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.+ Relying on scientific experts

» Tractate Hullin 63b states, that hunters and trappers were consulted by rabbis as
reliable experts in identifying kosher birds.

« Sanhedrin (5b) states that Rav studied with a shepherd [for 18 months to learn]
which blemishes were permanent and which were temporary in order to establish
the halachic laws of bekhor (firstborn).

b gquotes Rav Zera, who remarked: Babylonian natural laws is the
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DMNA the molecule of life

Trillions of cells N

Each cell: ﬂ e ;-. "
chromaosomes
* 46 hurman

chromosomes

= 2 meters of
DA

* 3 billion DNA
subunits (the
bases: A, T, C, G)

* Approximately
30,000 genes
code for proteins
that perform most

life functions

cell
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The Mitochondrion

» One in 6,500 children in the UK are born with "mitochondrial disorder"
which causes muscle weakness, blindness and heart failure.

=
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‘Yl—lth SCNT-li children erated using the
' AN, the egg of a second woman and sperm

rom of a man.

» The aim is to replace faulty mitochondrial DNA.



Three Parents, One Baby? Not at All SR

By Robert Klitzman

ast week the British House

of Commons voted to allow

research on a scientific
technique that, if successful,
couid lead te babies born with
DNA from three adults, The deci-
sion has to be approved by the
House of Lords. It should be, and
the United States should follow
suit. Here's why.

Every year hundreds of people
in the U.S., including children,
suffer horrific disease and death
due to inherited mutations in
tiny entities in our cells called
mitochondria, These tiny bodies
break down nutrients we eat to
make energy for our cells.

Mitochondria contain a tiny
fraction of our DNA—but like the
rest of our DNA, mitochondrial
DNA is subject to mutations. The
mutations may not affect the
mother who passed them on, but
for reasons we don’t yet entirely
understand, they can affect and
kill her children.

Mitochondrial mutations can
cause or contribute to a wide
number of problems—including
blindness, deafness, diabetes and
neurological diseases. Many
women give birth to a child who
is sick with severe problems that
turn out to be due to mitochon-
drial mutations. The parents
then face a quandary: whether to

risk having another child, know-
ing that the same disease can
reoccur.

Scientists have been working
to develop a way to replace a
mother’s mutated mitochondria
with healthy mitochondria, al-
lowing the parents to have chil-
dren who are healthy and sur-
vive. The children would have
more than 99.99% of their DNA

Replacing mitochondria
in an unfertilized egg will
save many infants’ lives,
not rewrite biology.
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from their two parents and an
infinitesimal fraction—less than
0.01%—from the woman who pro-
vided the healthy mitochondria.
The procedure, called mitochon-
drial replacement therapy (MRT),
could help hundreds of parents in
the U.S., and thousands around
the world.

But research on this potential
lifesaving procedure has been
blocked in this country, as in
Britain. Last February the Food
and Drug Administration held
hearings and decided to delay

trials of this therapy in humans

until more research is done,
Many physicians, scientists and

patients unsuccessfully fought
the FDA's decision. They were
right to do so. The decision
should be revisited and over-
turned.

MRT opponents, which include
some religious and feminist
groups, argue that the procedure
constitutes genetic engineering,
and that having “three parents”
may upset the children who are
born healthy as a result.

These arguments are flawed.
While news media portray MRT
as producing children with three
parents, the analogy and the way
the controversy is framed are
misleading. A more accurate
analogy would be to organ trans-
plantation.

If I receive a kidney from a
donor, no one says that I then
consist of two people, One kid-
ney, weighing perhaps 1 pound,
now rests in my 185-pound body
and allows me to live. Similarly,
to replace less than one out of
every 100,000 bits of DNA in an
individual with DNA from some-
one else makes no major differ-
ence to the recipient’s identity
other than to allow him or her to
survive, ,

Many of MRT's strongest crit-
ics have been antiabortion activ-
ists who oppose stem-cell re-
search and see the alteration of
human eggs as altering humans,
I appreciate their concern, but an

unfertilized human egg is by no
means a full human being. It is
not even an embryo. And thou-
sands of lives can be saved if this
therapy is successful.

MRT would not push us over a
slippery slope: Altering the
99.99% of our genes that exist in
the nucleus of our cells—as
would be done to create so-called
designer babies—is an entirely
different matter. A clear and hard
distinction exists, I can describe
taking a trip to the grocery store
around the corner from my
home, or a trip to another galaxy,
Both are trips, but the ability to
do one by no means allows or
suggests | can or will ever do the
other.

As biotechnology continues to
advance and improve human
health, we need to beware of
applying frightening metaphors
when they do not fit, and only
distort and mislead. Countless
scientists, physicians and patients
across the globe applaud the
British decision. The U.S. should
have the wisdom to do the same.

Dr. Klitzman is a professor of
psychiatry at Columbia University
and the director of its Masters of
Bioethics Program. His latest book
is “The Ethics Police?: The Strug-
gle to Make Human Research
Safe,” forthcoming from Oxford
University Press.
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yene-editing technology is a_process to correct virtually any
genetic mutation in any cell or any organ by changing the
base-pairs (letters) of the DNA code .

ttps://www.youtube.com/watch?v=2ppl7E
E-O8

L =




1. Target the site on the DNA

2. Remove the base pairs targeted

3. Replace the base pairs

4. Repalr the site -

‘How do they differ from classical
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A HASTINGS CENTER SPECIAL REPORT

SYNTHETIC FUTURE

N
Can We Create What We Want Out of Synthetic Biology?

EpITED BY
GrecoRyY E. Kaeenick, MicHaeEL K. GusmanNno, anD THomas H. Murray
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Knock Out
Any Gene!

CRISPR/CAS 9
Genome Editing Kits

OriGene's system for genome disruption and gene replacement delivers pre-designed
plasmids and all the vectors needed to knock out any human or mouse gene.
Knockout is as simple as 1-2-3:

Scan to view
CRISPR/Cas-9 Video

Come to OriGene,
the trusted molecular biology
expert, for your CRISPR needs.

Kit Components Include:
= 2 guide RNA vectors to ensure efficient cleavage

= Donor vector with predesigned homologous arms O RI ‘ E N E
= Knockin GFP-Puro for selection

= Scramble gRNA as negative control included
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Mini enzyme moves gene
editing closer to the clinic

Discovery expands potential CRISPR toolbox for treating genetic diseases in humans.

BY HEIDI LEDFORD

tweak to a technique that edits DINA

with pinpoint precision has boosted

its ability to correct defective genes in
people. Called CRISPR, the method is already
used in the lab to insert and remove genome
defects in animal embryos. But the genetic
instructions for the machinery on which
CRISPR relies — a gene-editing enzyme called
Cas9 and RNA molecules that guide it to its
target are simply too large to be efficiently
ferried into most of the human body’s cells.

This week, researchers report a possible
way around that obstacle: a Cas9 enzyme that
is encoded by a gene about three-quarters the
size of the one currently used. The finding,
published on 1 April in Nature, could open the
door to new treatments for a host of genetic
maladies (F. A. Ran et al. Natwure http://dx.doi.
org/10.1038/naturel4299; 2015).

“There are thousands of diseases in humans
associated with specific genetic changes.” says
Dawvid Liu, a chemical biologist at Harvard
University in Cambridge, Massachusetts, who
was not involved in the latest study. “A fairly
large fraction of those have the potential to be
addressed using genome editing.”

Genome editing has generated contro-
versy, with unconfirmed reports of its use
in human embryos. Some scientists have
expressed concern that the technique might
be used by fertility doctors to edit the genes
of human embryos before its safety is estab-
lished (see also E. Lanphier ef al. Nature 519,
410—411: 2015). That concern is exacer-
bated by the fact that changes made by the
procedure in embryos would be passed to
all subsequent generations without giving
anyone affected the opportunity to consent
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NEURODOSCIENCE AND SOCIETY

Children’'s
brains and
cognitive

(see Nature 519, 272; 2015). But in the non-
reproductive cells of children and adults,
where intergenerational issues are not a con-
cern, researchers and companies are already
racing to develop CRISPR as a clinical tool.

The ethics of that pursuit may be more
straightforward, but its execution can be
harder than using CRISPR in embryos. An
embryo consists of a small number of cells
that give rise to a human. To edit the genome
at that stage is simply a matter of injecting the
necessary CRISPR
components into a
few cells. An adult
human, however, is
a mix of trillions of
cells assembled into
many different tis-
sues. Researchers fret
over how to target the
CRISPR machinery to the specific cells where
defective genes are disrupting physiological
processes.

“You can have the most optimal gene-editing
system in the world, but if you cam’t deliver it to
the proper cell type, it’s irrelevant,” says Nessan
Bermingham, chief executive of Intellia Thera-
peutics in Cambridge, Massachusetts, which
aims to bring genome editing to the clinic.
“We're spending a tremendous amount of time
working on it”

“It’s a terrific
addition to
the set of tools
that genome
engineers
have at their
disposal.”™
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Gene-therapy researchers often harness a
virus called A AV to shuttle foreign genes into
mature human cells. However, most laborato-
ries use a gene encoding the Cas9 protein that
is too large to fit in the snug confines of the
A ANV genome alongside the extra sequences
necessary for Cas9 function.

MORE STORIES

® Struggle to confirm
archaeclogical damage in Irag
go.nature.com/lgSlcl

DN LINE ability are ® Psychiatric trials halted at
affected University of Minnesota
by poverty go.nature.com/Bkfeuu
go.nature. ® Concern over payment for ‘fast-
com/fkgghf track’ review go.nature.com/1j3nkw
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Feng “hang of the Broad Institute of MIT
and Harvard in Cambridge, Massachusetts,
and his colleagues decided to raid bacterial
genomes for a solution, because the CRISPR
system is derived from a process that bacteria
use to snip unwanted DINA sequences out of
their genomes. Zhang’s team analysed genes
encoding more than 600 Cas9 enzymes from
hundreds of bacteria in search of a smaller
version that could be packaged in AAV and
delivered to mature cells.

The gene encoding Cas9 in Staphylococcues
aureus — a bacterium best known for caus-
ing skin infections and food poisoning was
more than 1,000 DNA letters smaller than
the one for the commonly used Cas9. The
researchers packed it into AAV along with
RINAs that would target the enzyme to mod-
ify a cholesterol regulatory gene in the liver.
Within a week of injecting mice with the modi-
fied virus, the team found that more than 40%
of liver cells contained the modified gene.

“It's a terrific addition to the set of tools that
genome engineers have at their disposal.” says
Liu. He has been developing ways to trans-
port the larger Cas9 protein, bound to its
guide RNASs, into cells without relying on a
virus. Bermingham says that he expects labs
to develop multiple delivery mechanisms that
are tailored to individual tissues.

For now, biomedical engineer Charles
Gersbach of Duke University in Durham.,
MNorth Carolina, is eager to use the smaller
Cas9 enzyme in mice to try to correct muta-
tions associated with Duchenne muscular
dystrophy, a devastating human disease that
strikes 1 in 3,500 boys worldwide. Perhaps this
will be the method that carries CRISPR into
the clinic, he says, but it is too soon to tell. “It’s
a rapidly developing field,” he says. “There are
alot of things that just haven’t been tried yet” m

CORRECTIONS ‘
The News Feature ‘Eves on the ocean’
(Nature S19, 280-282; 201 5) used an [
earlier version of the name of the Pew |
Charitable Trusts. And the News Feature
‘Biotech boot camp’ (Nature 519, 402-405;
2015) should have said that Steve Blank

| was involved in eight technology companies ‘

| — he didn't launch all eight.



- A powerful gene—-editing technology is the biggest
game changer to hit biology since PCR. But with its
huge potential come pressing conicermns.




DMNA sequences called CRISPRs (clustered regularly interspaced short palindromic
repeats) are part of a bacterial defence system. After researchers showed in 2012

that CRISPR= could be used to edit genomes, use of the tools quickly spread, as
raflected by sharp rises in publications, patent applications and funding.

PUBLICATIONS

The number of papers about CRISPR has outstripped the numbers mentioning

the gene-editing technologies known as TALENs and zinc fingers.
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Key events in the
CRISPR staory.

A cluster of biotech
companies has
sprung up to use
CRISPR technology.
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Researchers find
CRISPR sequences
in Escherichia cali,
but do not characterize
their function®.

JE ¥

CRISPR sequences are
found to be common in
other microbes®.

vieewch 2007
Scientists at food
coampany Danisco
determine that the
rapaats are part of a
bacterial defénce
against viruses'o.

Jrereee
Re:;f_l‘\rcher report
that CRISPR can be
used to perform
genome editing’.

CRiSF'F-' is usod in
mouse and human cells,
fuelling rapid uptake of
the technique by
researchears!-14,

Ths- Unnverbl&y 01’
California and others
file for a patent on
the findings®.

MIT and the Broad
Institute are granted a
patent on CRISPR gene
editing, sparking a
fiarce patent battle.

Report of the firs t
CRISPR gene drive,
which can spread an
edited gene rapidly
through a population®

Researchers report
that they have adited
human embryos with
CRISPR, trig ring an
ethical debate”.
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Editing humanity

The prospect of genetic enhancement
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;—g:_ﬂa_gmg_ “God” — altering “nature”

2. Tampering with human DNA—the genetic code of life.

3. Violating the principle of autonomy by altering the genetics of their
child without obtaining informed consent of their child when he or she
reaches legal age.

4. Eugenics or designer babies. Non-medical enhancements.




Potential Clinical Applications of Gepne Editing

_Excise the HIV genome in infected people.
ﬂ-__:—

Cure Mice (and eventually people) with Genetic Diseases.

Individuals with a specific genetic mutation that leads to liver -
disease. Using this approach, the correct gene was inserted in
about one of every 250 hepatocytes — the cells that make up most
of the liver.

o e—— —
‘w-dltmg to “fix” human embryos. | TTTER——

ace a single base pair mutation that causes cataracts in mice with
the normal base pair. Results - about 33 percent of the mutant zygotes
that were injected with CRISPR/Cas9 grew up to be cataract-free
mice.




Editing humanity

The Economist August 22nd 2zo1s

A new technigue for manipulating genes holds great promise—butrules are needed to govern its use

HE genome is written in an
alphabet of just four letters.
Being able to read, study and
compare DNA sequences for hu-
mans, and thousands of other
species, has become routine. A
= - new technology promises to
L= make it possible to edit genetic
information quickly and cheaply. This could correct terrible ge-
netic defects that blight lives. It also heralds the distant pros-
pect of parents building their children to order.

The technology is known as CcrisPrR-Cas9, or just CRISPR. It
involves a piece of Rv A, a chemical messenger, designed to tar-
get a section of bNa; and an enzyme, called a nuclease, that
can snip unwanted genes out and paste new ones in. Other
ways of editing DN A exist, but crisPr holds the promise of do-
ing so with unprecedented simplicity, speed and precision.

A dizzying range of applications has researchers turning to
CRISPR to develop therapies for everything from Alzheimer’s
to cancer to H1IV (see pages 19-22). By allowing doctors to put
just the right cancer-hunting genes into a patient’s immune
system, the technology could lead to new approaches to on-
cology. It may also accelerate the progress of gene therapy—
where doctors put normal genes into the cells of people who
suffer from genetic diseases such as Tay Sachs or cystic fibrosis.

It will be years, perhaps even decades, before CRISPR is be-
ing used to make designer babies. But the issues that raises are
already the subject of fierce discussion. In April scientists in
China revealed they had tried using crisPr to edit the ge-
nomes of human embryos. Although these embryos could not
develop to term, viable embryos could one day be engineered
for therapeutic reasons or non-medical enhancement.

That is a Rubicon some will not want to cross. Many scien-
tists, including one of CcrRISPR’s inventors, want a moratorium
on editing “germ line” cells—those that give rise to subsequent
generations. America’s National Academy of Sciences plans a
conference to delve into crISPR’s ethics. The debate is sorely
needed. CRISPR is a boon, butitraises profound questions.

Ataw Ll 1
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malkes progress—indeed, as gene seguencing shows, it some-
times does so remarkably quickly. So scientists are right to be
thinking now abouthow best to regulate CrRISPR.

That means answering the philosophical questions. There
are those who will oppose crISPR because it lets humans play
God. But medicine routinely intervenes in the natural order of
things—saving people from infections and parasites, say. The
opportunities to treat cancer, save children from genetic dis-
ease and understand diabetes offer justification to push ahead.

A harder question is whether it is ever right to edit human
germ-line cells, to make changes that are inherited. This is
banned in 40 countries and restricted in many others. There is
no reason for a ban on research or therapeutic use: some coun-
tries, rightly, allow research on human embryos, as long as
they are left over from in-vitro fertilisation and are not grown
beyond 14 days; and Britain has allowed a donor to supply mi-
tochondrial bNA at conception to spare children needless suf-
fering, even though the change will be passed on. And crRISPR
deals with the objection that germ-line changes are irrevoca-
ble: if genes can be edited out, they can also be edited back in.

A deeper quandary concerns the use of CrRISPR to make dis-
cretionary tweaks to a person’s genome. There comes a point
where therapy (removing genes that make breast cancer or ear-
ly-onset Alzheimer’s more likely. say) shades into genetic en-
hancement. Some might see being short or myopic as pro-
blems thatneed fixing. But here, too, the right approach is to be
cautiously liberal: the burden is on society to justify when and
why itis wrong to edit the genome.

CRISPR, happier, more productive

It is not too soon to draw on these principles to come up with
rules. Some countries may have gaps in their legislation or
poor enforcement, letting privately funded scientists or fertil-
ity clinics carry out unregulated crisPR research. The conser-
vative, painstaking approach taken by Britain’s Human Fertil-
isation and Embryology Authority in its decision on
mitochondrial bNaA is a model. Regulators must also monitor

CRISPR’s use in non-human species. Changing animals’ ge-

nomes to spread desirable traits—mosquitoes that cannot

The only way is ethics

These fall into two categories: practical and philosophical. The
immediate barrier is practical. As well as cutting the intended
DNA, CRISPR often finds targets elsewhere, too. In the laborato-
ry that may not matter; in people it could cause grave harm. In
someone with a terrible disease, the risk of collateral damage
might be worth running. But for germ-line applications, where
the side-effects would be felt in every cell, the bar should be
high. It may take a generation to ensure that the technolo is
i i me tic di sSes can con-

ceive using in-vitro fertilisation and select healthy embryos.
Moreover, awash though it is with gene-segquence data, bi-
ology still has a tenuous grip on the origins of almost all the in-
teresting and complex traits in humanity. Very few are likely to
be easily enhanced with a quick cut-and-paste. There will of-
ten be trade-offs between some capabilities and others. An ala
carte menu of attributes seems a long way off. Yet science

transmit malaria, for example—could bring huge benefits. But
the risk of unanticipated consequences means thatsuch “gene
drives” should be banned unless they can be reversed with
proven countermeasures.

If CrRISPR can be shown to be safe in humans, mechanisms
will also be needed to grapple with consent and equality
Gene iting rai he spectre of parents making choices that
are not obviously in the best interests of their children. Deaf
parents may prefer their offspring to be deaf too, say; pushy
parents might want to boost their children’s intelligence at all
costs, even if doing so affects their personalities in other ways.
And if it becomes possible to tweak genes to make children
smarter, should that option really be limited to the rich?

Thinking through such issues is right. But these dilemmas
should not obscure criser’s benefits or obstruct its progress.
The world has within its reach a tool to give people healthier,
longer and better-quality lives. It should be emmbraced. m
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Embrvyo editing
divides scientists

Researchers disagree over whether making heritable
changes to genes crosses an ethical line.

BY DAVID CYRANDSKI

esearch that uses powerful gene-editing
Rlechniques on human embryos needs

to be restricted, scientists agree — but
they are split over why.

Some say that if safety fears can be allayed,
such applications could have a bright future, and
could help to eradicate devastating discases.
Others say that modifying the DNA of
embryos, which means that the changes
could be passed on to future generations,
is an ethical line that should not be crossed.

The concerns are laid out in an article’
published in Nature on 12 March and in one
expected to appear in Science, amid suspicions

that scientists have already edited the genes of

human embryos.

Gene-editing techniques use enzymes
called nucleases to snip DNA at specific
points and then delete or rewrite the genetic
information at those locations. Most recently,
excitement has focused on a technique called
CRISPR/Cas9, which is particularly easy to
use. Current applications of the technology
are in non-reproductive, or somatic, cells: for
example, Sangamo BioSciences of Richmond,
California, has used zinc-finger nucleases, an
older gene-editing technology, to remove a
gene from white-blood cells that encodes the
receptor to which HIV binds to enter the cells.

But concerns focus on the use of gene
editing to modify the genomes of eggs and
fertilized eggs — a process known as germline
modification.

Edward Lanphier, president of Sangamo
and chairman of the Alliance for Regenerative
Medicine in Washington DC, together with
colleagues from both organizations, wrote the
Comment article' in Nature calling on scien-
tists not to modify human embryos, even in
research. The authors warn that such work
could be exploited for “non-therapeutic modi-
fications” — to change a child’s eye colour, for
example and that a public outcry about such
an “ethical breach” could hinder the use of gene
editing in somatic cells.

They also have more basic objections.
“We are humans, not transgenic rats,” says
Lanphier. “We believe there is a fundamen-
tal ethical issue in crossing the boundary to

272 | NMATURE VOL 518
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CRISPR/Cas9 makes precisely targeted gene edits.

modifying the human germ line”

George Church, a geneticist at Harvard
Medical School in Boston, Massachusetts,
agrees that there should be a moratorium on
embryo editing, but only “until safety issues
are cleared up and there is general consensus
that it is OK”. Church, along with a group of
scientists who met in Napa, California, in Janu-
ary to discuss the ethics and potential of the
procedure, authored the piece for publication
in Science detailing their concerns.

One concern is that nucleases could
make mutations at locations other than
those targeted. potentially causing disease.
Church says that gene editing in animals is
likely to reveal how to understand and avoid
this complication. In one application, his
group is editing genes related to the immune
system in pig embryos to ‘humanize’ them,
potentially allowing the pig’s organs to be
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transplanted into people.

Other indications of safety will come from
trials on somatic cells. Sangamo has already
demonstrated the safety of its modified white-
blood cells in a trial of people with HIV?.

Church sees no fundamental problem with
editing the germ line — he notes that even the
somatic-cell therapies are still a form of artifi-
cial modification. He compares gene editing in
embryos to in vitro fertilization, which people
objected to until it was shown to be safe.

“In the distant future, I could imagine that
altered germ lines would protect humans
against cancer, diabetes and other age-related
problems.” says Nobel-prizewinning geneticist
Craig Mello of the University of Massachusetts
in Worcester. In the nearer term, “there could
be good reason to experiment with discarded
embryos or embryonic stem cells for research
purposes’, he says.

But Lanphier says that for most cases in
which parents carry disease-causing genes,
not all of a couple’s embryos will carry the
faulty gene. Existing technology can be used
to genetically screen and select healthy embryos
before transplantation into the uterus, negating
the need for permanent germline repair. “There
are almost always alternatives,” he says.

Church, however, says that for the growing
number of known cases in which several genes
are involved in a disease, most embryos need
to be discarded. Editing would greatly increase
the odds of getting a healthy embryo.

Dana Carroll, a geneticist at the University
of Utah in Salt Lake City who was at the Napa
meeting, says that a national agency such as
the US National Academy of Sciences should
convene a conference that includes medi-
cal professionals and the interested public to
weigh up the positive and negative aspects
of germline editing. They had better hurry:
several researchers who do not want to be
named told Nature’s news team that papers
describing such work are currently being
considered for publication in journals.

Carroll also cites the importance of educat-
ing the next generation of physicians about
gene editing. “They should be learning now
what the technology is able to do and what the
social, as well as clinical, concerns are’” m
1. Lanphier, E. et al. Nature 519, 410-411 (2015).

2. Tebas, P.etal. N. Engl. J. Med. 370, 901-910
(2014).
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'LETTERS TO THE EDITOR

Genetic Techriology‘ and Its Potential for Good and Evil

Unaccustomed as I am to " disorder in the U.S., affecting

disagreeing with David Balti-

more, my professor of virol-

ogy at M.LT. (in 1969), he and

Paul Berg seem not to have

considered all the _ramiﬁca»

. tions of a moratorium on
germ-line modification of ]
genes in humans (“Let’s Hit-
‘Pause’ Before Altering Hu-
mankind,” op-ed, April 9).

Drs. Baltimore and Berg are
correct that only in somewhat
rare ¢ircumstances are germ-
line alterations the only way
to avoid passing a deleterious
gene from parents to off-
spring, but [ would argue that
those situations-are the ex-

_ ceptions that prove the rule.

Consider; for example, the de-
bilitating and ultimately le-
thal sickle-cell anemia. '
In'genetics terms, sickle-
cell anemia is an autosomal
recessive disease, which .
means that a patient inherits
a defective hemoglobin gene
from both parents, so every
one of his or her chromo-
somes carries a defective
gene. That gene bears a muta-
tion in a very discrete bu_lld-
ing block of DNA, which in
turn gives rise to a single
amino-acid substitution in
one of the protein chains of
hemoglobin.
Sickle-cell disease is the
most common inherited blood

70,000 to 80,000 Americans.
What is particularly signifi-
cant is that 100% of the off-
spring of two patients with

sickle-cell disease will be af-
flicted with the disease. Apd
given that the repair of this
sort of molecular lesion has
been performed successfully
in animals for decades and
has become even easier and

more reliable with highly pre-

cise gene-editing techniqqes
such as CRISPR/Cas9 (which

Drs. Baltimore and Berg men-

for the perceived economic or
‘military advantage of its de-
veloper. Just a few examples
are the steam engine, ma-
chine gun, telephone, air-
plane, atomic bomb, com-
puter, synthetic fertilizer,
scientific plant breeding and
the Internet. !
The possibility of “undesir-
able consequences” did little
to deter the individuals, orga-
nizations and governments
that pursued these advances.
Not that consequences were
ignored: Some of the scien-

tion), shouldn’t 21st-century . tists working on the Manhat- .

icine offer the ibility tan Project were womed t!'lat

g‘feg:;l:iring embrygso?ﬁat_ will an 'aton_tic bomb might ignite
become patients with sickle-  the entire Earth. But the sci-
cell disease and eliminate the entists—and the political and
disease from future genera- military leaders of the U.S.—
tions? concluded that an even bigger

We don’t need a morato- risk was that Hitler might get
rium. We need to push the the boml? first. :
frontiers of medicine to cure So while “germ-line engi-

more patients.
' . HENRY

neering”—the ability to cus-

L Mn.um.‘ MD. tomize the genes of a human

" Hoover Institution baby before it is c_un?eivgd—_
. Stanford, Calif. has many uncertainties, it will

Drs. Baltimore and Berg

have unimpeachable scientific
credentials, but judging from

be pursued aggressively by

countries around the world.
As science-fiction authors

have written for decades: Par-

their opinion piece, they ap-  ents _will enhance the be_auty,-
pear to have an incomplete bhﬂrgmsdremd b(;awn '?afs tlwx;eﬁrm
tanding of human na- c n, and armi -
utﬁrtrs S hance their soldiers. S
' dvance BENJAMIN W. SLIVKA
bt ool Clyde Hill, Wash.

has been pursued aggressively

WS J e APRIL 3015

ﬁNA—fﬁterlng Trial
Triggers Ethics Alarm

By SHIRLEY S. WaNc
Anp Gautam Naix

A team of Chinese scientists
reported using human embryos
as subjects for an experiment in
editing genes in a way that could
be passed on permanently—a
procedure believed to be a first
and one opposed by most ge-
netic researchers and ethicists
internationally.

The technigque, known as
CRISPR-Cas9, allows genes to be
deleted or added to the DNA in
the nucleus of cells—changes
that would permanently alter the
DNA and have the potential to be
passed down to future genera-
tions,

CRISPR-Cas9 is more com-
monly viewed, with other gene-
editing approaches, as a promis-
ing technique to fix defective
genes in mature cells, where re-
pairs don’t become integrated

.into a patient’s inheritable DNA.

But last week, Chinese research-

| ers published a scientific paper

detailing their application of the
technigue to human embryos, in
what experts believe is a world
first.

According to the April 18 pa-
per in the journal Protein & Cell,
the scientists tried it on 86 hu-
man embryos they had obtained
from a fertilization clinic. In
each, they attempted to repair a
gene that causes the hereditary
blood disease beta-thalassemia.
All but a few of the embryos sur-
vived the procedure but subse-
guent testing showed that the
gene repair failed to make the
desired changes and caused
what the geneticists called “off-
target” effects.

The researchers used human
embryos grown from eggs fertil-
ized by two sperm, which means
they were expected to die when
still a cluster of a few cells.

Scientists and ethicists have
hotly debated the use of such
technologies, which make
changes to the so-called germ-
line of cells. One worry is that
babies born via genome editing
would have had their genetic
makeup altered without consent.
A more futuristic concern is that
elaborate tinkering with the hu-
man genome might usher in an

era of designer babies with spe-
cific traits—such as blond hair
or green eyes—that offer no
medical benefit.

The International Society for
Stem Cell Research in the U.S. is-
sued a statement Thursday in re-
sponse to the Chinese study,
calling for a moratorium, as it
did in March, “on attempts at
human clinical germ-line genome
editing while extensive scientific
analysis of the potential risks is
conducted, along with broad
public discussion of the societal
and ethical implications.”

Peter Mills, assistant director
of the Nuffield Council on Bio-
ethics in the U.K,, also urged
caution about the technology be-
cause the paper suggested that
the technique didn’t work as
well in human embryos as it had
previously in animal studies,
suggesting that the tool may be
more complex than previously
understood.

Experts believe the
Chinese experiment
with human embryos
is a world first.

“It sends a kind of warning
shot about the need not to move
forward impetuously into treat-
ment” with such techniques, said
Dr. Mills in a phone interview.

The Chinese researchers, from
institutions including Sun Yat-
sen University in Guangzhou,
and the Guangdong Province Key
Laboratory of Reproductive
Medicine, couldn’t be reached to
comment Thursday.

Meanwhile, a separate group
of scientists published research
Thursday on the use of gene ed-
iting in laboratory animals. If
successful, that work ultimately
could pave the way to applica-
tions in humans.

The scientists used the edit-
ing technique to significantly re-
duce unwanted mutations in the
mitochondria—the tiny struc-
tures that supply most of a cell's
energy—of mouse embryos, of-
fering a possible route for one
day preventing mitochondrial
disease in people. :




NOV. 1T 2015

The WEEK
Saved by an exper

A British toddler dying of an aggressive
form of leukemia has been saved by an
experimental treatment using “designer”
immune cells genetically engineered to
destroy cancer. Diagnosed with acute
lymphoblastic leukemia at 3 months old,
Layla Richards spent the better part of her
infancy undergoing a barrage of treat-
ments, including chemotherapy and bone-
marrow transplants. None was successful.
Layla’s parents were told she had only
months to live, but they refused to give
up. “We asked the doctors to try anything
for our daughter, even if it hadn't been
tried before,” her mother, Lisa Richards,
tells NBCNews.com. In a last-ditch attempt

Health & Science

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ental cancer treatment

to save the girl’s life, a team at London's
Great Ormond Street Hospital performed
an experimental procedure, known as
gene editing, previously tested only on
mice. First, new genes engineered to attack
leukemia cells were injected into immune
system cells, called T cells, from a healthy
donor. Then doctors used enzymes that act
as molecular “scissors” to render those
genes impervious to leukemia drugs and
prevent them from attacking healthy cells.
Several months after receiving an infu-
sion of the genetically engineered T cells,
Layla is cancer free. Doctors say it's too
soon to say she's cured, but the technique
could represent a significant advance in

NEWS 19

Layla Richards: ‘Almost a miracle’

cancer treatment. “We didn't know if or
when it would work, and so we were over
the moon when it did," says Dr. Paul Veys.
“Her leukemia was so aggressive that such
a response is almost a miracle.’
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Festival marks parting of the deep '

Islands’ legendary link pops up 4 times yearly
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W 0 R L D v I E w A personal take on events

of CRISPR tools to modify human embryos. As an ethicist in
a genome-engineering lab, I am an eyewitness to these recent
scientific developments and I do have concerns about the way gene
editing could be used. But they are not the concerns you might expect.

The ethical issues raised by human germline engineering are not new.
They deserve consideration, but outcry over designer babies and preci-
sion gene therapy should not blind us to a much more pressing problem:
the increasing use of CRISPR to edit the genomes of wild animal popu-
lations. Unless properly regulated and contained, this research has the
potential to rapidly alter ecosystems in irreversible and damaging ways.

Scientists have already used CRISPR to modify mosquitoes and the
fruit fly Drosophila mielanogaster. And in combination with another
molecular-biology technigue called gene drive,
they have found a way to massively increase the
efficiency of spreading these transformations
to offspring and through the population. Once
1ntr()ducec{- these genetic changes are sclf-pmp-

i f released beyond the laboratory. the
(-:ﬂ'ccts would spread with every new generation
nd would quickly run out of control.

Gene drive achieves rapid changes in a sexu-
ally reproducing population because it relies
on genes that are capable of preferential spread
through generations. Without this, introduced
traits meet the statistical obstacle of Mendelian
inheritance and take hold in a population much
more slowly. Altering wild animal populations
using gene drive aims to rapidly disrupt a par-
ticular trait, such as the ability of Anopheles
mosquitoes to transmit malaria. It malkes only a
small-scale initial change to the relevant ecosystem and, in this example,
the preliminary disruption would be restricted to the mosquito’s natural
habitat. But the risk of broader ecosystem disruption is unknown and
would require extensive mathematical modelling to estimate.

The gene-drive technique was developed in our lab, and in the initial
publication of the method, my colleagues called for strict and vali-
dated biosafety measures and public review and consent (E. M. Esvelt
et al. eLife 3, e03401; 2015). Meanwhile, work that combines CRISPR
and gene-drive techniques is marching on. In what they call a “muta-
genic chain reaction”, scientists at the University of California, San
Diego, have used the combined approach to alter D. melanogaster
(V. M. Gantz and E. Bier Scierice 348, 442 —-444; 2015). To me and
others, this research raises serious and significant fears about biosafety.
The work was done in a lab, but should any of the
modified insects escape, they would be able to
spread widely — unlike mosquitoes, which rely
on ecological niches — and breed with the wild
population. Experiments such as these should

G ene editing is a hot topic following a flurry of interest in the use

== NATURE.COM
Discuss this article
online at:
go.nature.com/igwpmu

WE NEED AN

URGENT REVIEW
OF BIOSAFETY
PROTOCOLS FOR
CRISPR AND GENE-
DRIVE EXPERIMENTS IN

WILD
ORGANISMS.

Regulate gene editing
in wild animals

The use of genome —-modificartion tools in wild species must be properly
governed to avoid irreversible damage to ecosystems, says Jeantine Lunshof.

certainly be allowed, but only under the strictest conditions and with
appropriate safeguards.

In less than three years, CRISPR has become a key tool for biologists.
‘Should they stop before it is too late?’ is therefore an immaterial guestion.
Careful assessment of the various applications of CRISPR shows that there
is no single or universal ethical evaluation that could cover all of them.
The different consequences of human genome modification in either
somatic cells or the germ line, and the modification of the ecosystem
through gene drives, call for different ethical and policy evaluations.

Some critics argue that the unpredictable effects that human germline
genome editing could have on future generations make it dangerous
and ethically unacceptable. Uncertainty, however, is not a useful way
to judge ethical acceptability. Others highlight the potential non-
therapeutic purposes of germline modification.
From the standpoint of ethics, it is not clear why
trait modification is by definition a bad thing.
Moreover, the criteria for what is therapy and
what is ‘enhancement” are fluid.

The consequences of modifying human
genomes will be limited because effects will
alwavys be restricted to humans — the index
person and their line of descendants. Biosafety
and biosecurity risks are not apparent at this
moment. Regulation, if and when it comes,
might need to be adapted to the local situa-
tion, to existing legislation and to cultural and
religious normative frameworks.

Presented in those terms, the human appli-
cations of CRISPR are much less troubling than
the possibility of ecosystem modification. By
definition, such disruption has more severe,
complex, system-level consequences, and the breadth of its impact and
the duration of its effects are hard to model. Gene drives are designed
to be reversible, but this still needs to be tested. Self-propagating modi-
fied organisms cannot be contained within national borders and pose
major challenges for regulation and governance. We therefore need an
urgent review of biosafety and biosecurity protocols for experiments
— both in the lab and in field-scale trials — that combine CRISPR and
gene-drive techniques in wild organisms. Funders and institutions
must lay out and enforce regulations.

The work with gene editing has thrown a useful spotlight on these
bioengineering tools. But from an ethical perspective. the question we
should ask is not what CRISPR can do for humans, but what humans
can do with CRISPR. m

Jeantine Lunshof is assistant professor at the University of Groningen.
the Netherlands, and a visiting scientist at Harvard Medical School,
Boston, Massachusetts, USA.
e-mail: jelunshof@genetics.med. harvard.edu
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T‘urning'1\/IosquitoeS= Into Allies

Biologists have created a novel
breed with modified genes in
hopes of eradicating malaria.

By NICHOLAS WADE

In a basement on the Irvine campus of the
University of California, behind a series of
five protective doors, two teams of biolo-
gists have created a novel breed of mos-
quito that they hope will help eradicate ma-
laria from the world.

The mosquito has been engineered to
carry two ingenious genetic modifications.
One is a set of genes that spew out antibod-
ies to the malarial parasite harbored by the
mosquito. Mosquitoes with these genes are
rendered resistant to the parasite and so
cannot spread malaria.

‘The other modification is a set of genetic
elements known as a gene drive that should
propel the malaria-resistance genes
throughout a natural mosquito population.
When a malaria-resistant male mosquito
mates with a wild female, the gene drive
copies both itself and the resistance genes
over from the male chromosome to its fe-
male counterpart.

Because almost all the progeny carry the
new genes, instead of just 50 percent as
would be expected by Mendel’s laws of
genetics, the inserted genes are expected to
spread rapidly and take over a wild popula-
tion in as few as 10 generations, or a single
season. A large region, at least in principle,
could be freed from malaria, which kills al-
most 600,000 people a year.

The anti-malarial antibody genes were
developed by a group led by Anthony A.
James of the University of California,
Irvine, and the gene drive by Valentino M.
Gantz and Ethan Bier of the University of
California, San Diego. The two teams re-
ported the result of their collaboration in
Monday’s issue of Proceedings of the Na-
tional Academy of Sciences.

“This is a very important advance in the
field of mosquito bioclogy,” said George Di-
mopoulos, a biologist at Johns Hopkins who
has engineered mosquitoes to resist the ma-
larial parasite with a different set of genes.

Kevin Esvelt, an expert on the £gene drive
technique at Harvard, said he was delighted
with the work of the two teams. “We have a
wonderful chance of knocking down ma-
laria and dengue fever and other diseases,
so hats off to Tony James, who has been de-
veloping these techniques for 15 yvears,” he
said.

The two teams came together after Dr
Fantz and Dr. Bier developed a gene drive

or the Drosophila fruit fly, a standard lab-
ratory organism, to help identify ge-
netically mutant insects. Finding their gene
drive was far more efficient than expected,
driving its cargo genes into almost all the
fruit fly progeny, the researchers realized
they had created not just a handy laborato-
ry tool but a powerful technique for spread-
ing favored genes through wild populations.

An Anopheles stephensi
mosqguito, which is
predominant in Asia. Scientists
hope to engineer mosquitoes to
be resistant to malaria.

After sending a report of their finding to
the journal Science, which published it in
April, Dr. Bier started looking around for
practical uses for the technique, and came
Across a 2012 article in which Dr. James de-
scribed making mosquitoes resistant to the
malarial parasite. Dr. James concluded his
Paper by noting that “if coupled with a
mechanism for gene spread,” his resistance
genes “could become a self-sustaining dis-
ease control tool” Having developed just
such a mechanism, Dr. Bier called Dr. James
to propose a collaboration.

It took Dr. Valentino about two months to
load all the necessary genetic elements
onto a plasmid, a wviruslike circle of DINA
that genetic engineers use to insert genes
into chromosomes. Some 680 wild mosguito
larvae were injected with the cargo-carry-
ing plasmid. About half grew to adults,
which were mated with wild mosquitoes,
and the progeny were then screened to see
if the injected plasmids had successfully
found their way to the eggs or sperm of the
original larvae.

To help track the progress of the experi-
ment, Dr. Gantz engineered a color marker
into the plasmid’s cargo, a gene that turned
the mosquitoes’ eyves red. Thus the appear-
ance of red-eyed mosquitoes would mean
the drive and its cargo had successfully
been inherited.

Olga Tatarenkova, a member of Dnr
James’s team, picked up the task of screen-
ing 25,000 mosquito larvae. One Saturday
morning in July, she found two larvae with

S
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red eyes. After checking with other mem-
bers to verify her finding, she emailed Dr
James to tell him the good news.

Dr. James, Dr. Gantz and Dr. Bier plan to
refine the mosquitoes’ genetics and conduct
trials in cages. He hopes that eventually sci-
entists in some country where malaria is
endemic will invite them to conduct a field
trial and will monitor it carefully to make
sure there are no adverse affects, even
though it’s hard to see any ecological down-
side to protecting the mosquitoes against
the malarial parasite.

Dr. Dimopoulos, who has engineered
mosquitoes to rev up their immune systems
and reject the malaria parasite, plans to add
a gene drive as Dr. James has done, and to
seek the Zambian government’s approval
for a trial in a large, greenhouselike enclo-
sure he operates in southern Zambia.

Rendering the wild mosquito population
immune to the malaria parasite may seem a
fairly minimal and benign intervention. But
no gene drives have yet been released into
the wild, and biologists are keen to avoid
surprises that might arouse public hostility
to the novel technology.

A more likely mishap is that the eene
drive and its cargo genes will start to de-
velop mutations that impair their in-
heritance or that natural selection will favor
other genes that overwhelm them. The biol-
ogists could respond by developing new
gene drives and cargoes, but the process
could become uneconomical, in which case
the new approach would fail or offer just
partial advantages.

Dr. James plans to proceed in careful
stages with the knowledge and approval of
local authorities. “This is the kind of tech-
nology where the first trial has to be a suc-
cess,” he said.



h.,')/

AV 2.7, w:'_s’

Open SeasonIs Seen in Gene Edllng fAll

By AMY HARMON

SIOUX CENTER, Iowa — Oth-
er than the few small luxuries af-
forded them, like private access
to a large patch of grass, there
was nothing to mark the two
hornless dairy calves born last
spring at a breeding facility here
as early specimens in a new era
of humanity’s dominion over na-
ture.

But unlike a vast majority of

their dairy brethren, these
calves, both bulls, will never
sprout horns. That means they
will not need to undergo dehorn-
ing, routinely performed by farm-
ers to prevent injuries and a pro-
cedure that the American Veteri-
nary Medical Association says is
“considered to be quite painful.”
Instead, when the calves were
both just a single cell in a petri
dish, scientists at a start-up com-
pany called Recombinetics used

the headline-grabbing new tools
of gene editing to swap out the
smidgen of genetic code that
makes dairy cattle have horns for
the one that makes Angus beef
cattle have none. And the tweak,
copied into all of their cells
through the normal machinery of
DNA replication, will also be
passed on to subsequent genera-
tions.

“It’s pretty cool,” said Micah

Continued on Page A22
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In Whose Interests?

BY STUART RENNIE

A moral paradigm shift has been proposed for participation in health-related research. It's not

LI.._!_S»t a praiseworthy option, some say; it's a social obligation. Recasting research participation in this way

would have global ramifications, however. Who ultimately stands to gain the most from it, and who has

the most to lose?

ver rhe past few years, a growing number

of pecople have called for reconceprualizing

participation in health research as a moral
obligation. John Harris argues thar seriously debili-
tating disecases give rise to important needs, and since
medical resecarch is necessary to relieve those needs in
many circumstances, people are morally ebligated to
act as rescarch subjects.! Rosamond Rhodes claims
thar research participation is a moral obligation for
reasons of justice, beneficence, and self-development:
because we all benefit significantly from modern
medicine, we are all required to do our parc in ad-
vancing the state of medical knowledge.” Individuals
who reap the benefits of medical knowledge withour
contriburting through research participarion are not

Stuart Rennie, “Viewing Research Participation as a Maoral Obliga-
tion: In Whose Interests?” Haseings Center Report 41, no. 2 (2011):
40-47.

HASTINGS CENTER REPORT

only acring unfairly toward others, bur acring against
their own self-interesc. G. Owen Schaefer and col-
leagues argue that “because the enterprise of bio-
medical resecarch produces the important benefit of
medical knowledge thar is an advancage to all, every
individual has an obligation to support thart system of
knowledge generartion by participating in biomedi-
cal research.”? For this reason, they wrire, individuals
normally ought to participarte in clinical trials when
presenrted wich the option.

Ar the same time, such claims come with some
important qualifications. Like most obligations, the
moral obligation to parricipate in research is prima
facie or not absolute: it may be legitimarcely overrid-
den in parcicular cases by other imporrant concerns.
Moreover, there is no moral obligation to parrticipate
in resecarch when, for example, the potential risks to
the individual far ourweigh the expected benefits,
when a study is poorly designed, or when the research
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TECHNOLOGY FEATURE

MOST EXCEPTIONAL

BY VIVIEN MARX

advanced bladder cancer, she would proba-

bly be dead by now. After her first diagnosis,
she received standard chemotherapy. It failed.
Then she entered a clinical trial for a drug that
was originally approved to treat other tumour
types: would it also work in metastatic bladder
cancer? Apparently not — none of the other
patients in the trial did well.

If Patient X were like most people with

Sometimes a drug causes a tumour to completely
people. Scientists want to decipher such outlier re

ESPONSE

Yet Patient X thrived. Her tumour completely
disappeared, says computational biologist Barry
Taylor at Memorial Sloan Kettering Cancer
Center (MSKCC) in New York, where Patient
* was treated. Today, a little more than five years
after treatment, she is healthy and has no evi-
dence of disease'.

Patient X (her identity is shielded to protect
her privacy) isan exceptional responder, one of
those rare individuals who have a dramatically
positive response to a therapy that does little or

recede, but only in a tiny percentage of
sponses for the benefit of all patients.

nothing for most other patients. This response is
not unique to cancer. Immunologists, for exam-
ple, have discovered why some individuals can
be HIV-positive and yet avoid the symptoms
of AIDS.

By definition, exceptional responses are rare,
which makes them hard to study. Their anec-
dotal nature seems to contradict the teachings
on statistically sound results in biomedical
research. In a clinical trial, even if there are
several exceptional responders, a drug will >

16 APRIL 2015 | VOL 520 | NATURE | 389
——

B
&
g
g
5




——

LETTER

doi:10.1038/naturel14320

Tetanus toxoid and CCL3 improve dendritic cell
vaccines in mice and glioblastoma patients

Duane A. Mitchell'?-?*, Kristen A. Batich®**, Michael D. Gunn®®, Min-Nung Huang?®, Luis Sanchez-Perez?, Smita K. Nair®,

Kendra L. Congdon?, Elizabeth A. Rea
James E. Herndon 117
& John H. Sampson'-

After stimulation, dendritic cells (IDCs) mature and migrate to drain-
ing lymph nodes to induce immune responses'. As such, autolog-
ous DCs generated ex vivo have been pulsed with tumour antigens
and injected back into patients as immunotherapy. While DC vac-
cines have shown limited promise in the treatment of patients with
advanced cancers® * including glioblastoma® 7, the factors dictating
DC vaccine efficacy remain poorly understood. Here we show that
pre-conditioning the vaccine site with a potent recall antigen such as
tetanus/diphtheria (Td) toxoid can significantly improve the lymph
node homing and efficacy of tumour-antigen-specific DCs. To assess
the effect of vaccine site pre-conditioning in humans, we randomized
patients with glioblastoma to pre-conditioning with either mature
DCs® or Td unilaterally before bilateral vaccination with DCs pulsed
with Cytomegalovirus phosphoprotein 65 (pp65) RN A. We and other
laboratories have shown that pp65 is expressed in more than 90% of
glioblastoma specimens but not in surrounding normal brain® '2,
providing an unparalleled opportunity to subvert this viral protein
as a tumour-specific target. Patients given Td had enhanced DC
migration bilaterally and significantly improved survival. In mice,
Td pre-conditioning also enhanced bilateral DC migration and sup-
pressed tumour growth in a manner dependent on the chemokine
CCL3. Our clinical studies and corroborating investigations in mice
suggest that pre-conditioning with a potent recall antigen may rep-
resent a viable strategy to improve anti-tumour immunotherapy.
To evaluate the influence of vaccine site pre-conditioning on DC migra-
tion clinically, we conducted a randomized and blinded clinical trial in
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e Unpulned DOCs
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- Unpulsed DCa [

p?. Gary E. Archer!'-?, Annick Desjardins’?, Allan H. Friedman'?, Henry S. Friedman'-?,
5 _SA!)ril Coan’, Roger E. McLendon'?, David A. Reardon'2, James J. Vredenburgh':2, Darell D. Bigner!-2->
. T -

newly diagnosed glioblastoma (GBM) (Extended Data Fig. 1). A total
of 13 patients consented to this trial but only 12 were randomized as 1
progressed before randomization (Extended IData Table 1). Patients were
randomized to unilateral vaccine site pre-conditioning with unpulsed,
autologous DCs" or Td, on the basis of our hypothesis that it would
induce inflammation at the vaccine site'*. The accumulation of injected
DCs in vaccine site-draining lymph nodes (VIDLNs) was significantly
greater in patients given I'd (Fig. 1a). Moreover, T'd-treated patients also
showed a significant increase in both progression-free survival (Fig. 1b)
and overall survival (Fig. 1¢) compared to DC-treated patients. From the
time of diagnosis, patients in the DC cohort had median progression-
free and overall survivals of 10.8 and 18.5 months, respectively. Thus,
the median progression-free and overall survivals for the DC cohort
were consistent with patients treated with the standard of care'”. Three
censored patients from the Td cohort did not progress and were alive
at the time of survival analysis (= 36.6 months). Overall, these prognos-
tic factors varied across both treatment groups as expected in a small
clinical trial. However, there was no discernible trend across prognostic
factors that would suggest that these factors alone account for the observed
differences in survival between cohorts. Using both a previously pub-
lished recursive partition analysis'® and the European Organization for
Research and Treatment of Cancer (EORTC) nomogram’® for predict-
ing outcome of patients with GBM, Td-treated patients exceeded expected
survival times by a far greater degree than did DC-treated patients in both
cases by nearly the same amount (Extended Data Table 1). The vaccine
responses in long-term survivors varied in durability, but pp65-specific
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“sts Unpulsed DCs

Lymph node uptake (%)
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Figure 1 | Td pre-conditioning increases DC migration to VD LNs and is
associated with improved clinical outcomes. a, DC migration in Td (n = 6)
versus unpulsed DC (# 6) patients (two sample f-test, P = 0.049).

Mean == s.e.m., n values represent biological replicates of patient bilateral
inguinal lymph nodes (iL.Ns). b, ¢, Patient progression-free survival (b) and
overall survival (<) (log-rank test, P 0.013). d. Hazard ratios (HRs): DC

migration efficiency from Td and DC cohorts showing the effect of a 1-unit
increase in the percentage migration on progression-free (left) and overall
(right) survival (Cox proportional hazards model, progression-free survival
HR = 0.845 P = 0.027; overall survival HR = 0.820 P = 0.023). In b and

€. 1 = 3 censored Td patients (no progressive disease at survival analysis).
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I/ The Prayer Of The Gedolel S ) At the time of candlelighting
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[] For each name S36
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