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A sow awaits impregnationwith
an edited embryo

106,000 people await
an organ transplant

in the US alone

small,windowless roomwithin anondescript lab-
oratory complex just northofMunich. I amgazing
atwhatmay turn out to be the future of transplant
medicine. And standing on hind legs, propped up
against a knee-high metal fence, what may turn
out to be the future of transplant medicine is gaz-
ing right back. I think it wants to eatmy shoes.

‘It’ is, in fact, a she, with large almond eyes,
enviable lashes, a quivering snout and apolka-dot
complexion. Around her, siblings and friends
mingle. I pat her hairy head for a moment, then
notice a name tag hanging fromher ear: ‘12428,’ it
reads. Probably for the best. ‘Susan’ might have
made her destiny harder to stomach.

She and her comrades aremonth-old Auckland
Islandpiglets, and it is not far beyond the realms of
science or possibility to say that 12428, or more
likely a pig not dissimilar to her, might one day
save your life. Cloned fromembryos shipped from
NewZealand, she is one of about 350 kept here, at
theCenter for InnovativeMedicineModels, part of
the Ludwig Maximilian University of Munich
(LMU), so scientists can look into ‘the generation,
characterisation and implementation of large ani-
malmodels in biological and biomedical research’.

The lab’s 40-odd staff use animals to look into
everything from genetic diseases to reproduc-
tion, but a chief concern is xenotransplantation:
moving living cells, tissues or organs from one
species to another – usually humans. In this
developing scientificfield, leading thepack is the
prospect of genetically modified (GM) pigs like
12428 being cut open, their hearts (or possibly
kidneys, lungs and livers) removed and carefully
but hastily given to a desperately ill human.

It is difficult to fathom, watching the piglets
play in their pen, but the science is more than
encouraging. Currently, about 6,000people await
an organ transplant in theUK, includinghundreds
needing hearts – the latter a number theNHS says
has increased by 85 per cent in the past decade. In
theUS, thefigures aremuchhigher: about 106,000
people arewaiting for a transplant, and roughly 17
people die each day before a suitable organ can be
found. These pigsmay soon be the answer.

‘Well, we hope so,’ says Professor Dr Eckhard
Wolf, as he scratches the ear of 12428’s playmate.
If anything, he’s playing it down.On 7 January, in
aworld first, surgeons at the University ofMary-
land School of Medicine in Baltimore success-
fully replaced the waning heart of a 57-year-old
man, David Bennett, with a modified pig heart

supplied by a facility inAlabamanot dissimilar to
theMunich lab.

Almost twomonths on, Bennett is continuing
his recoverywith no reported signs of rejection –
yet. On 13 February, hewas photographedwatch-
ing the Super Bowl from his hospital bed, and
while he didn’t exactly radiate wellness, the very
fact hewas still alive betteredmany expectations.
Oneof the surgeons involvedcompared the trans-
plant to ‘putting a newFerrari engine in [a] 1960s
Ford’, a commentmeant both to impress and instil
caution. ‘Apparently,’ Wolf tells me, eyes widen-
ing, ‘he is working even better than before!’

TheCenter for InnovativeMedicineModels is
found off a winding country lane, between two
suburban towns. Once a farm belonging to the
German government, for the past three decades
this small collectionof dull-lookingbuildingshas
been transformed into a state-of-the-art blend of
agriculture and science.

Pigs, whose size and physiology are remarka-
bly similar to ours, are the most suitable donors
for human transplants in the animal kingdom.
Their presencehere is unavoidable. The environ-
ment is both clinical – spotless lab equipment
worth hundreds of thousands of pounds apiece,
PhD students scurrying aroundwith furious con-
centration – and oddly rural. It is a collisionmost
jarring in the pig compound: as scientists in
scrubs look throughmicroscopes, the soundtrack
is of raucous squealing from thenext-door rooms.

Wolf, a suave, jovial 58-year-old with a gentle
eminence and a remarkably smooth brow, has
worked with large animals in Munich since 1995,
and with GM pigs since 2002 – just six years after
Dolly the sheep, the first mammal cloned from an
adult somatic cell,was born at TheRoslin Institute
in Scotland. At the time, thefield of xenotransplan-
tationwas not quite the stuffof science fiction, but
certainly under-recognised and scarcely funded.
Nobodywas quite surewhere it would lead.

‘We never imagined how straightforward the

techniques could get, like they arenow,’Wolf says.
Advances in gene editing, not least Crispr technol-
ogy,mean strides have been taken in the past dec-
ade. Now, since Bennett’s operation, people are
starting to believe the start of clinical trials is pos-
siblewithin thenext twoor three years, potentially
leading to pig-human heart transplants becoming
a viable option some time over the next decade.

‘Oh, we were very excited when we heard
about [Bennett]. It gave a boost to the whole
field, and came after a series of developments,’
Wolf says of that procedure.His lab is the leading
oneof its kind inEurope, andhas an even simpler

model, using half asmany geneticmodifications,
thanwas used for Bennett.

Though not directly involved in the US opera-
tion,Wolf ’s team did donate a pig heart to a 2016
study that saw it attached to ababoon (whichkept
its ownheart too). Transfusedwithbaboonblood,
it kept working, without rejection, formore than
900days. Another,more advanced study sawpig
hearts transplanted into 14baboons, twoofwhich
survived for six months. That in turn helped
convince regulators the Baltimore operationwas
worthwhile. Expertshadpredicted2022mightbe
‘the year’ – and it was.

According toWolf, all ‘xeno’ labs are in com-
petition, but they are also frequent collabora-
tors, share data, and are working towards a
common goal. Baboons are the largest primates
xeno scientists can gain ethical approval to
experiment on (‘Of course, we would love to
work on chimpanzees, because they are so close
to humans, but we would never be allowed to’),
and LMUMunich keeps a group of about four at
a time in a facility on the other side of the city.
They are not receiving visitors.

IsWolf, likemany sceptics, surprisedBennett
is still alive? ‘I amnot, no,’ he says. ‘I’mno cardiac
surgeon, but I can imagine itmust be easier to do
this on a human than a baboon, because you do
not get cardiac surgeons for baboons so youneed
specialists. Andbesides, it ismucheasier to say to
a human, “Take this medication, take that medi-
cation,” than a baboon.’

Good point, I say. I can imagine it’s not easy to
convince amonkey topop apill.Wolf ’s eyes crin-
kle behind his face mask. ‘No, not if you want to
keep your fingers.’

The pigs are kept in a set of buildings away
from the main research laboratories and offices.
To get there, we cleave a path between some
lawns, which are surrounded – as is the entire
compound – by a severe-looking fence. It is not
designed to keep the pigs in (they don’t even go
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Auckland Island piglets at the Center for InnovativeMedicineModels – the breed is especially suitable for xenotransplantation
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‘We do not give the
pigs names… I have to
kill these poor guys’

Cryotubes containing frozen stocks of pig cells

outside, so there’s never been an escapee), but to
keep local, Bavarianwild swine out.

‘Cross-contamination is the absolute main
concern,’ Wolf says, beetling along in his jeans,
tweedblazer and loafers. ‘TherehasbeenAfrican
swine fever, which means all pigs in a 5km area
need to be culled, but because of this extremely
expensive fence, we are OK.’

He pauses. ‘So, first things are first, have you
touched any pigs in the past five or eight days?’
Neither, I say. ‘Then let’s go andmeet them.’

Given the risks to the animals, everybody in
the building must completely disrobe, disinfect
themselves, shower (includinghairwashing) and
re-dress in scrubs or a plain polo shirt, loose
black trousers andCrocs before theyget pig-side.
‘It is important you get the right size to fit for
you,’ Wolf says, having reappeared in fairly tight
plum scrubs. That could be amotto in xeno labs.

am immediately confronted by three seven-
month-old sows, penned in an anteroom next to
a stark operating theatre. Ferreting around them
is Dr Barbara Kessler, a lean veterinarian who
seems to be in perpetualmotion.

What are their names, I ask? ‘Oh, we do not
give themnames,’ she says. ‘As soon as yougive an
animal a name, youhave apersonal connection to
it. And I have to kill all these poor guys one day…
It’s a lot easier to kill… “10250” than a real name.
This is to protectmyself.’

Wolf strokes theheadof one of the sows, a lan-
drace breed that hasn’t been chosen with xeno
specifically inmind. ‘Theyhave a great, great life
here. Most pigs for slaughter only live a few
months. But they can live for 20 years.’

Kessler shrugs. ‘Well, until theymeetme.’
Some of the pigs, like these three, are here

simply to produce young. GM embryos are con-
ceived in a lab dish, implanted in the ‘mothers’ in
a procedure I’m about to see, then delivered by
safe caesarean section about 120 days later. Oth-
ers, like theAuckland Island piglets (a breed that
is particularly pathogen-free and genetically
clean, meaning it has become the favourite of
xeno labs, supplied by a Kiwi company that spe-
cialises in medical pigs) are the product them-
selves. It is their organs thatmay be harvested.

In amoment, the sows, each ofwhich is about
the size of a St Bernard, will be anaesthetised,
placed in a hoist, then winched into the operat-

ing theatre, where Kessler will make three small
incisions and implant them with the edited
embryos. It is an extraordinary thing towatch, in
pure silence, as a 19-stonepinkbeast, legs akimbo
on an operating slab, is poked and prodded so
effortlessly by Kessler, who does this every Fri-
day in a pain-free procedure that is successful 60
or 70 per cent of the time.

‘Have you ever seen this happenbefore?’ a staff
member whispers to me as we watch. I rack my
brains: have I ever seen a hog upside down on
a gurney, getting impregnated with modified
embryos that might one day grow organs that
could save the life of someone I love? ‘No, I can’t
say I have.’ Wemake way for somebody shuffling
past with a sack of hay.

The procedure is over in minutes. Within 20,
Kessler has done all three. Within 25, the sows
are awake again, groggy but piggy oncemore.

Since the first man popped open a sheep and
thought, ‘Hey, this all looks familiar,’ humans have
been curious about theprospect ofmoving animal
organs into sickpeople. Someof theearliest proper
xenotransplants are cited as having happened in
the 17th century,whenLouisXIV’s personal physi-
cian, Jean-Baptiste Denis, decided that animal
blood had fewer ‘impurities than that of men
because debauchery and irregularity in eating and
drinking are not so common in them as in us’.

He obviously hadn’t seen a dog on heat eat its

own faeces. A subsequent lamb-human blood
transfusion didn’t end well. In the 19th century,
skin graftswere sought after, to cover ulcers and
burns. Frogs, chickens, monkeys, rabbits, chi-
huahuas – theywere all tried, but never lasted.

By the early 1900s, parts of other primate testi-
cles were implanted into humans, an attempt to
boost virility. One legendary American quack,
John Brinkley, offered patients goat testicle trans-

plants, claiming they gave ‘an astonishing sexual
vigour’. Brinkley became world-famous but was
later discovered to have no proper medical quali-
fications, was sued for wrongful death multiple
times, and allegedly signed thedeath certificates of
42 people; most weren’t ill when theymet him.

It wasn’t until the 1950s, when human-to-hu-
man organ transplants started, that people began
taking xenotransplantation seriously again. Chimp
kidney andheart transplantswere unsuccessful in
the 1960s, the organs failing, but in 1984 ‘BabyFae’,
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Professor Dr EckhardWolf, scientific
director at the centre

Dr Barbara Kessler implants an edited embryo

‘Britain started a
lot of this with Dolly

the sheep’

a 12-day-old American baby, received a baboon
heart, for lack of available infant hearts. She lived
for 21 days, twoweeks longer than expected. Itwas
declared ‘an adventure in medical ethics’ and
sparked global debate.

Primate hearts are the right size, but they take
years to develop, and thepublic areuncomfortable
with harvesting the organs of monkeys and apes.
We eat pigs, though, and one sow can have eight
piglets in a litter, which within half a year can be
ready – if modified – for organ transplantation.

At the Center for Innovative Medical Models,
Wolf ’s team look into using pigs for all possible
transplants. Hearts show the most promise. Kid-
neys aremore in demand, and one companyplans
to start clinical trials of genetically engineered

pig-to-human kidney transplants this year,
though given dialysis exists as a backup, gaining
approval is deemed easier. Lungs are muchmore
complex again, and will require work. But we
already use pigs – for replacement heart valves.

Ethical questions fester. Scientists behind any
new procedure are aware of what is sometimes
known as ‘the “ugh” factor’ – loosely defined as
the amount of time it takes the public to accept
something thatmay sound alarming. It happened
with human-human transplants, IVF, laser eye
surgery…but todayeven leaderswithinChristian-
ity, Judaism and Islam appear open to the idea of
pig xenotransplants. If the need is great enough,
they seem to agree, human life comes first.

Animal-rights activists are less swayed. The
pigs here are expertly cared for by specialistwork-
ers, but they also spend their lives inside. Modifi-
cations for xeno do not harm the animals (indeed,
Wolf reckons a vet wouldn’t be able to tell the dif-
ferencebetweenaGMandnon-GMpig), andwhen
organs are explanted, the pig is put under such
strong anaesthesia that death is painless.Whether
it is psychologically distressing is less clear.

Their pens are far larger than those on an
industrial pig farm, too, where conditions are

cramped and animals are slaughtered after five or
six months. ‘Recipient’ pigs for breeding could
have several litters over two or three years here,
beforeKessler kills them.They should, she thinks,
thenbe sold formeat, tomake itmore sustainable,
but food regulatorswon’t allow it. But thepoint is:
if you eat pork, you haven’t a trotter to stand on.

‘There are animal ethicists who are against the
use of any animals, they will be difficult to
convince, but I am also against any animal experi-
ments if they are useless,’ Wolf says. ‘In this case,
the benefits are extremely obvious.’

eeting with a local group of doctors against ani-
mal experiments for ‘an open discussion’, Wolf
didn’t get very far, since they declared all testing
on animals unnecessary. ‘And that is simply not
true. Before you do xenotransplants on humans,
you just have to do it on baboons, to learn tech-
niques, and how the heart behaves.’

He cites an experiment using a pig heart in a
baboon. Itwentwell until scientists realised that if
you put the heart of an animal that would grow to
be45 stone in afive-stonemonkey, theheartwants
what the heart wants: to grow. It crowded out the
baboon’s organs, and soon failed. Today, embryos
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An echocardiography of the heart of
one of the centre’s pigs

Surgeons in Baltimorewith the pig heart given to David Bennett in January

are tweaked to ensure the pig’s growth is capped.
Relative to the organ’s importance, attaching a

new heart is ‘quite a simple plumbing job’, as one
surgeonput it. But in any transplant, xeno or not,
the immune systemrejecting theneworgan is the
great risk. Labs have introducedmodifications to
combat this. David Bennett’s new heart had 10 of
its 30,000-odd genes altered; Wolf ’s team’s
hearts have five, the reasoning being that fewer
refinements means less chance of something
going wrong. Plus, ‘it makes it much easier to
identify what the problem area is, if there is one’.

revious toBennett’s case, approvedonNewYear’s
Eve, the US Food and Drug Administration (FDA)
hadnever givenpermission for a pig-humanheart
transplant. Bennett wasn’t eligible for a normal
transplant, leaving his options limited to being a
test case or likely death. He underwent four psy-
chiatric examinations before giving consent.

Wolf is eager to know more about precisely
how it took place, but says that a pig would have
been transferred to, or near, the hospital alive,
then anaesthetised, its heart explanted and kept
in a special cool boxuntil the surgeonsneeded it.
A heart can be kept outside a body for ‘four or
five hours’ until it is at risk of failing before it’s
even reached the patient, ‘but there is a new
technique involving some saline fluid, and some
cocaine, whichmeans it can get to 10 hours’.

When surgeons first took the heart out of its
box for Bennett, it didn’t look great. ‘It had an
opaqueness that was off-putting,’ cardiothoracic
surgeon Bartley Griffith told The New Yorker

recently. He wondered if they had done ‘some-
thingwacky’. Thatwas until they connected it all
up and let blood flow through it. ‘Itwas as ifwe’d
turned on a light…The heart just brightened up.
And it went from trembling to pumping.’

The wait time is one of many inefficiencies in
the process: wheeling a pig into (or close to) a hos-
pital every time a transplant is needed just isn’t
feasible, and currently there are only a handful of
facilities like LMU Munich’s. The world leader is
the Virginia-based Revivicor – originally spun out
from PPL Therapeutics, the British company
behind Dolly the sheep – which supplied the Ben-
nett heart.Wolf doesn’t knowof anyBritish labs or
companies who take a prominent role in the field
now. ‘It’s strange really, when you think that Brit-
ain started a lot of this with Dolly,’ he says.

The costs are also vast. It has been estimated
that each transplant into a baboon costs about
$500,000, which not only makes experiments
expensive, but hints that Bennett’s operation
might have been several times that. Cloning is
expensive and fiddly, too. The solution is that labs
likeWolf ’s intend only to need that technology to
create perfect ‘founder animals’. Future genera-
tions of organ-donor pigs can be bred from those.

Bennett’s eight-hour operation and closely

watched recovery now serve as a ‘proof of princi-
ple’ study, potentially nudging open the door to
full human trials – crucial to one day receiving
regulatory approval to render xenotransplanta-
tion a viable option for more than just the odd
heavily publicised case. There is still somechance
that advances in artificial hearts will scupper the
whole field, but that seems very remote.

‘There is just no mechanical heart that is as
consistent and as good as a real one,’ Wolf says,
adamantly. I ask what he thinks the picture will
look like in 50 years. ‘It’s difficult to predict how
it will go, but I think xenotransplantation will
still be an interesting option. I think it will never
be normal to have any organ transplant, but we
need towait for some long-term results.’

This is a man who has spent his entire adult
life researching a topic that’s only recently gain-

ing significant public attention: he is not given to
hype or hyperbole. ‘A goodhumanheartwill still
be the preferred option, but there are so many
patients who cannot get them, and there just
aren’t enough.’ He gestures around. ‘Xenotrans-
plantation is an option to save their lives.’

Wehave putwellies on, and stand in theAuck-
land Island piglets’ pen, one of a dozen rooms off
a long corridor, each of which contains drifts of
pigs – from large recipient sows to dachs-
hund-sized newborns. Kessler’s dispassionate
focus is understandable, but both she and Wolf
admit a soft spot for the animals.

Wolf has three adult children – a lawyer, a doc-
tor, a physio – with his wife, who works in youth
mental-health services. To allowother staff tohave
time off, they once spent a Christmas here caring
for a litter of fresh piglets. ‘Even to this day, they
say it was the best Christmas they ever had,’ he
says, ruffling 12428’s head. In the corridor, Kessler
walks bywith a piglet under one arm, as youmight
carry a rugby ball, stroking it with her other hand.

In the operating theatre, research continues.
Next on the day’s agenda is echocardiograms for
the Auckland Island piglets, to be conducted by
AndreasLange, a doctoral researcher. Thepiglets
have these every fewweeks, as the development

of their hearts is, obviously, of utmost interest.
One of 12428’s brood is brought to the operat-

ing table under anaesthetic. Lange shaves a strip
from its side before slathering on ultrasound gel
andplacing aprobeon thepiglet’s ribcage.Within
an instant, the outline of a small, pumping heart
appears on a screen in front of him. Hemoves the
probe around, not taking his eyes off the screen.
Somewhere in the background, a sow grunts.

‘This looks really nice,’ Lange says, squinting
at a zoomed-in ventricle.

A moment passes, and I watch the little mira-
cle pulse for awhile. Beat, beat, beat, beat. On the
table, the piglet stays asleep – oblivious to the
procedure, oblivious to its role, and completely
oblivious to just howmuchwemight rely on it.

Lange pulls back from the screen. ‘Yes,’ he
mutters, ‘it is a good heart.’
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