science. Universities allow con-
troversial research without regard to whether or not it will
prove [beneficial| to society. It’s the nature of basic research that
we often dor’t know if it will turn out to have an impact that
will benefit society or not, so it’s a freedom of inquiry issue.”

In that spirit, the committee has approved experimental
cloning for biomedical research that involves growing embryonic
stem cells both in vitro and in a host embryo such as a chicken, in
order to observe how the cells differentiate in response to molec-
ular signals, which are highly conserved across species. “We
talked quite a bit about that,” Losick notes. “In the end, we de-
cided that the possibility [of creating| a chimeric chicken [with]
a human brain—you know, Chicken Little, so to speak—was so
remote that this wasn't a reason to prohibit the experiments.”

At the other extreme, says Losick, “Suppose someone pro-
posed taking a chimpanzee, which is much more closely related
to a human being than a chicken is, and creating a chimera in
which human embryonic stem cells were introduced into an
carly stage of development of the chimp, and some of those cells
found their way into the brain of the adult chimp that arose from
this hybrid embryo. Suppose 1 percent of the neurons in the
chimp were of human origin, would that raise significant ethical
issues? If everyone agreed that 1 percent didnt, well, what if it
was 30 percent? What if it was 51 percent? You can imagine a
wide range of activities, some of which the committee feels are
appropriate kinds of experiments to go on at a university, and
other extremes that raise deep ethical issues that would require
much discussion and very well may not be appropriate.”

STEPHEN RODDA
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would be no violation of federal funding rules. But his key
contribution, he says, was realizing that the best person
to create the new cell lines was “the person who had done
most of the derivation of new embryo stem-cell lines in
my own lab, and that just happened to be my wife”—staft
scientist Jill McMahon.

Together with Douglas Powers, chief scientific officer
of the private fertility clinic Boston IVF (which pro-
vided the frozen embryos and helped set up the embry-
ology culture lab), Jill McMahon worked part-time
with Melton’s group for a year and a half, starting in
2001. They began with 344 frozen embryos, most just 6
to 12 cells each, all donated knowingly for research by
couples who had ended treatment and had already indi-
cated that their remaining embryos should be dis-
carded. The group’s work culminated in the announce-
ment this spring that 17 new stem-cell lines were
available, more than doubling the supply then available
to U.S. scientists and prompting more than 300 re-
quests for the cells so far.

Transgenic mice, or mice to
which a gene has been added (in
this case, one that expresses a
particular fluorescent protein),
allow study of bone precursor
cells during development. The
gene can be turned off with a
drug. At left, a mouse without
the drug, and at right, one with
the drug. Transgenes similarly
allow visualization of internal
structures in the developing
mouse. Andrew McMahon’s

lab studies pre-
cursor cells

in mouse mod-
els with a par-
ticular focus on
the develop-
ment of the
kidney in mouse
embryos, such
as those at left.

McMahon and Melton therefore resolved to create new human
stem-cell lines that would be easy to break up and disperse
(using a topical enzyme), that had no bias to become a particular
tissue, and could be grown in the presence of antibiotics. And in
contrast to the “presidential” cell lines that now cost as much as
$5,000 apiece, they decided to distribute their cell lines free to any
qualified researcher. The Howard Hughes Medical Institute
funded their proposal, and McMahon helped design a fully self-

contained, Harvard-donated laboratory to ensure that there

GIVEN GooD TOOLs like these cell lines, how might scientists use
them to pursue clinical applications? There is more than one path
to a cure for any disease, and that is perhaps especially true
within the field of stem-cell research. The approach most widely
discussed in the press is that of tissue transplant. Bone-marrow
and organ transplants make that approach easy to explain and
understand. But can it work?
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“We have to ask ourselves two critical questions,” says Andrew
McMahon. “How does a particular tissue normally form, and
what are the properties of the organization of that tissue that
[must] be taken into account if we were to use tissue-based ther-
apies derived from stem cells?”

Type 1 diabetes, the problem that concerns Melton, is well-
suited to stem-cell therapy. It involves a single cell type, the beta
cell, that is either missing or present in numbers too low to regu-
late blood-sugar levels. “If you could place that cell type back into
a person [so] that it was not subjected to autoimmune attack,
where it could be healthy and thrive, even outside the context of
the pancreas,” says McMahon, “then you could cure diabetes.”
One current therapy for Type 1 diabetes—the Edmonton proto-
col—involves injecting beta cells from three cadavers into a pa-
tient’s vein; the cells seed the liver and work from within that
organ. But nonsteroidal immunosuppressants are required to
control both autoimmune attacks and rejection of the foreign
cells by the patient’s body. Nevertheless, a first test of beta cells

Clockwise from above: Human
embryonic stem cells in culture
form clumps that tend to take
on varying types of specializa-
tion; a CAT-scan image of a
tumor later cured by a proto-
col that used stem-cell trans-
plantation; the bones of mice
genetically engineered to gen-
erate more bone-forming osteoblasts (right) not only show more bone
than the normal mouse bone (left), but also contain more blood stem
cells. David Scadden’s MGH laboratory is working to manipulate the
environment where stem cells live—in the marrow, close to the bone.

created through directed differentiation of human ES cells might
be to use them in the Edmonton protocol. The next step might be
to create a device—beta-cell tissue grown on a synthetic three-
dimensional biomatrix—and encapsulate it in a Gore-Tex-like
membrane that would allow glucose and insulin, but not immune
cells, to pass through. Separate stem-cell therapies (see page 45)
hold the promise of completely stopping the immune attack.

The structural and functional simplicity of organs like the pan-
creas or the liver make them relatively easy to mimic, and scien-
tists already know the signals that vascularize tissue, so getting a
blood supply to a transplanted organ is not an obstacle. But what
about a complex organ like the kidney? “The kidney has at its
core a long convoluted tubule, the nephron, and a very precise ar-

chitecture of vascular input and a shape and organization of the
structure that is critical to its function,” says McMahon. “To reca-
pitulate all of that would be tricky.” Furthermore, making an
organ is not the same as maintaining it—the kidney doesn't have
to function in an embryo while it is being built. In addition, says
McMahon, “the scale on which you have to remodel and regener-
ate structures is [one at] which those events never normally oc-
curred during the development of the embryo.” The wiring of the
body’s central nervous system presents a similar challenge. “You
can imagine how connections between neurons are established
over a few millimeters,” he says, “but when you think about how
you regenerate circuitry over the scale of an adult brain, it’s a dif-
ferent order of magnitude.” A single nerve cell that allows you to
sense something in your toe might be the length of your leg, but it
formed over the distance of a few millimeters and then grew.

The problem is not just one of distance, but also environment.
Cells are acutely affected by their context. In an embryo, ES cells
are nothing more than a transient cell type lasting perhaps a day

y or two. But if they are removed from the embryo
at just the right stage of development and placed
in a petri dish, they self-replicate and become, in
essence, immortal. If those same ES cells are put
into an embryo, they will develop normally to
become a whole animal—but if they are injected
into an adult, they will form a cancerous tumor.
In other words, getting cells to differentiate into
beta cells in a petri dish doesn’t necessarily
mean they will thrive as a stable beta-cell popu-
lation when transplanted into a patient.

Despite this complication, stem-cell thera-
pies have distinct advantages over other ap-
proaches in certain diseases. That is because
many cellular diseases are polygenic (many
genes, perhaps in many combinations, can cause
them) and multifactorial (external environmen-
tal factors—perhaps simple changes in food,
water, or air—can determine whether someone
is affected). Type 1 diabetes is a classic case.
“There are probably 10 to 50 genes that give you
a predisposition to get the disease,” says
Melton, “but even if you have all of them, you
might not get it. There are identical twins who
have the same genes, only one of whom has the disease.” That
means knowing the human genome, or even the genes involved in
the disease, may not help much to cure diabetes, says Melton.
From a cellular perspective, though, the disease is simple: one
missing cell. “And that is what we would be putting into people.”

But there are two utilities to these cells. “One is the cell itself,
as a product,” says Melton. “The other is [learning| how to get
these cells to differentiate. If we discover new chemicals or genes
that do this, that...could be used to have patients heal themselves.
It’s a broad area of research into replenishment and regeneration,
and getting cells into patients is not the only form of success.”

JUSTIN IDE/HARVARD NEWS OFFICE
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| Awakening the Cells Within

A Group led by David Scadden at MGH is actively working on
strategies using chemical and genetic signals to encourage
hematopoietic stem cells to proliferate in the body. Some ap-
proaches have already been approved for clinical studies.
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HOULD STEM-CELL SCIENTISTS be able to destroy even early-

stage human embryos in order to advance medicine? That

question has been framed in many different ways. When does
life begin? At conception? At implantation? When the heart starts
to beat at 22 days? When the embryo takes on a human form? Re-
ligious traditions have emphasized ensoulment, but differ on
when that occurs. Some countries have set time limits governing
research with embryos. In Great Britain, the cutoff date is 14 days
after conception, or around the time of implantation.

In a pluralistic society such as ours, how do we reconcile
conflicting points of view? As individuals, many factors intellec-
tual, emotional, or spiritual may sway us to adopt one view or an-
other. The loss of a friend to an incurable disease may move us to
support such research, or a regretted abortion may move us to
take an opposing view. But as a society, we reconcile our differ-
ences through the political process. Stem-cell research is an issue
that does not follow party lines.

In the lobby of Corwin Hall at Princeton University, where
McCormick professor of jurisprudence Robert George, J.D. 81,
M.T.S. *81, has his offices, two quotations are painted high on the
wall: from James Madison, “A well instructed people alone can be
permanently a free people,” and from Thomas Aquinas, “Among
all the practical sciences, politics must be the principal one that
directs all others, because it investigates the ultimate and highest
good in human affairs.”

George holds what is known among moral philosophers as the
“equal moral status” view of the human embryo: “The principle to
which I subscribe is one that says that all human beings are equal,
and ought not to be harmed or considered to be less than human
on the basis of age or size or stage of development or condition of
dependency.” Fertilization “produces a new and complete,
though Immature, organism” that possesses “the epigenetic pri-
mordia for self-directed growth into adulthood with its determi-
nateness and identity fully intact.” Although not all fertilization
events lead to an adult, we were all once embryos in the blasto-
cyst stage of development, he points out. We possessed all of the
genetic material needed to inform and organize our growth.

Humans deserve full respect by virtue of the kind of entity they
are, George maintains, not by virtue of acquired characteristics or
abilities, which we all hold in varying degrees even once fully
grown. Development is a continuous process: there is no special
moment when human life suddenly becomes worthy of respect
and human rights. That worth is intrinsic, he argues. Embryos,
therefore, should not be used as means to an end, even good ends
such as cures for diseases or to save another human life.

George is not persuaded by the argument that an embryo is a
potential life, rather than human life itself. It is instead, he says, a
life with potential—the potential to become an adult, just as fe-
tuses, infants, and small children are. “An embryo is not some-
thing distinct from a human being,” he writes; “it is a human
being at the earliest stage of its development.”

George’s reasoning does not depend on religion. But religion
can inform one’s views of embryo research, he allows: “Reli-
gion’s role is to remind us of the intrinsic dignity of every

Robert George

human being; to remind us that none of us exists solely to benefit
others, or as mere instrumentalities, meant to benefit society or
the state. The great teaching of the Declaration of Independence is
very valuable: that all of us—every human being—is created equal,
and endowed by the Creator with certain inalienable rights. We
dor't get those rights from the state, and therefore, the state can't
take them away. It’s the state’s obligation, rather, to respect and to
protect those rights.” What religion cannot do, he says, is “substi-
tute for science in determining whether the developing embryo is,
or is not, in fact, a human being. That can't be found in the Bible; it
is not something that theological resources allow you to resolve.”
George believes the matter should be settled strictly on the basis
of the scientific evidence. “When does a new member of the
species Homo sapiens come into existence? That is a scientific ques-
tion, not a re]jgious question.”

Bass professor of government Michael Sandel finds the equal
moral status argument “one that has
to be taken seriously,” but ulti-
mately it does not persuade
him. One way the argu-
ment goes wrong, he
says, is “in its assump-
tion that there are only
two ways of conceiv-
ing the moral status of
an embryo—either as
an object open to un-
fettered use or as a full
human being worthy of
respect.” Looking at hu-
man life from a develop-
mental perspective, Sandel
sees no “bright line,” no
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Probing the assumptions underlying the
equal moral status view of the embryo,
Sandel asks how a person holding that view
would behave if confronted with a fire in a
fertility clinic. Given a choice between sav-
ing a five-year-old girl or a tray of 10 em-
bryos, which would one choose?

biologically determined moment when such a life acquires the
moral status of a person. The process is gradual. “To regard an
embryo as a mere thing open to any use we may desire or devise
does, it seems to me, miss its significance as potential human life.
You don't have to regard an embryo as a full human person to be-
lieve that it is due a certain respect.”

Sandel suggests that a more expansive view of the moral status
of nature can help us see beyond the stark dualism between per-
sons and things. “Personhood isr't the only warrant for respect,” he
says. “We consider it a failure of respect when a thoughtless hiker
carves his initials in an ancient sequoia, not because we think the

sequoia is a person, but because we con-

sider it a natural wonder worthy of
appreciation and awe, modes of
regard inconsistent with defac-
ing it for the sake of petty van-

~ ity. To respect an old-growth
Z} forest,” he continues, “doesn’t
| mean that no tree may ever be
harvested for human purposes.

Respecting the forest may be

consistent with using it, but the
| purposes should be weighty and
appropriate to the wondrous
nature of the thing.”

George finds fault with such scenarios for many reasons, in-
cluding the fact that the little girl “would experience terror and
horrifying pain, while the embryos would not.” For the same rea-
son, he says, “one might rescue the little girl rather than several
terminally ill adults in deep comas without denying that the
adult patients are human beings who ought not to be killed and
dismembered for their body parts.”

But Sandel finds further flaws with the equal moral status view.
“The fact that all persons were once blastocysts does not prove
that all blastocysts are persons. This is faulty reasoning. The fact
that every oak tree was once an acorn does not prove that every
acorn is an oak tree”—or that we should regard the loss of an
acorn eaten by a squirrel as equivalent to the loss of an oak tree
felled by a windstorm. George responds that “saplings are not
mature oak trees either, but this fact does not make us doubt that
infants are equal in human dignity to adults.”

The primary problem with the equal moral status view of the
human embryo, Sandel reiterates, is “this deep assumption that the
moral universe is divided in binary terms...but this dualism is over-
drawn.” He urges us to regard “life as a gift that commands our rev-
erence and restricts our use.” On those grounds, he opposes repro-
ductive cloning, because it makes the cloned child an instrument of
a parent’s will, but believes that stem-cell research, including ther-
apeutic cloning, “is a noble exercise of our human ingenuity to pro-
mote healing and to play our part in repairing the given world.”

“We both want to get this right,” says George. “We both recog-
nize our fallibility,..and we both consider that we are doing each
other a favor in making the best arguments we can for our respec-
tive positions, because the only way we are going to figure out
which of us is wrong, or...wrong on one point or another, is to de-
bate the question in a spirit of civility, and try to come to the right
answer. These questions are difficult. No one should pretend—on
either side of this debate—that they are easy. But given that, there
is really no alternative to fair-minded, civil, serious debate.” George
and Sandel have carried on their debate—George opposing and
Sandel defending human embryonic stem-cell research—while
serving on the Bush-appointed President’s Council on Bioethics.

The council came under fire this spring when its only practic-
ing research biologist, a member of the National Academy of Sci-
ences, was dismissed shortly after she objected that a major coun-
cil report was misleading on stem-cell research. Developmental
biologist Douglas Melton, for his part, does not believe the cells of
a blastocyst, which has neither nerves, heart, lungs, brain, feel-
ing, nor any sensibility at all, are a human being. “You can't

put a five-year-old in a freezer and then take it out” as you

can a blastocyst, he says.

Yet Melton acknowledges, “These issues are quite com-
plicated. And while as scientists we reach decisions and
move forward,” other people need more time. “I feel a sense

of urgency that doesn't allow me to do that,” he says, “but I
do like the lab to be cognizant of the fact that the work we’re
doing is controversial.”

Michael Sandel



The ideal bone-marrow transplant, says Scadden, is autolo-
gous: stem cells are harvested from patients, then frozen; the pa-
tients’ disease is then destroyed along with their blood and im-
mune systems; and patients are then transplanted with their own
blood. But this procedure doesn't work for everyone. Ten to 20
percent of patients, either as a result of their disease or prior
treatment, simply don't have enough blood stem cells for a trans-
plant to work. “If we could make a difference there,” says Scad-
den, “that would be enormously valuable.”

When a genetically matched bone-marrow transplant is
needed, as in leukemia or when an autologous transplant has
failed, doctors turn to donor registries. Unfortunately, “not all
ethnic groups donate,” says Scadden “and that leaves some people
with a very poor chance of finding a donor.” However, there is a
“wonderful resource” in umbilical-cord blood banks that could
“overcome this problem.” When umbilical cord blood which
would otherwise be discarded is donated instead, the donations
have created banks where physicians can find a match for just
about anybody. The problem is that cord blood “doesn’t have
enough stem cells to safely transplant into an adult,” Scadden
explains, “so if we could find ways of either needing fewer stem
cells or being able to expand [their
numbers]|, that would be a tremen-
dous asset and change transplants as
we currently do them.”

The problem is that HSCs are
deeply quiescent and don’t respond
easily to any kind of signal. This prob-
ably keeps them from exhausting
themselves, and also guards against

HAO ZHU

DAVID TRAVER AND KEN ROSS

Zebrafish embryos are transparent, so
Leonard Zon uses transgenes—a green
fluorescent protein (GFP) from a jelly-
fish and a red one (RFP) from a coral—
to tag and study the blood and vascula-
ture of the fish in vivo. Clockwise from above: A top view of a
three-day-old zebrafish embryo carrying a transgene that expresses GFP
in all its tissues; a one-day-old embryo that expresses GFP only in blood
cells and blood vessels; a close-up view of an adult, double-transgenic
zebrafish in which GFP is expressed in all tissues except red blood cells,
which express RFP (a marrow transplant from one of these fish allows
researchers to distinguish red blood cells, in red, from white blood cells,
in green, in translucent embryonic transplant recipients); a two-day-old
embryo expressing RFP in red blood cells and GFP in all other tissues.

mone and doesn’t respond to the hormone,” says Scadden. “The
stem cell instead responds to something that’s changed in the
bone..., the microenvironment or the niche where the cells live.”
“We then put the mice through a bone-marrow transplant,”
says Scadden, “but gave them too few stem cells,” modeling what
might happen if you transplanted an adult human with cord
blood. The hormone had a dramatically positive impact—not by
increasing the rate of cellular proliferation, but by changing stem-
cell division itself. Instead of making one copy of itself and one
daughter cell during division, stem cells in the hormonally altered
environment tend to create two
copies of themselves, thereby
doubling their numbers. Because
the hormone is already approved
for treating osteoporosis, the
Food and Drug Administration
quickly allowed testing the treat-
ment in patients who can't other-

wise find marrow-donor matches.

Scadden is also working on ge-
netic techniques to suspend tem-
porarily the quiescence of adult
stem cells, increasing their rate of
proliferation. Using a method of
changing messenger RNA discov-

rampant proliferation that might lead to cancer. So how can they
be stimulated? Scadden and HMS professor of medicine Henry
Kronenburg, who also works at MGH, have hit on a new strategy:
reach the stem cell by changing the environment where it lives.
During early development, blood-forming HSCs are found in
three different locations, and in each place, they “behave a little
differently,” says Scadden. “Location clearly has a relationship to
function.” Because scientists know that HSCs in adults live in the
marrow, very close to the bone, they decided to try to manipulate
specific elements of bone physiology, using mice, to see how stem
cells would be affected. Genetically engineered mice with an in-
creased number of bone-forming cells called osteoblasts also
showed changes to their stem cells. Having effected changes in
the stem cells with a genetic approach, researchers then tried ap-
plying a hormone that has the same effect. That also worked,
which was intriguing because “the stem cell doesn't see the hor-

DAVID TRAVER

ered by Melton, Scadden has
been able to deliver genetic in-
structions to adult stem cells
that remove the molecular brake
that keeps them from dividing
frequently. Using mice that had undergone a stroke, the scien-
tists found that when the molecular brake was removed, the ani-
mals created more new neurons. “That suggests,” says Scadden,
“that if you could unleash some of the stem cells in a setting of
injured tissue, you might be able to improve repair.” Such stem-
cell expansion might be useful, he says, “not just for blood disor-
ders, but potentially also in other disease types.”

| Cancer, See-through Fish, and Drug Therapies |

LikE scADDEN, HMS professor of pediatrics Leonard Zon, a
hematologist at Children's Hospital, focuses on studying blood
formation. He is president of the International Society for Stem

DAVID TRAVER
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zebrafish that had very few blood stem cells,
Zon's group discovered a gene that controls
blood-stem-cell production in the embryo. In
collaboration with his colleague George
Daley, Zon then inserted the gene into mouse
embryonic stem cells and found that it di-
rected them to make blood stem cells—a key

Cell Research and a strong believer in the power of collaborations
such as the HSCI to advance the pace of research discovery. One
of the goals of his work with zebrafish is to understand all the
genes that contribute to blood formation. Another is to under-
stand how cancer develops.

There are molecular similarities between stem cells, which have
the ability to self-renew, and cancer cells, which have acquired the
ability to self-renew, says Zon. “If I transplant a stem cell, it re-
constitutes the immune system. If I transplant cancer, some of the
cancer cells will recapitulate the disease. I can take cancer out of
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one mouse and put it in another
mouse, and that mouse gets can-
cer.” But some tumors are het-
erogenous, says Zon, meaning
some cells can metastasize and
others cannot. Understanding that
heterogeneity, he suggests, “is a
useful concept, because you may
want to treat the stem-cell part of

George Daley has used therapeutic cloning
to cure genetic disease in a mouse. Start- |
ing at upper left, he adds the nucleus of a
tail cell from a sick mouse to an egg that
has had its nucleus removed. He grows the
resulting embryo to blastocyst stage, har-
vests the stem cells, and corrects the ge-
netic defect in vitro. From the corrected
embryonic stem cells, he then grows new
blood stem cells and transplants them into
the mouse, curing the disease.

step toward actually making HSCs that could be used for trans-
plantation. Zon is now seeking a drug that will mimic the action
of the gene and convert embryonic stem cells into HSCs.

Using his genetic approach, he adopts three general strategies
for curing disease. One is to use gene-therapy equivalents, thereby
giving back the normal version of a mutated gene. Another ap-
proach is to enhance a separate gene in the disease pathway. “A
gene is usually part of a pathway that goes from gene A to gene B
to gene C,” Zon explains. If B is mutated and therefore not work-
ing properly, “we might be able to overexpress the C gene, and
perhaps rescue the pathway.” A third possibility is
to find small molecules—drugs—that could prevent
the disease phenotype.

This last approach demonstrates one of the advan-
tages of working with mutated fish: Zon can create
huge numbers of them to test various chemical com-
pounds. One of his fish strains has very high rates of
cancer caused by a severe cell-division problem. Hop-
ing to find a drug that would correct this genetic dis-
ease, his lab mated 100 pairs of fish over four months,
producing 3,000 embryos a week. He put the embryos
in wells, and then tested 16,000 individual chemicals
in the various wells. One cured the disease.

Human ES cells can provide a way to perform the
same kind of large-scale experiments using a human
model of a disease. Given human ES cell lines with
specific diseases, scientists could create thousands
of diseased cells against which to test thousands of
compounds. By using an embryo identified, through
pre/implantation genetic diagnosis, as having a ge-
netic disease, one could derive stem cells that would
carry the genetic defect.

GEORGE DALEY

AN EVEN MORE EFFECTIVE APPROACH, because it
would capture more diseases (not just those for
which there are simple genetic screens), would be to
create new human ES cell lines from diseased pa-
tients using a technique called somatic cell nuclear
transfer (SCNT). By inserting the nucleus of a cell,
say a skin cell, into an egg that has had its nucleus re-

the disease of cancer, rather than
the whole cancer.” This is the sort of question that might be
probed with tools like the “genetic lineage tracing” technique de-
veloped by Melton to track the origins of beta cells.

The zebrafish embryos Zon uses for his blood and cancer re-
search are transparent, allowing him to study the blood cells and
vasculature in vivo under a microscope. Using time-lapse photog-
raphy, he can actually watch the cells reconstitute the immune
system after a marrow transplant. He collects zebrafish with dis-
cases, clones the genes responsible for the disease, and uses them
to find the human versions. In one case, working with a mutant

moved, scientists can create an embryo that has al-
most all the same genes as the skin-cell donor; only the mitochon-
drial DNA, which is passed in the maternal line through the egg,
would be different. They could then derive an embryonic stem-
cell line from the resulting blastocyst and use the cells for re-
search or, eventually, to create histocompatible cells for the dis-
cased patient. The result: no immune rejection.

This is the technique, called either therapeutic cloning or
cloning for biomedical research, that was demonstrated in hu-
mans for the first time this spring by South Korean scientists. Al-
though controversial—it involves taking the same first steps used
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to clone an adult animal (like the famous sheep, Dolly)—it also  used for any genetic disease of the bone marrow and ultimately

opens the door to tremendous therapeutic applications. (The In-  leukemia. But the work must be duplicated with human cells.

ternational Society for Stem Cell Research—to which all the Har- “We could work for years on mouse models,” continues Daley,
vard stem-cell scientists belong—supports therapeutic cloning ~ “and become very elegant and effective at curing mice. I am
but urges a ban on human reproductive cloning.) trained as a physician; I practice as a physician. I see a huge

Immuno compatibility problems plague tissue- and organ-  unmet medical need for treating patients with diseases of the
transplant recipients. George Daley, Zon's office neighbor, is try-  blood and bone marrow...Many of the bone-marrow diseases
ing to use stem cells to control or eliminate this immune attack.  are diseases of kids,” he says, “or diseases that would otherwise

One strategy, he says, might be to create “universal donor cells”  kill or cause horrendous chronic diseases in children. If we
from ES cells. In theory, pure HSCs, when transfused into a pa-  really want to treat patients, we learn the most from studying
tient whose own immune system has been irradiated, would not ~ human cells.” V)

create histocompatibility problems. If one could create HSCs
from an ES cell line and transplant them, “this would establish  Jonathan Shaw "8g is managing editor of this magazine.
your tolerance to any of the tissues coming from that ES cell,”
says Daley. “If I wanted to make a neuron or a pancreatic beta
cell or a cardiomyocyte, I could give them to you and youd tol-
erate them without immune rejection.” Another way to create
universal donor cells, he says, would be to “replace the immune
genes of those ES cells with immune genes from the patient we
wanted to treat™; that, too, would in theory create customized
cells for therapy.

But the alternative for dealing with immune rejection that
Daley favors is SCNT, creating a “novel embryonic stem-cell line
that is uniquely customized to you, the individual patient.” He
has actually used this approach to perform a stem-cell transplant
that cures disease in a mouse. “We started with an immune-
deficient mouse that is a model of Bubble Boy disease,” he ex- i
plains. “The mouse lacks a gene that is required for forma- \
tion of the immune system, so [it has| no B cells and no \
T cells.” Then he takes a cell from the mouse’s tail _
and transfers its nucleus into an egg from another f
mouse whose own DNA has been removed from /
the egg. A few days later, a blastocyst-stage em-
bryo develops. Daley removes the inner cell A
mass and generates an embryonic stem-cell |
line, just as Melton did, except this one is
coming from a cloned nucleus. The cell
line’s DNA is genetically identical to that
of the first mouse, and therefore carries the
same genetic defect.

“Using a very simple technique,” says
Daley, “we can then repair the genetic de-
fect in that cell with surgical precision.”
This is not the version of gene therapy,
using a virus to deliver DNA to a living
subject, that “runs the risk of activating
genes, or inactivating genes, that you don't
want mucked with.” The advantage of
Daley’s homologous recombination, as it is
called, is that it allows normal DNA to be
added to a cell in a petri dish, where it lines
up with the mutated gene. The normal
gene is exchanged for the abnormal gene,
and then Daley grows the resulting cell and
“characterizes” it, verifying that the defect
has been corrected.

Daley is also working to cure a sickle-cell-
anemia-like disease in mice using this thera-
peutic-cloning technique. He says it could be

Leonard Zon (left) and George Daley






