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EDITORIAL

Science philanthropy faces a new reality

Adam Falk

s the ground under American science shifts in

troubling and unpredictable ways, questions

have arisen as to how philanthropies should re-

spond. Having recently led a private foundation

that supports science, I can say unequivocally
that philanthropy could not fill a void left by draconian cuts
in federal support. It can, however, continue to play a valu-
able role as a new reality unfolds.

In 2021, basic science funding from the US federal gov-
ernment was almost $50 billion. By contrast, philanthropy
provided approximately $5 billion each to universities and
to nonprofit research institutes. Of course, all but the larg-
est private donors contributed only a small fraction of this
total. For example, the Alfred P. Sloan Foundation (where I
recently served as president) gives
roughly $25 million annually to the
natural sciences. Because of this vast

This drastic

core research facilities at universities and research institu-
tions, whose existence likely has been taken for granted, or
focusing more funds on scholarships, fellowships, and grants
for students or investigators who are just embarking on ca-
reer paths in science and are thus particularly vulnerable.
It could mean that philanthropies reduce support for indi-
vidual projects and instead fund research infrastructure that
the government has abandoned, such as shared lab facilities
or public repositories for data. What philanthropy cannot do
is restore America’s research enterprise to what it once was if
the proposed cuts to federal funding come to pass.

While waiting to see what new situations must be confronted,
philanthropy cannot abandon its values or its principles. Phi-
lanthropies can be flexible and adaptable because, in contrast
to federal agencies, their funding de-
cisions are constrained only by their
boards and their program staff. This

discrepancy in scale, philanthropies d . 1 d freedom implies that philanthropies
must operate in a way that is strate- re u(:tlon would... should hold themselves to a high ethi-
. 11 1 h _ ) L] 1 . . h . . .1
gically comp emgnt'ary tot. e'zgovern cause phllanthl'oples ca standa.rd.ln using their privi gggd
ment, opportunistically filling gaps . status. This includes the responsibil-
in the funding landscape. t() reconSIdel' hOW ity to take full account of the effect

Philanthropies have long funded
projects that don’t quite fit into the

to make investments...

of their funding on the fields they
support, making adequate provision

disciplinary silos of the National
Science Foundation (NSF) or the
disease-oriented focus of the National Institutes of Health
(NIH). They may also favor risky projects aimed at pushing
technological boundaries, or speculative projects for which
the chances of a discovery are slim but the possible conse-
quences profound. Philanthropies might invest in the future
of a field by providing unrestricted money to early career in-
vestigators, or by concentrating financial support on a prob-
lem they see as underfunded.

Philanthropies can pursue such strategies because they
are not responsible for the overall structures that support
science, from physical assets such as research laboratories,
supercomputers, and observatories, to human systems such
as graduate programs that train the next generation of scien-
tists. Philanthropies simply do not have the resources to take
on that role, even if they wanted to do so. Rather, they rely on
a solid base of federal support for science to make their own
relatively small contributions impactful.

In May, the Trump administration proposed slashing fed-
eral support by nearly $18 billion for the NIH and $5 billion
for the NSF. This drastic reduction would certainly cause
philanthropies to reconsider how to make investments in
this new reality. Perhaps this would mean more support for

for administrative costs, for example,
so as not to starve the institutions at
which grantees are located of critical investments. It involves
thinking not just about the work that is to be done today, but
how that work can help build a healthy future for the field.

To support that goal of a healthy future, it is essential that
funders who have worked to broaden participation in sci-
ence maintain those commitments. This is both a practical
and an ethical matter—practical, because the fields that phi-
lanthropies support cannot flourish without drawing talent
from every part of society; and ethical, because the persistent
exclusion of those who have been marginalized historically
is a stain on America’s scientific community. Philanthropies
that care about the future of science must strive to make it
a place where everyone with desire and talent can thrive.
And whether or not they describe this as “diversity, equity,
and inclusion,” they should be at least as courageous about
pursuing this goal as their grantees are.

For all the change and uncertainty, there is one thing that
will not change. Philanthropy will remain a vital part of the
science ecosystem, not a force outside of it. But as private
funders consider anew how to work within this ecosystem,
they must make clear to the science community the roles
they can and cannot play. [J

Adam Falk is the president and chief executive officer of the Wildlife Conservation Society, New York, NY, USA. afalk@wcs.org
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GEOCHEMISTRY

Molecular
fossils show
how life
survived

Snowball
Earth

Overlooked rock samples
from 640 million years
ago record microbes
clinging to life beneath
frozen oceans

ELISE CUTTS

Microbial mats grow below

the ice of Lake Vanda in Antarctica.
Similar structures may have formed
during a Snowball Earth event.

220

everal times in Earth’s history, the planet

froze over. Ice blanketed the world

from pole to equator, and temperatures

plummeted as low as -50°C. Somehow,
life endured. Now, scientists are reporting the
first glimpse of this hardscrabble existence
during the most recent of these Snowball Earth
episodes, which occurred between 651 million
and 635 million years ago.

The results, presented last week at the
Goldschmidt conference in Prague, come from
molecular fossils, chemical biomarkers in
seafloor sediments that were buried, turned to
stone, and preserved in ancient rocks in a core
drilled in Australia.

“Seeing life hanging on through the Snow-
ball Earth is amazing,” says Alan Collins, a
geologist at the University of Adelaide who
attended the presentation. Biomarkers are
fragile, so finding rocks that span the entire
Snowball episode “and actually getting bio-
markers out from that is incredible,” he says.

The biomarkers point to a world where
microbes clung to life in the dark on the
oxygen-starved sea floor, subsisting on
whatever organic material drifted down from
the ice above. At the top of the core, fine
layered structures record what came millions
of years later, when the glaciers began to
retreat and daylight finally filtered into the
shallow seas: mats of photosynthetic bacteria
that may have resembled those found today on
the floors of ice-covered lakes in Antarctica.
Eukaryotes—cells more complex than a
microbe—were almost entirely absent, even
though they had evolved more than 1 billion
years earlier.

Besides offering a peek at life under the ice,
the study also bolsters an emerging hypothesis
suggesting that eukaryotic green algae did not
flourish until after the Snowball episode, when
they became the food source that finally allowed
the world’s first animals to appear. “It will be
influential,” says geochemist Fred Bowyer of the
University of Leeds, who also attended the talk.

One of scientists’ favorite places to look for
biomarkers from the Cryogenian, the icy pe-
riod from 720 million to 635 million years ago
that saw the two most recent Snowball Earth
episodes, is in Oman. But Jochen Brocks, the
Australian National University geobiologist
who presented the new results, was having
trouble getting access to good samples for
his biomarker hunt. He tasked his graduate
student Caleb Bishop, a sedimentologist, with
looking for samples from Australia.

A year later, Bishop came back with a long-
forgotten core, drilled decades earlier by the
Geological Survey of Western Australia that
was just sitting in an archive. When Brocks
first saw pieces of the 1700-meter-long core,
he thought they looked too light in color to
contain biomarkers, which are often dark.
“That stuff looks really bad,” he recalls telling
Bishop. “But prove me wrong.”

Proving his adviser wrong took Bishop several
years. Like fossils, buried biomolecules can some-
times survive for hundreds of millions of years in
rock. But they break down over the ages, losing
telling details. Worse, the core was contaminated
with petroleum products, perhaps drilling fluid,
that had to be carefully removed.

But eventually, using tools that break up
molecules and separate the fragments by their
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weight, Bishop was able to see signals
characteristic of the surviving carbon
skeletons of fatty molecules similar
to cholesterol. Those molecules vary
depending on whether they came
from bacteria, animals, or algae.
Most abundant in the samples were
molecules called hopanes, which are
markers for bacteria.

At first, Brocks was skeptical. The
biomarkers looked a lot like those
found in older cores, from earlier
Cryogenian times and even before, and
he thought the molecules could have
simply come from old material scraped
off the continents by the advanc-
ing Snowball glaciers. But the core
displayed a tidy relationship between
sample depth and the degree of “fos-
silization” the molecules had endured.
That, along with the presence of intact
microbial mats at the top of the core,
convinced Brocks that the core really
was sediment laid down gradually on
the ocean floor during the Snowball
event. He and Bishop hypothesize that
the hopanes it preserves represent
the residue of a microbe-dominated
world: bottom dwellers and drifters in
the dark seas feeding on the remains
of light-harvesting cyanobacteria.
Those microbes would have lived
above, in the ice, either in cracks or
holes that formed where dark dirt or
soot warmed in the Sun and melted
through a glacier.

One of the most striking things
about the new data is the complete
absence of biomarkers for eukary-
otic green algae. Biomarkers tend
to reflect only the most abundant,
important groups, so even though
green algae survived Snowball Earth,
they must have been relegated to the
ecological margins.

Their absence matters, because “the
appearance and diversification of algae
is directly related to the evolution of
complex animal life,” says Juliana de
Moraes Leme, a paleontologist at the
University of Sao Paulo who attended
the talk. For most of Earth’s history,
the food chain rested on the tiny backs
of cyanobacteria. Some researchers
believe complex animals couldn’t arise
until big, nutritious green algae finally
dethroned bacteria as the world’s
foremost photosynthesizers.

This had clearly happened by the
middle of the Ediacaran period, im-
mediately after the Cryogenian, when
the first large animal fossils—odd crea-
tures resembling ferns and bathmats—
suddenly appear in the rock record. It’s
possible that Snowball Earth glacia-
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tions helped set the stage for their rise
by scraping nutrients into the sea and
fueling a photosynthetic bloom.

But a record from Oman, dating
to a warm window between the two
Cryogenian Snowball periods, sug-
gested an ecosystem of algae and early
animals already existed, according to
a landmark 2009 study by University
of California, Riverside geochemist
Gordon Love and colleagues.

“Now we have so much more
data,” Brocks says, and he thinks the
new data point to a simpler story
in which green algae don’t prolifer-
ate until the Ediacaran. The Oman
biomarkers, he suspects, were con-
taminated by oil that leaked down
from younger Ediacaran sediments.
Oil is itself fossil organic material,
so it contains biomarker molecules.
“It looked exactly like petroleum,”
Brocks says. “Identical.”

Love disagrees. The Oman bio-
markers came from solid organic
material that stays put in the rock
where it formed—not from oil, which
can move around. The criticism, he
says, “is wishful thinking more than
any scientific argument.”

Taking a second look at the Oman
core would help settle the score. But
it’s owned by Petroleum Development
Oman, an oil company, and no one
has been granted access for a reanaly-
sis, Bowyer says. “It’s a big problem.”
Next year, researchers will drill for
fresh Snowball Earth samples in
Oman through the International Con-
tinental Scientific Drilling Program.
Brocks and Love plan to analyze the
resulting samples in parallel.

Although uncertainties remain,
Collins says the new work is an
exciting step toward understanding a
mysterious period in Earth’s history
that can fairly be described as the
beginning of the world as we know
it. Between the Cryogenian and the
mid-Ediacaran, he points out, the at-
mosphere became breathable, vibrant
animal ecosystems emerged, and the
seas might even have changed color
as green algae began to flourish.

“I thought the story [Brocks]
presented was much more convinc-
ing and, in many ways, much more
interesting” than the old story about
an earlier rise of algae, Collins says. If
Brocks is right, he adds, “the rise of
green algae is getting much closer to
when we first see animals evolving.” [

Elise Cutts is a science journalist based in
Graz, Austria.

DI ' OTHER NEWs R

PANELS IN CONGRESS DEFY TRUMP’S
CALL FOR RESEARCH CUTS The U.S.
Congress continues to push back against
the drastic cuts to research sought by
President Donald Trump. But the 2026
budgets of most agencies would still

be below current levels under spend-

ing blueprints released this week by the
appropriations committee for the House
of Representatives.

Some highlights:

e The Department of Energy’s Office of
Science would receive a 2% boost, to
$8.4 billion, rather than the 14% cut
Trump has proposed.

e The National Science Foundation (NSF)
would receive $7 billion, $2 billion less
than its current budget but $3.1 billion
more than Trump's request. A Senate
panel last week proposed maintaining
NSF at its 2025 level.

e NASA science missions would suffer
a cut of $1.3 billion, to $6 billion. But
that's $2.1 billion more than Trump is
seeking. The Senate panel has proposed
level funding.

e House and Senate panels are divided
on next year's budget for the Food and
Drug Administration (FDA). Last week,
a Senate panel voted unanimously for
a $7 billion budget that would keep
FDA's spending roughly at current levels.
Last month, a House panel embraced
Trump's request for a cut to $6.8 billion.

e The National Institute of Standards and
Technology (NIST) would see its budget
fall by 12%, to $1 billion, rather than the
30% reduction Trump has requested.
But some of that budget is likely to be
diverted to legislators’ pet projects that
agencies have not requested, which
would reduce the amount available for
research and upgrades to NIST facilities.

e The U.S. Geological Survey is facing a
5.6% cut rather than the 39% reduc-
tion Trump wants, and the budget for
the U.S. Fish and Wildlife Service, which
oversees most of the nation's endan-
gered species, would drop by 6.5%
instead of Trump’s 32% decrease.

All these figures are preliminary. To avoid
a government shutdown, legislators
must agree on final numbers before the
1 October start of the 2026 fiscal year

or vote to extend current spending levels
while negotiations continue.

—Science News staff
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NATIONS MOVE TO FILL
HIV/AIDS FUNDING
GAP In response to
President Donald
Trump's cuts to U.S.
spending on foreign
aid, at least 25 nations
expect to increase their
outlays on treating

and preventing HIV
infection and AIDS,
according to a 10 July
United Nations report.
South Africa, which has
the highest number of
people living with HIV-
nearly 8 million—last
week also released its
own plan to fill the gap.
U.S. aid for HIV/AIDS
totaled $6.7 billion in
2024, and analysts say
the increases won't
make up for the cuts.
—Jon Cohen

NEW LEADER FOR U.S.
SCIENCE ACADEMY Neil
Shubin, a biologist best
known for discovering
an important ancient
fish, has been
nominated to head

the National Academy
of Sciences (NAS)
next year. Shubin, an
associate dean at the
University of Chicago,
will take over an NAS

in turbulent, uncharted
waters. The current
president, Marcia
McNutt (former editor-
in-chief of Science),
has already announced
significant job cuts
because of the loss of
government contracts
for advisory activities.
Shubin’s nomination
must be ratified by NAS
members later this
year. —Erik Stokstad
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SPACE

Astronomers race to study third
known interstellar interloper

World's telescopes scrutinize inbound comet for clues on exoplanet formation

ADAM MANN

t all began on 1 July, when an asteroid-
hunting telescope in Chile spotted a tiny
white dot hurtling against the background
stars. The online chatter began almost
immediately as astronomers tracked the object
in earlier images and amateur observations.
Soon it was clear the dot was moving through
the Solar System so fast—209,000 kilometers
per hour—that it could not be orbiting the Sun.
That night, says Michigan State University (MSU)
astronomer Darryl Seligman, “I woke up at 1 a.m.
[and] saw messages saying, ‘Oh, this is for sure
interstellar)” The next day, he and his colleagues
began typing up the first paper characterizing the
new intruder.

3I/ATLAS, named for the instrument that
found it, the Asteroid Terrestrial-impact Last
Alert System (ATLAS) survey telescope, is just the
third object of its kind ever spotted. Like its pre-
decessors, 1I/‘'Oumuamua in 2017 and 2I/Borisov
in 2019, it is a stray leftover from the formation
of exoplanets around other stars and will vanish
back into interstellar space within months. As a
result, astronomers around the world are swivel-
ing ground- and space-based telescopes toward
the object, hoping to catch it while it remains
visible, and trying to make sense of early clues. “I
couldn’t really work on Thursday,” says Univer-
sity of Cologne astronomer Susanne Pfalzner, a
theoretician specializing in stellar and planetary
formation. “I was just jumping about.”

Beyond a few basics, ATLAS remains mostly a
mystery, but astronomers have already learned
enough to intrigue them. For one, the object is
conspicuously bright. ATLAS was discovered

while it was still 670 million kilometers from the
Sun, out near the orbit of Jupiter—more than five
times farther than ‘Oumuamua was when it was
first spotted. This suggests ATLAS might be as
large as 20 kilometers across, much larger than
‘Oumuamua (thought to be a cigar-shaped chunk
400 meters long) and Borisov (975 meters wide).
However, estimates of the object’s size come with
an asterisk. If ATLAS is outgassing like a comet,
it might be surrounded by a haze that makes it
appear larger than it really is.

What is certain is ATLAS’s unusually wide
curve through the Solar System. To describe how
much an object’s orbit deviates from a perfect
circle, astronomers calculate a metric known as
eccentricity. All planets, asteroids, and comets
within the Solar System have orbits with an ec-
centricity between zero and one, meaning they
trace out an ellipse around the Sun. ‘Oumuamua’s
eccentricity was 1.2—a hyperbolic arc. Borisov’s
was 3.3. With an eccentricity above six, ATLAS is
blowing both out of the water.

According to Auburn University astronomer
John Noonan, ATLAS’s trajectory could mean the
object has been drifting through the Galaxy for
longer than ‘Oumuamua and Borisov. However,
pinning down exactly where ATLAS came from
remains challenging, as the gravity of dust clouds
or stars that it passed could have bent its path
through the Milky Way. At least one team has
used high-precision data on the positions of our
Galaxy’s stars to suggest ATLAS may have origi-
nated in the Milky Way’s sparse outer disk.

As the object enters the inner Solar System,
astronomers are scrambling to get as many
eyes on it as possible. “It’s about as ‘code red’ as
astronomy can get,” says MSU astronomer Adina
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This image from the Asteroid Terrestrial-
impact Last Alert System telescope in Chile,
taken on 1 July, helped reveal the interstellar
comet 3I/ATLAS (center).

Feinstein, who studies young stellar
systems. Time is short. By the begin-
ning of October, when ATLAS will
have entered the inner Solar System
and crossed Mars’s orbit, it will be too
close to the Sun to be observed with
ground-based telescopes. At that point
scientists hope to enlist spacecraft like
NASA’s Mars Reconnaissance Orbiter
and the European Space Agency’s
(ESA’) Jupiter Icy Moons Explorer,
which is inbound to the gas giant, to
study the object. ATLAS then should
reappear for Earth observation by
early December and remain visible
until May 2026.

The main thing scientists want to
figure out is ATLAS’s composition.
Comets and asteroids represent the
leftovers of planet formation—
meaning ATLAS is a discarded sample
of alien worlds, flung out from the
dusty disk surrounding a distant star.
By comparing its ratios of things such
as carbon monoxide, water, ammo-
nia, and salts with those of our local
comets and asteroids, researchers
hope to learn whether other planetary
systems have ingredients like our own.
“If we see that this building block
looks like all the building blocks in our
Solar System, that’s good news,” says
Karen Meech, an astronomer at the
University of Hawaii at Manoa. “That’s
encouraging for the potential for life”
elsewhere in the Galaxy.

Already ATLAS appears to have
a reddish color, which means its

BY THE NUMBERS

surface probably contains organic
materials such as methane, typical for
both comets in our Solar System and
‘Oumuamua and Borisov. More detail
is likely to come as larger instruments
such as the Hubble Space Telescope
and JWST swing into action. A

team of astronomers has submitted

a request to target the object with
JWST next month. Noonan has sent

a similar proposal to Hubble, with
the goal of observing ATLAS near the
beginning of December.

The pace of interstellar findings
is likely to quicken. The powerful
Vera C. Rubin Observatory on Cerro
Pachén in Chile, which recently
began to catalog the entire southern
night sky every 3 days, is expected to
find between six and 51 additional
visitors over the coming decade. Up-
coming telescopes designed to find
near-Earth asteroids, such as NASA’s
space-based NEO Surveyor satellite
or ESA’s Flyeye instruments, should
also detect a few interstellar objects
once they become operational.

As the field grows, the exhilaration
over each individual discovery will
probably decrease, but the wonder
these fleeting objects evoke won’t fade.
Astronomers expect they will one
day be studying entire populations of
interstellar interlopers—yielding in-
sights into the cosmos that were once
the stuff of dreams. “We get these tiny
memories of solar systems past zipping
through,” Noonan says. “And we have
months to characterize them as best as
we can before they’re gone again.” [J

Adam Mann is a journalist based in
Oakland, California.

23,695

Papers on artificial intelligence produced by China in 2024,
topping the combined output of the United States (6378),
the United Kingdom (2747), and the European Union (10,055),
according to a report by Digital Science.

$51,000,000

Spending by Mexico and the United States on a facility
that will, by 2026, produce more than 100 million sterile male
screwworms annually in a bid to prevent a resurgence of the pest,
which can kill cattle and other livestock.
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INFECTIOUS DISEASES

NIH suspends
alleged ‘gain-of-
function’ studies

Scientists told to stop pathogen work
say agency's criteria are mysterious
and will stymie needed research

JON COHEN and JOCELYN KAISER

n response to White House concerns

about allegedly risky research on vi-

ruses, bacteria, and other pathogens, the

National Institutes of Health (NIH) has
begun a crackdown on dozens of studies it was
funding, Science has learned.

Citing President Donald Trump’s executive
order promising greater oversight of “gain-of-
function” (GOF) research that’s potentially dan-
gerous, the agency has demanded the scientists
leading those studies suspend part or all of their
work and propose modifications to their experi-
ments that would limit any risk of creating more
deadly or transmissible pathogens.

“NIH has identified 40 projects that may meet
the definition of dangerous gain-of-function
research. ... Erring on the side of caution, all
projects potentially meeting the definition are
being suspended,” Matt Memoli, NIH’s deputy di-
rector, wrote in a 3 July draft letter to the White
House describing NIH’s “interim response” to the
executive order. The letter, obtained by Science,
indicates an additional 172 projects have been
flagged for potential suspension or termination.

The suspended studies cover a wide range of
pathogens or their toxins. A handful center on
the well-known viruses that cause COVID-19,
influenza, dengue, and Zika, but other suspen-
sions cover more obscure pathogens such as
alphaviruses, bunyaviruses, and phleboviruses.
Most of the suspended projects are taking place
at U.S. universities, but nine are being conducted
by NIH’s in-house scientists, according to a
spreadsheet listing the 40 projects. That docu-
ment also notes that those intramural investiga-
tors have already agreed to either stop or modify
their research.

NIH’s selections have puzzled many infectious
disease scientists and dismayed others. Nearly
half involve tuberculosis (TB); studies on the
mycobacterium that causes the disease have
not traditionally sparked GOF concerns because
many infections produce no harm, the pathogen
depends on prolonged exposure to spread, and
TB is curable in most cases.

The studies targeted by NIH include both
relatively low-risk, routine work and higher risk
experimentation that is essential for developing
new drugs and vaccines, several researchers told
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Many of the
suspended studies
have an unexpected
subject: the
bacterium that
causes tuberculosis.

224

Science. JoAnne Flynn, a TB researcher
at the University of Pittsburgh who is a
co-principal investigator of one of the
suspended grants, reviewed NIH’s list
and called it “crazy” and “ridiculous.”
Flynn’s own project involved using
standard techniques to create mutants
of Mycobacterium tuberculosis (Mtb)
that are resistant to antibiotics. But
she stresses that her work is not using
compounds currently recommended
for TB treatment so she sees no risk
of creating a dangerous strain capable
of undermining those therapies. “This
will really impede our understanding
of Mtb infection,” Flynn says.
University of Wisconsin-Madison
toxicologist Sabine Pellett similarly

was dismayed and mystified by the
suspension of her grant, though she
recognizes the risks posed by her lab’s
work with Clostridium botulinum,

a bacterium that produces a deadly
neurotoxin. “My project is already done
under high security conditions and al-
ready has undergone review following
the processes by NIH,” Pellett says. “My
lab is the only academic lab in the U.S.
that can do what I do. There’s no safer
place to work with the agent I work
with.” She says the suspension will
impede understanding of the bacte-
rium and slow the development of new
treatments for its neurotoxin.

The American Society for Microbio-
logy (ASM) also expressed concern at
NIH’s choices. “For some of the grants
it’s hard to see the justification for the
pause unless you interpret the execu-
tive order very broadly. Other grants
are already subjected to a higher level
of scrutiny. This is all compounded by
the lack of an appeals process,” said
Allen Segal, an ASM spokesperson.

Concern about GOF research came
to the fore in 2011 when two labs

modified the deadly H5N1 bird flu
virus to determine which mutations
might allow it to better transmit
between mammals. Federal officials in
2014 paused 18 projects before releas-
ing 2017 guidelines that allowed work
to move forward. But the debate flared
again during the COVID-19 pandemic,
when some scientists and Republican
politicians, including Trump, alleged
that the coronavirus responsible came
from GOF work at a lab in Wuhan,
China, that had received NIH funding.

Former President Joe Biden’s ad-
ministration later revamped the U.S.
government’s GOF policy, but Trump
officials jettisoned that work with
its executive order on 5 May. Some
researchers criticized Trump’s order
as vague and potentially so broad
that it could derail relatively low-risk,
promising research. NIH provided
some follow-up guidance, but until
now many infectious disease scientists
were uncertain what work would be
stopped by the agency.

NIH began to send out suspen-
sion notices last week and more were
being issued this week, according to
Memoli’s letter. NIH staff reviewed
more than 71,000 projects, he said.

In the NIH spreadsheet, there is
a column noting the rationale for
each grant’s selection. For 17 projects,
that rationale included the phrase
“suspended out of an abundance of
caution.” One such study involves
examining protective antibodies to two
deadly viruses, but the work does not
involve the actual pathogens, raising
questions about why the work sparked
GOF concerns.

Richard Chaisson, a TB researcher
at the Johns Hopkins University
Bloomberg School of Public Health,
points out that one of NIH’s suspended
projects studied a loss of function to
Mtb. NIH has also suspended a project
to modify a flu virus to treat cancer.

Virologist Andrew Pekosz of Johns
Hopkins notes that NIH doesn’t
provide detailed explanation for its
decisions. “There doesn’t seem to be
a risk-benefit analysis,” Pekosz says,
or an understanding that many of the
pathogen manipulations scientists are
doing in the lab also happen naturally.

Debates about what constitutes a
GOF experiment that is too risky have
raged for years, with many argu-
ments revolving around whether the
modifications to the pathogens being
studied have the potential to trigger a
pandemic or worsen the harm they al-
ready cause to humans. David Relman,

a microbiologist at Stanford University
who has pushed for stronger GOF
regulations, worries NIH’s ambiguous
criteria for unallowed studies could
lead some principal investigators (PIs)
to stop doing work that does not pres-
ent high risks to the public. “IlI-
considered self-censorship by Pls

and the effects of intimidation on PIs
might be some of the most damaging
and (both figuratively and literally)
sickening effects of the current circum-
stances,” Relman wrote in an email.

Harvard University epidemiologist
Marc Lipsitch, who has also called for
stronger U.S. regulations on high-risk
pathogen lab work, questioned why
NIH had suspended most of these
projects. “Only a handful plausibly
meet the standard in the executive
order that they ‘could result in signifi-
cant societal consequences,” Lipsitch
says. “While there are a few studies
where I would want to learn more
about the risks and benefits, I would
predict that ending this list of studies,
as a whole, will be detrimental to
health security and public health””

Paul Friedrichs, who headed the
‘White House Office of Pandemic Pre-
paredness and Response Policy under
Biden, says he hopes the government
will better explain how it decided
to single out these specific projects.
“Ambiguous criteria which are applied
unilaterally may paradoxically actually
increase, not decrease, our vulnerabili-
ties to future biological threats,” says
Friedrichs, a retired major general who
worked at the Pentagon before serving
at the White House.

Some of the affected scientists say
the way NIH has communicated the
suspensions has further confused the
situation. Volker Briken, who studies
Mtb at the University of Maryland,
says he received the agency’s letter on
27 June “completely out of the blue”
and responded within 2 days, as re-
quested. He told NIH his group would
not perform the specific experiment it
had flagged, which called for studying
mutations that help Mtd dodge im-
mune attack.

“I have not received a response,
not even an acknowledgement of our
response,” says Briken, noting that
he also didn’t receive a 1 June
funding installment for the now-
suspended grant. “I have no idea
what is going on,” Briken says. “We
find ourselves at the mercy of
whatever direction the current
administration chooses to take. Who
knows what will happen next.” [J
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COSMOLOGY

U.S. cancels hunt for signs of cosmic inflation

Downsizing and high ratings did not save effort known as CMB-S4 ADRIAN cHO

major effort to study the ori-

gins of the cosmos has been

felled by earthly budget and

logistical realities. Last week
the U.S. government canceled CMB-
S4, a plan to scrutinize the afterglow
of the Big Bang, the cosmic microwave
background (CMB), for proof that the
newborn universe underwent an expo-
nential growth spurt called cosmic in-
flation. The project had already faced
infrastructure problems at one of its
planned locations, the South Pole, and
it clashed with the White House’s pro-
posed cuts to the budgets of its spon-
sors, the National Science Foundation
(NSF) and the Department of Energy’s
(DOE’s) Office of Science.

Project leaders are disappointed but
not surprised. “We didn’t know what
was coming, but we knew it wasn’t
going to be, ‘Let’s go, go, go!’” says
John Carlstrom, a cosmologist at the
University of Chicago who helped lead
CMB-S4 from its inception in 2013. He
and his colleagues spent the past
14 months eliminating the new instru-
ments at the South Pole from the plan
and cutting the project’s estimated
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$900 million cost roughly in half.

But last week they received a three-
paragraph, unsigned statement stating
simply, “DOE and NSF have decided
that they can no longer support the
CMB-S4 project.”

To detect the telltale patterns
expected from inflation, the team’s
roughly 400 researchers envisioned
new arrays of ultrasensitive microwave
telescopes at the South Pole and in
Chile’s Atacama Desert, places where
the still, dry air is ideal for CMB stud-
ies. NSF’s South Pole Telescope (SPT),
a 10-meter dish, is already scrutinizing
the microwave signal, which forms a
kind of cosmic wallpaper behind all
the stars and galaxies. Other smaller
telescopes have studied the CMB from
the same vantage point—including one
that in 2014 claimed, incorrectly, to
have spotted the prized signal CMB-S4:
sought. The Atacama has also hosted
multiple CMB telescopes, including
the privately funded Simons Observa-
tory, which consists of three 0.5-meter
telescopes and one 6-meter one.

CMB-S4 aimed to best them
all. At the South Pole, researchers

envisioned a new 5-meter telescope
and 18 telescopes with mirrors

0.55 meters across. In the Atacama,
they planned two 6-meter telescopes.
All told, the focal planes of all these
telescopes would contain 550,000 mi-
crowave detectors, 10 times as many
as any other array. CMB-S4’s primary
goal was to detect extremely faint
pinwheel-like swirls in the polariza-
tion of the CMB. These swirls would
be traces of gravitational waves gen-
erated during inflation, when the new-
born universe doubled and redoubled
in size roughly 100 times over in the
tiniest fraction of a nanosecond.

In November 2021, CMB-S4 ranked
second among ground-based facilities
in U.S. astronomers’ decadal survey,
the community’s list of priorities
for projects proposed for the subse-
quent decade. In December 2023, the
Particle Physics Project Prioritization
Panel ranked it as the highest priority
for new facilities. “I don’t think NSF
and DOE have not built things of
that high a priority;” says Eric Isaacs,
president of the Research Corporation
for Science Advancement.

The current South
Pole Telescope
would have been
replaced with more
sensitive arrays.
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However, in June 2023 NSF warned
physicists that the aging infrastruc-
ture at the agency’s Amundsen-Scott
South Pole Station could not sup-
port the additional demands of new
projects there. In May 2024, NSF
declined to advance CMB-S4 from the
development phase to design and told
researchers they could put no new
instruments at the South Pole.

So, the team came up with a Chile-
only plan, Carlstrom says. They re-
vised it to incorporate data from the
existing SPT and the smaller BICEP
Array, a battery of four 0.55-meter
microwave telescopes at the South
Pole. They also tempered their
ambitions to avoid reproducing the
capabilities of the Simons Observa-
tory and aimed instead to work with
it, Carlstrom says.

But DOE told CMB-S4 researchers
the agency couldn’t start any major
new projects, Carlstrom says. Even be-
fore the proposed budget cuts, DOE’s
Office of Science was struggling to
afford multiple major projects, includ-
ing a new neutrino experiment that
will cost $3.2 billion—twice as much
as originally estimated.

CMB-S4 was also undermined by
the fact that the project progressed
so slowly, Carlstrom notes. If it
had been realized quickly, it would
have had far better sensitivity than
any other instrument. However,

with planned upgrades, the Simons
Observatory and existing South Pole
instruments might be able to get
within a factor of two of CMB-S4’s
sensitivity goal, he says, albeit in a
decade’s time.

At this point, CMB-S4 wouldn’t
have been much faster. “It had become
obvious that the goals of the CMB-S4:
project would be difficult to achieve
in a timely, cost-efficient way;” says
Regina Ramieka, DOE’s associate
director for high-energy physics. “This
was not a purely monetary decision.”

The DOE and NSF statement says
the agencies see CMB studies as a
“priority” and “will continue to part-
ner with the CMB science community
to explore potential science that can
be achieved with limited upgrades to
existing experiments.” Suzanne Staggs,
a cosmologist at Princeton University
and co-director of the Simons Obser-
vatory, takes some consolation in the
positive comments. “It would have
been worse if they hadn’t said that,”
she says.

Given the budget cutting fervor in
Washington, D.C., the loss of CMB-

S4 is likely only the beginning of the
heartache for scientists funded by
DOE’s Office of Science, notes Bill
Madia, former director of two DOE
national labs. “This may be one of the
first [major projects] you see canceled,
but I don’t think it’ll be the last.” [J

THEY SAID IT

None of the 19 selected publications
derived from [the Tuskegee Study
of Untreated Syphilis in the Negro Male]
ever received a retraction
notice or expression of concern.
Mikyung Kim and the late Christopher Shook of the

Seoul National University College of Medicine, in the 8 July issue of
Research Ethics. Citing the infamous study involving 600 Black men

as an example, they call on journals to publicly flag papers now seen to be the

product of unethical research.
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Fruit fly studies
mostly defy
concerns about
irreproducibility

But large verification attempt finds

some “suspicious” papers that fare
much Worse CATHLEEN O’GRADY

ttempts to replicate findings from
fields including psychology, economics,
and cancer biology have often yielded
gloomy results. But findings from fruit
fly immunology, a field that has been crucial
for our understanding of how innate immunity
works, are more encouraging. In a pair of pre-
prints uploaded last week, researchers report the
majority of claims from more than 50 years of
research have already been replicated.

The findings suggest “the literature is, by
and large, pretty good,” says Brian Lazzaro, an
evolutionary geneticist at Cornell University who
was not involved with the work. The field may
fare better than others because fly researchers
have easy access to large sample sizes, and their
experiments rest on strong theory, he says, mak-
ing for “tighter, more focused hypotheses that
are easily verifiable”

The study also found, however, that more
than one-quarter of the claims have had no
published replication attempts—and when the
authors tried to reproduce a handpicked subset
of these, they could only confirm a small minor-
ity. Those that failed replication often did so
for interesting reasons that could inspire future
research, Lazzaro adds.

Swiss Federal Institute of Technology Lau-
sanne geneticist Bruno Lemaitre, who led the
study, says he had long heard mutterings about
puzzling results in fruit fly immunology. He
wanted to “clean up the field” by providing an
overview of which studies were reliable. He and
his colleagues searched the academic database
PubMed and found 400 papers published be-
tween 1959 and 2011 that made testable claims
in fruit fly immunology. When they looked at
more recent research that had directly tackled
the 1006 scientific claims made in those
400 papers, they found 60% had already been
“verified.” A further 9% had been partly repli-
cated, and 3% had failed to replicate.

Tim Errington, a metascientist at the Center
for Open Science, thinks the true replication
rate could be lower. He notes that other labs
might have failed to replicate the same findings
and never published the results. Errington led
the Reproducibility Project: Cancer Biology,
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IN FOCUS

A tasty mushroom turns problematic invader

With a nutty flavor, the golden oyster mushroom (Pleurotus citrinopileatus) is popular with cooks in its native range of eastern
Russia, northern China, and Japan. But in North America, where farmers grow it, it has become an invasive species—the first
known example of a cultivated fungus to have run wild. It could have widespread ecological consequences, researchers
reported this week in Current Biology. The mushroom grows on dead trees, and when Aishwarya Veerabahu of the University
of Wisconsin—Madison and colleagues sampled 26 dead elm trees in Wisconsin, they found those with golden mushrooms
supported roughly half as many fungal species as trees without. The reduced diversity could slow decay and harm animals
that depend on fungi. And the impact could be broad: Data collected by community scientists indicate golden oyster
mushrooms now grow in at least 25 U.S. states and a Canadian province. —Erik Stokstad

which in 2021 reported that only
eight of 23 preclinical cancer papers
had been independently replicated.

Lemaitre and his team did find a
lower rate when they turned to some
of the 285 claims that did not have
any published replication attempts.
They selected 45 claims to follow up
on themselves, focusing on “suspi-
cious” claims that had drawn private
skepticism from many in the com-
munity, as well as those that were
straightforward to test.

Rather than directly repeat the
original experiments, the research-
ers tested the claims using different
methods, to see whether the original
findings held up in new contexts. In
some cases, they used updated
methods—for instance, in place of
RNA interference, which “turns
down” the volume on a gene by
reducing how much protein it makes,
they used CRISPR mutants with that
gene entirely knocked out.

Of the 45 claims, 38 could not
be verified. Many, the authors say,
had been published in high-prestige
journals such as Science and Nature
and had senior authors affiliated with
high-prestige institutions.
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A sizable chunk of the failed repli-
cations could be explained by the use
of updated techniques, the authors
say. For instance, a 2008 paper
reported that a gene called Under-
taker played a critical role in enabling
immune cells to engulf bacteria.
Lemaitre and his colleagues found
that the original study, which used
RNA interference, had likely targeted
a different but related gene; when
they used fruit flies that had a broken
version of the Undertaker gene, they
found it made no difference to the
ability to engulf bacteria.

The work is “a paradigm for how
these studies should be performed
in other scientific fields,” says Susan
Celniker, a fruit fly geneticist at Law-
rence Berkeley National Laboratory.
She praises the interactive website set
up by the team, where other research-
ers can comment on the claims and
replication attempts.

Errington notes that selecting “sus-
picious” claims for closer examination
means the replication rate was always
likely to be low. Still, he says all meth-
ods of selecting studies to replicate
involve “putting your thumb on the
scale” in some way.

Salk Institute for Biological Studies
immunologist Janelle Ayres, some of
whose work on resistance to infection
was challenged by the replication
effort, says the new experiments
sometimes deviated so far from the
original methods—changing the food,
injection methods, strains of fly, sex,
and even the pathogens used—that
it’s difficult to draw strong conclu-
sions. David Schneider, a microbio-
logist at Stanford University whose
work was also challenged, agrees.
“You can’t discuss reproducibility
until you actually reproduce an
experiment,” he says.

But using a different method is a
useful way to check on original find-
ings, Celniker says. “Just doing one
type of experiment is not as powerful
as showing it multiple different ways.”

And finding that a study falls short
when tested with more modern tools
doesn’t necessarily mean the original
work was flawed, Lazzaro says: “That
could have been the best work that
was possible at that time under those
circumstances.” Using better tech-
niques to find its limitations is, he
says, “a really valuable contribution
to the field” [J
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HAUNTED BY

SHARKS

After a series of deadly
shark attacks, the
Indian Ocean island of
Réunion became a hub
of shark attack science

ALEXA ROBLES-GIL

228

IN AN INSTANT, one French surfer’s
tropical vacation became a night-
mare. On a late afternoon in
February 2011, Eric Dargent was
riding the waves off Réunion, a
small island in the Indian Ocean
renowned for its world-class
waves, when a shark mangled his
left leg. Luckily, a nearby surfer
quickly fashioned a tourniquet to
stem the bleeding and helped him
ashore. Surgeons ended up amputat-
ing Dargent’s leg above the knee.
At the time, the attack was seen
as unusual. But it turned out to be
the beginning of what would become
known on Réunion as “la crise

requins,” or the shark crisis. Over
the next 8 years, sharks attacked
30 people around the island, killing
11—accounting for an extraordinary
18.5% of known global shark fatalities
over that period. The attacks earned
Réunion infamy as a “shark island,”
prompting officials to close its
beaches to swimming and surfing,
causing immense damage to its lucra-
tive tourism industry.

Scientists, however, flocked to the
island. In an effort to understand
the outbreak and prevent future at-
tacks, the French government, which
oversees Réunion, poured millions
of euros into studying shark ecology

In the waters off Réunion, sensors rigged to
a surfboard are part of a test of a shark-
deterrent device that relies on electric fields.

and behavior, as well as technologies
to deter attacks. Réunion soon be-
came a major center for shark attack
research, rivaling long-established
programs in Australia and South Af-
rica. The work has resulted in scores
of scientific papers in a wide range of
fields, from ecology to social science,
and produced technology now used
in other regions to catch dangerous
sharks while sparing less threat-
ening animals. It has also fueled
controversy—including debates over
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whether wearable electrical devices
designed to repel sharks really work
and whether the mass Killing of the
predators increases beach safety—
and exposed deep divides in how
people view sharks.

Now, officials on Réunion are
hoping what scientists have learned
will help them reopen beaches and
restore the island’s reputation and
tourism economy. They also hope
to rebuild the relationship many
islanders had with the sea. Before
the attacks, families would spend
their weekends playing in the surf,
recalls marine biologist Arnault
Gauthier, whose family has called
Réunion home for nearly 200 years.
But the crisis, he says, “has taken
away Réunion’s identity.”

Although shark attacks get
headlines, they are relatively rare.
Worldwide, a person is more likely to
be Kkilled by mishandling fireworks
than by a shark, although the risks
vary by region. Still, shark attacks
on humans have a long history.
Archaeologists have found evidence
of shark bites on human bones that
are roughly 6000 years old. Since the
early 1500s, there have been 6800
recorded attacks, according to a da-
tabase compiled by the International
Shark Attack File at the Florida
Museum of Natural History.

On Réunion, the earliest recorded
shark attack occurred in 1904, when
a 16-year-old ship’s apprentice at-
tempted to cool off on a hot day by
swimming a lap around his vessel. He
was “mutilated by a shark” and later
died, according to a local newspa-
per. But sharks weren’t considered a
serious problem until 2011, when the
French surfer lost his leg and then,
just a few months later, a shark killed
a local bodyboarder off the island’s
west coast.

The fatalities unsettled the island,
sparking calls for action and high-
lighting a troubling reality: Research-
ers knew little about the sharks that
cruised offshore. The lack of data
spurred the government to put nearly
1 million euros into a program known
by the French acronym CHARC. It
aimed to study the behavior and
ecology of two shark species—the
bull shark (Carcharhinus leucas) and
the tiger shark (Galeocerdo cuvier)—
known for attacking humans.

One of the first questions CHARC
addressed was where the sharks were
lurking offshore. To track the preda-
tors, scientists had to catch and tag
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them—a task that could be risky and
difficult. Working from a small boat in
the middle of the night, for example,
shark researcher Antonin Blaison
reeled in a 3-meter-long bull shark,
but the line became entangled on the
propeller. He jumped into the ocean as
the fish thrashed nearby to disentangle
the line so he could tag and release
the animal—highly aware that other
sharks might be in the area. “I did
something very crazy,” recalls Blaison,
now at the Réunion Island Marine
Observatory. “I won’t do that again.”

Blaison also faced challenges back
on land. “[People] said I was a crimi-
nal,” he says, because he was releasing
captured sharks instead of killing
them. Some islanders even accused
him of somehow causing sharks to
attack people.

Despite such issues, CHARC, which
ran from 2011 to 2015, produced useful
findings. Data from 46 tagged tiger
sharks showed they were seasonal
visitors to Réunion and preferred off-
shore waters, researchers reported in
the African Journal of Marine Science
in 2015. In contrast, tag data from
36 bull sharks showed the presence of
males peaked in winter and females
stayed year-round. Data also showed
bull sharks often cruised close to the
shore, especially during the after-
noons, when most attacks occurred,
and at night.

“For science, these were very good
results,” Blaison says. “But for secu-
rity, it was quite bad,” because they
showed sharks stayed close to shore
all year. And many islanders were
frustrated the research didn’t point to
clear solutions. “There is a huge gap,”
he says, “between what [people] want
to know and what research can bring
to solve the problem.”

That frustration burst into public
protests in 2015 when a 13-year-
old surfing champion named Elio
Canestri died after being dragged
out to sea by a shark. Some residents
called for greater efforts to Kill sharks,
such as by using drumlines, baited
hooks hanging from buoys that were
developed in Australia in the 1960s
to protect beaches. Hooked sharks
and other animals are either killed
or released. But others opposed such
methods. They worried that drum-
lines, for instance, would indiscrimi-
nately Kill harmless shark species and
other marine creatures.

Driving much of the fear and
anger was the big question that
haunted Réunion: Why did shark

attacks increase so suddenly?

Nearly 15 years of research have
shown there’s no single answer. But
scientists have identified a number of
possible contributors.

One is Réunion’s rapid human
population growth, a team from
the University of Réunion reported
in Scientific Reports in 2018. From
1980 to 2016, the population grew by
67% to nearly 1 million. The arrival
of surfing in the 1960s also made
Réunion a top recreation destina-
tion. More people on the island and
in the water increased the risks of
surfers and swimmers encountering
dangerous sharks.

The boom also catalyzed changes
in urban development and agriculture
that altered runoff patterns and made
some coastal waters more attractive to
certain sharks. In the early 2000s, en-
gineers built an irrigation system that
moves water from east to west across
the island to support new farms. The

Bull sharks,
which can grow
to 3.5 meters
long and weigh
more than 200
kilograms, were
involved in many

resulting runoff lowered salinity off
of Réunion’s west coast, creating an
attractive habitat for bull sharks,
which prefer lower saline waters and
can even survive in freshwater. “We
are living in a world where there is

a huge degradation of the marine

environment,” says marine ecologist of the roughly
Sébastien Jaquemet of the University 30 attacks on
of Réunion. surfers and

swimmers that
occurred off
Réunion from
2011 to 2019.

A ban on selling shark meat
was another possible factor. In the
mid-1990s, nearly 100 people died
on nearby Madagascar after eat-
ing shark meat carrying ciguatoxin,
a neurotoxin produced by algae
that accumulate in the food chain.
In response, officials on Réunion
banned the sale of shark meat, which
reduced fishing for the animals and
potentially allowed their populations
to increase. Some islanders have also
blamed a marine reserve created in
2007 off western Réunion, saying
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it protected schools of forage fish
that attracted hungry sharks. There
are few hard data to support either
theory, however.

To some, the lack of clarity is dis-
appointing. But, “If anyone tells you
they know the reason for [the crisis],”
Gauthier says, “they’re lying to you.”

The uncertainty hasn’t prevented

to spot because of the island’s black
sand beaches and coastal waters
often muddied by cyclones.
Another major effort has tested
electric deterrents, devices made
by a number of companies that
emit electric fields claimed to repel
sharks. Sharks have sensory organs

territory in the South Pacific Ocean
known for its abundance of the spe-
cies. They spent 21 days testing how
the sharks responded to baits accom-
panied by five different electric deter-
rents. Initially, one type protected
baits 43% of the time, they found, two
others 16% of the time, whereas the

sh a rks in their heads called the ampullae of = remaining two did not work at all.

scientists from searching for ways to Lorenzini that detect electrical fields  Even the deterrents that worked ini-
at bay prevent attacks. In 2016, the govern- and help them navigate and hunt. tially became less effective over time,

ment created the Shark Security Electric deterrents are designed with sharks eventually showing no

iecoicers Centre on Réunion to bring together to essentially blind a shark, like a hesitation in attacking the static baits,
ﬂﬁ:gﬁ ‘;Z?:;ns scientists, risk managers, and policy-  bright light blinding a person, says the team reported in Scientific Reports
have experimented maker. It has since ma(‘ie the island F}authier, wh? has spent years study- iI.l 2020. (Tl.le re§ear?hers .believe this
with a variety a testing ground for a wide range ing these devices. kind of habituation is unlikely to oc-
o reliieak e of deterrence tools and strategies. On Réunion, surfers are now cur with surfers or swimmers wearing
preventing harmful One project, for example, tested the required to wear one of the devices the devices.) Though disappointing to
encounters. effectiveness of drones, which have in secured surfing areas, commonly some people, Gauthier says the find-
There is no single been used successfully in California attached to their ankle or surfboard. ings were “still a good result,” because
solution, but to spot white sharks and help develop  But the surfing community has long they could prevent surfers from trust-
layered defenses forecasting tools that predict when questioned the efficacy of electric ing devices that may not work.

can help keep
swimmers and
surfers safe.
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automatically texts its location to
observers via satellite when an
animal is hooked. Sharks caught on
conventional drumlines often die
before anyone can reach them, which
results in the deaths of many harm-
less animals. But the signal enables
officials to quickly visit the buoy and
decide whether to Kkill, relocate, or
release the animal. Fisheries engineer
David Guyomard worked with a lo-
cal fisherman to develop the device,
called the Shark Management Alert
in Real Time (SMART) drumline. A
3-year trial of 20 SMART drumlines
deployed off Réunion found that 87%
of 269 caught animals were recovered
alive, a far higher survival rate than
seen with conventional drumlines,
Guyomard and colleagues reported in
Fisheries Research in 2019.

Now used in Australia, the SMART
drumline is “a world first” and “a
huge deserver of accolades,” says
Geremy CIliff, a retired marine bio-
logist in South Africa who’s led efforts
to prevent shark attacks for the past
4 decades. It’s often used in programs
aimed at Killing larger sharks, which
are believed to be more dangerous. On
Réunion, the devices have also helped
researchers study the genetics, diet,
ecology, and growth of sharks. The
catch data have suggested, for exam-
ple, that the local population of bull
sharks, which appear to have been
responsible for most of the Réunion
attacks, has decreased, Jaquemet says.

Drumlines also make it possible
to systematically kill sharks, which
has fed controversy. Since 2018, a “pre-
ventive fishing program” on Réunion
has used SMART drumlines to catch
and kill 68 bull sharks and 543 tiger
sharks. Many islanders support the
program, but animal rights and con-
servation groups have gone to court to
try to stop it, arguing that sharks are
important to the marine ecosystem
and that there’s no proof the culling
prevents attacks.

The Shark Security Centre’s director
of operations, Michaél Hoarau, says
the culling program tries to walk a
fine line between protecting bio-
diversity and preventing attacks. “It’s
difficult,” he says. “We’re trying to find
a balance.” He notes the 802 sharks
caught off Réunion over 11 years pales
in comparison with the tens of mil-
lions killed by commercial fisheries
each year. And even scientists who
are not thrilled by culling concede
it would take a carefully designed
study to prove it’s not effective. “You
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can’t argue that a shark that’s been
fished is a shark that’s not going to
bite someone down the line,” Gauthier
says. “There’s literally no argument
against it”

Still, after years of discussion, the
center recently decided to alter its
culling program, by releasing juvenile
tiger sharks instead of Kkilling them,
with a goal of tagging and tracking
some of these animals. Late last year,
it also handed the data collected by
the program to a group of indepen-
dent scientists for review. Among
other things, they’ll try to evaluate
the fishing program’s impact on local
marine biodiversity and its effective-
ness at reducing shark attack risks.

It’s now been 6 years since the
last known fatal attack off Réunion,
which took the life of surfer Kim
Mahbouli in 2019. Since then, of-
ficials have been slowly reopening
some surfing spots and experiment-
ing with layered defenses, including
exclusion nets, boat patrols, under-
water freedivers who spot sharks, and
automated cameras that use artificial
intelligence to detect sharks. Earlier
this year, the French government
also amended the islandwide swim-
ming and surfing ban, relaxing some
restrictions on swimming.

There’s no guarantee these mea-
sures will prevent another shark
attack, Hoarau says. But when a
dozen of the field’s leading research-
ers gathered on the island earlier this
year to review its efforts, they found

few faults. “I don’t know why they Researchers
needed us. Theyre doing everything on Réunion
correctly already,” says Gavin Naylor, developed the

a researcher at the Florida Museum
of Natural History. “Réunion has
addressed the issue in a very state-of-
the-art approach,” adds André Afonso,
a marine ecologist at the University
of Coimbra who has led efforts to pre-
vent shark attacks in Brazil, though
he hopes the island will ultimately

be able to replace its fishing program
with nonlethal alternatives.

The researchers, who include shark
risk specialists from Australia, South
Africa, the United States, and other
nations, are now working on a paper
reviewing shark deterrence efforts
on Réunion and around the world.
Hoarau hopes others will be able to
learn from the island’s painful experi-
ence. “We can’t copy-paste what’s
happened in Réunion to another
area, but at least some lessons can be
learned from what our region went
through,” he says.

One thing researchers have
learned, Gauthier says, is that steps
to prevent shark attacks will be
shaped not just by science, but also
by how people view sharks. “Either
they’re innocent puppies that haven’t
harmed anyone ... or they are blood-
thirsty monsters,” he says. The reality,
he adds, is that sharks are neither.
“They are wild animals and can be
very dangerous,” he says. “But they
aren’t going to hunt every human in
the water.” [J

Shark Management
Alert in Real Time
drumline, which
sends an alert
when it has hooked
a shark, enabling
safety officials

to decide whether
to release or kill it.
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A new age of molecular chirality

Advanced optical approaches reshape the frontiers of chiral sensing

Olga Smirnoval23

n Lewis Carroll’s novel Through the Looking-Glass, and What

Alice Found There, the characters Tweedledum and Tweedledee

are nonsuperimposable mirror images of each other. A geo-

metrical property that distinguishes this asymmetry is chiral-

ity, which also describes the distinct handedness of a molecule.
Enantiomers—a pair of left-handed and right-handed versions of the
same molecule—are ubiquitous in living organisms, often with enantio-
meric excess (one handedness prevails over the other). This dominance
ensures uniform chirality across the amino acids, which stabilizes pro-
teins, as well as stereospecific interactions among proteins that sup-
port metabolic processes. However, abnormal enantiomeric excess of
common medium-sized chiral molecules in living organisms, such as
carbohydrates and amino acids, is linked to conditions such as cancer,
brain disorders, and kidney diseases (7). Thus, new

upon local interactions with circularly polarized light. Molecules of
opposite handedness preferentially emit electrons in opposite direc-
tions with respect to the light propagation axis. This method can de-
tect chirality at a high speed with subpercent (<1%) precision (4, 5).
Because of its high enantio-sensitivity, photoelectron circular dichroism
provides new perspectives on the origins of homochirality (the domi-
nance of a single chirality) in biological molecules on Earth. For ex-
ample, it is proposed that circularly polarized light in the cosmos can
break the balance between left and right enantiomers by selectively
destroying or forming one enantiomer over the other through absorp-
tion circular dichroism. However, photoelectron circular dichroism—
enantio-sensitive direction of electron ejection by circularly polarized
light—is orders of magnitude stronger, causing opposing recoil of left

and right chiral molecular ions. This recoil could

optical methods that distinguish the handedness of l l spatially separate molecular enantiomers in the cos-
enantiomers could be transformative in research MO ecular mos, thereby influencing chiral bias on Earth (6).

and development, from neuroscience and medicine : 3 Molecular chirality can be encoded in a time-
to the pharmaceutical industry. Chlrallty (_:an be dependent three-dimensional chiral trajectory of
. ?lthougl;)h differenti;ting il}irﬁ;y oft If. tl)alJ;lgle ob- encoded 1n a... 31111 elictric field vetctor, :Vl(ljlcgl is ellgslcl)tciefz:telg \fvith
ject may be easy, probing chirality wi oth pre- o o e charge current excited by a light field in a
cision and speed is challenging in the microscopic three'dlmensu)nal molecule (7). Such a trajectory is local because

world (7). Chemical methods such as chromatog-
raphy can precisely detect and separate enantio-

chiral trajectory...

its chirality is expressed in time and not in space.
A pump-probe method excites a molecule with a

mers. However, speed is inherently limited because
separation at practical scales occurs on timescales
of tens of seconds. By contrast, optical techniques exploit attosecond
(10718 s)-to-picosecond (102 s) light-matter interactions, potentially
enabling rapid chirality analysis. Traditional optical methods, such as
absorption circular dichroism, use circularly polarized light—in which
the electric field vector rotates in a circle while the light propagates
through space, tracing a helical path (see the figure)—to identify the
handedness of a molecule. However, when the wavelength of light far
surpasses the size of a molecule, the electric field that surrounds the
molecule becomes effectively homogeneous in space, losing its helical
shape. Consequently, the fraction of signal arising from chirality rela-
tive to the total signal decreases substantially. Thus, resolving chiral
molecular biomarkers, which can be thousands of times smaller than
the wavelength of visible light, using traditional optical methods is
very challenging (1).

Next-generation optical methods use local interactions between
a molecule and light to determine chirality (2). These new methods
are several orders of magnitude more effcient than traditional optical
methods (3). Among these approaches, photoelectron circular dichro-
ism (3) differentiates chirality by analyzing the asymmetric distribu-
tion of electrons that are ejected from a randomly oriented molecule
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light beam, then probes its nonequilibrium chiral
dynamics (electronic, vibrational, or rotational)
by applying a subsequent light beam. This technique can discrim-
inate the chirality of a molecule through time-resolved measure-
ments of the directional changes of the charge current associated
with nonequilibrium dynamics excited by circularly polarized light
(7). The ability to discern the chirality of molecular structure in this
manner is due to opposite temporal chirality of charge currents in
opposite enantiomers.

The concept of temporal chirality is applicable to any vector, such
as the electric field vector of light, as long as its trajectory is three-
dimensional and handed (2). Combining multiple light beams of
different wavelengths propagating at an angle to each other (tight fo-
cusing or noncollinear light) makes light locally chiral at every point
in space (8). The shape of such a three-dimensional chiral trajectory
can be adjusted by controlling the relative delays between oscillations
of electric fields of light at different wavelengths. Locally chiral light
can distinguish molecular chirality by matching the handedness of
temporal trajectories of locally chiral light and locally chiral charge
currents induced in the molecule. When they compare favorably, new
frequencies of light are emitted by the molecule. By contrast, the
emission is suppressed when the trajectories do not match.
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Probing chirality Circularly polarized light
. . Direction of
with |Ight propagation z

Optical techniques exploit
the interaction between

light waves and a molecule Enantiomer

; : with unknown
to determine an enantiomer, chirality
which is a left-handed or
right-handed version of Electric field
the same molecule. Locally vector draws

chiral light may improve the
speed and precision of
chiral measurements
compared with traditional
methods that use circularly
polarized light.

ahelixin space

Resolving temporal chiral trajectories of light polarization or
charge currents involves nonlinear processes. The lowest-order
nonlinear process is sum frequency generation, in which two pho-
tons of different frequencies combine to generate a third photon
with a frequency equal to the sum of the two. Locally chiral light
induces interference of conventional nonlinear optical response
with a sum-frequency emission that is specific to a chiral molecule
(2). This interference can make one enantiomer dark and the other
bright. Using this scheme at free-electron lasers could allow local-
ized excitation of electrons in chiral molecules, enabling efficient
detection of molecular handedness at specific atomic sites.

Interactions between matter and locally chiral light bring oppor-
tunities for separating enantiomers by optical forces (9) and enan-
tiosensitive population transfer in rotational (10), vibrational (I1),
or electronic states of a molecule. Efficient control over excitations
in various degrees of freedom could allow the observation of exotic
phenomena such as parity violation energy splitting, a tiny energy
difference between enantiomers arising from weak nuclear forces
that violate mirror symmetry (12). It can also reduce molecular
motion of chiral molecules (cooling) to isolate and study specific
quantum states of enantiomers. Furthermore, locally chiral light
can imprint chirality on achiral matter by creating chiral superposi-
tions (a quantum state combining two components with a defined
phase relation) of highly excited states of atoms (2). Such atoms can
be used for studying many-body chiral interactions or act as a chiral
sensor of its environment at varying distances. These distances are
controlled by the principal quantum number of the chiral superpo-
sition, which is excited by the locally chiral field.

An unusual opportunity for chiral discrimination may arise at
the interface of chirality and topology. The time-dependent chi-
ral trajectory of charge currents in a molecule depends on the
relative orientations of the molecule to the polarization plane of
the light that drives these currents. Different molecular orien-
tations give rise to various temporal chiral shapes that contrib-
ute to the chiral signal. A collection of several temporal chiral
shapes gives rise to an object with a specific topology within the
abstract space of molecular orientations. Topology encompasses
geometric properties that remain unchanged through continu-
ous shape deformations. Such robust properties can often be ex-
pressed as a single number called a topological invariant. If an
enantio-sensitive observable, such as a change in molecular excita-
tions, is proportional to the topological invariant, it also becomes ro-
bust. For example, external factors such as the fluctuation of a laser,
variation in detector response, dilution of samples, and small fluc-
tuations in enantiomeric excess would not affect the measurement.
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Locally chiral light

Time (one optical cycle)

Enantiomer with
unknown chirality

Wave vector 1

Temporal chirality
Within each optical cycle,
an electric field vector of
light draws a locally chiral
trajectory that is associated
with a single point in
three-dimensional space.

Electric field
vector

Wave vector 2

Identifying geometric quantities that characterize the manifold
(collection) of chiral temporal shapes, such as curvature, in the elec-
tronic and optical response of gas-phase molecules is one way to link
topology and local chirality. This yields new curvature-driven observ-
ables such as enantio-sensitive molecular orientation (Z3). Another
option for exploring the interface between topology and chirality in
gas-phase molecules (14) is to combine locally chiral light with so-
called vortex beams (light beams shaped like a tornado with a dark
spot in the middle) or by modulating frequencies of locally chiral
light (15). These could enable topologically robust detection of small
fluctuating values of enantiomeric excess (14) and enantio-sensitive
quantized rates of frequency conversion (15), respectively.

Chirality emerges as a key aspect in new technologies developing in
fields as diverse as nanotechnology and material and life sciences. Be-
yond sensing chirality, the nonlinear interaction between locally chiral
light and matter could allow for imprinting and manipulating proper-
ties (such as electron and spin transport) of handed molecules and
materials. This could open a pathway to chiral information process-
ing that is faster than conventional spintronic devices and operates at
ambient conditions. However, careful examination of the underlying
physics is needed by combining experiments and theoretical models. [
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Polyglycine proteins leave transfer RNAs unglued

Disruption of transfer RNA processing may unite the pathogenesis of CGG repeat expansion disorders

Mridu Kapur2 and Susan L. Ackerman'2

icrosatellites or short tandem repeats (STRs) account

for about 3% of the human genome. These segments of

DNA sequence (typically 1 to 6 base pairs) are repeated

multiple times in a row and are highly unstable in a

length-dependent manner because of slippage during
genome duplication. Slippage can add repeat units over cycles of cell
division, and such expansion of these repeats over a threshold size has
been linked to more than 50 genetic disorders (I). Notably, CGG/GGC
repeat expansion in different genes causes neurodegenerative diseases
with overlapping clinical and histopathological features, suggesting
that these disorders have a common pathophysiology (2). However, a
shared molecular pathway has remained elusive (3-5). On page 253 of
this issue, Yang et al. (6) report that disruption of transfer RNA (tRNA)
processing by polyglycine proteins produced from CGG/GGC repeats
unites these diseases.

One of the best-characterized repeat expansions is in the 5 ' -untrans-
lated region (UTR) of the gene encoding fragile X messenger ribonu-
cleoprotein 1 (FMRI). Expansion of FMRI CGG repeats beyond 200
copies prevents transcription of the gene, causing fragile X syndrome.
This is a neurodevelopmental disorder characterized by intellectual
disabilities and autistic-like behaviors. Expansion between 55 and 200
repeats does not silence FMRI transcription but increases risk for frag-
ile X-associated tremor/ataxia syndrome (FXTAS), a neurodegenerative
disease characterized by gait ataxia, parkinsonism (tremors, muscle
stiffness), and protein aggregates in cell nuclei (nuclear inclusions) (4).
The FXTAS-associated FMRI CGG repeats are translated from a nonca-
nonical start codon to produce a polyglycine protein flanked by locus-
specific amino acids (4, 7). Similarly, neuronal intranuclear inclusion
disease (NIID), which is clinically indistinguishable from FXTAS, is
caused by expansion to more than 60 GGC repeats in the 5’ -UTR of the
gene encoding Notch 2 N-terminal like C (NOTCH2NLC). These repeats
are translated from an upstream start codon to generate a toxic poly-
glycine-containing protein (5). Although the translation of repeats into
polyglycine underlies pathogenesis, the relative contribution of polygly-
cine versus flanking amino acid sequences and the exact mechanism of
toxicity are controversial (2-5, 7).

To separate the effects of the polyglycine repeats from the endog-
enous genomic context, Yang et al. expressed either a benign or patho-
genic number of GGC repeats fused to green fluorescent protein in a
human cell line. Consistent with previous studies, the authors observed
repeat number-dependent formation of insoluble polyglycine protein
aggregates. Mass spectrometry revealed that the aggregates also incor-
porated other proteins with glycine-rich domains, including family with
sequence similarity 98 member B (FAM98B).

FAMO8B is a member of the five-subunit tRNA ligase complex (tRNA-
LC). tRNAs are small noncoding RNAs that are essential for protein
synthesis. A subset of tRNA-encoding genes contains an intron, a short
sequence that must be removed from precursor RNAs to generate func-
tional tRNAs. tRNA introns are excised by the tRNA splicing endonucle-
ase (TSEN) complex and the cleavage factor polyribonucleotide kinase
subunit 1 (CLP1). The resulting tRNA halves (exons) are then ligated by
the tRNA-LC to generate mature tRNAs (8). Yang et al. found that the
recruitment of FAM98B to polyglycine aggregates results in sequestra-
tion of the other four components of the tRNA-LC as well. This caused
a depletion of the tRNA-LC from the soluble proteins in the cell and
thus likely reduced the amounts of functional tRNA-LC. Indeed, ex-
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pression of pathogenic polyglycine repeats led to an accumulation of
unligated exons of intron-containing tRNA genes. To address whether
these defects in tRNA splicing were relevant to human CGG/GGC repeat
expansion disorders, the authors investigated patient tissues. tRNA-LC
subunits were present in nuclear inclusions in both FXTAS and NIID
patients. They also identified a substantial increase in tRNA halves
from intron-containing tRNAs in FXTAS patients. In mice, depletion
of Fam98B impaired motor coordination and caused reactive gliosis.
Studies that investigate whether prevention of FAM98B recruitment to
aggregates can rescue polyglycine disease in animal models should help
to confirm the role of the tRNA-LC in pathogenesis.

How depletion of the tRNA-LC leads to cellular dysfunction is un-
clear. Mutations in the TSEN complex and CLP1 cause pontocerebel-
lar hypoplasia, a neurodegenerative disorder that shares characteristics
with FXTAS and NIID, supporting the conclusion that disruption of
tRNA splicing is involved in the pathogenesis induced by polyglycine
protein aggregates (8). However, the identity and toxicity of tRNA inter-
mediates generated by impaired splicing remain controversial (9, 10).
Further, although changes in the amount of mature tRNA have been
associated with disease, the studies that identified these links have in-
volved either complete loss of multiple tRNA-encoding genes, or addi-
tional mutations in genetically interacting genes (11, 12). Although Yang
et al. observed that polyglycine expression or Fam98B depletion causes
substantial accumulation of tRNA fragments, only subtle changes were
observed in the amount of the corresponding mature tRNAs, suggesting
an alternative mechanism to produce mature tRNAs. Indeed, a recent
study determined that RNA 5'-phosphate and 3'-OH ligase 1 (RLIG1)
can function as a tRNA ligase, which could enable completion of tRNA
splicing when the tRNA-LC is depleted or compromised (13).

Yang et al. provide compelling evidence that disruption of the tRNA-
LC may play a critical role in polyglycine-associated neurodegenerative
diseases. Previous studies have identified thousands of polymorphic
CGG repeats in the human genome, many of which are associated with
genes involved in neurodevelopment, suggesting that this pathology
may play an even broader role in neurological disease (14, 15). [
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Disorder meets its match

Designed protein pockets recognize intrinsically disordered protein regions

Alan M. Moses!2 and Julie D. Forman-Kay34

ost proteins encoded in the human genome work in
groups to carry out specific functions (7). For exam-
ple, mitochondrial complex I, which is responsible for
the cell’s energy production, has a defined number of
subunits that are largely bound by stable interactions
(2). By contrast, certain tasks such as cellular information process-
ing (or “signaling”) require dynamic interactions. Proteins bind to
each other only briefly to transmit information, then separate. Such
transient complexes often include proteins bearing intrinsically dis-
ordered regions that do not adopt a stable folded structure. This
structural variability makes targeting disordered regions challeng-
ing. On page 252 of this issue, Wu et al. (3) report a powerful tool
to design small, folded protein domains that interact tightly with
intrinsically disordered protein regions. This enables an efficient
means for generating direct binders of disordered regions of pro-

Customized binding pockets

Existing computational methods tailor a peptide or a small molecule that targets a folded binding pocket
of a protein. Designing a binding pocket that can fit the target disordered region sequence provides a
general solution to recognition of intrinsically disordered proteins, which lack folded domains.

A peptide or small molecule designed
to target a folded domain
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A binding pocket designed to target
an intrinsically disordered region
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tein called growth factor receptor-bound protein 2 was produced
using a deep learning approach (7). However, previous strategies
mainly focused on targeting binding pockets within folded domains
by optimizing physicochemical interactions with small proteins,
peptides, or small molecules (7-9). Because intrinsically disordered
regions lack folded binding pockets, it is generally impossible to
use existing structure-based machine learning design methods for
disordered targets.

Instead of finding a binder to a specific structure (7), Wu et al.
created a folded binding pocket that can fit the peptide sequence
of the target disordered region (see the figure). These designed
peptide recognition domains can bind to certain arbitrary peptide
sequences with nanomolar affinity. The authors generated tem-
plate libraries of pockets that form intermolecular interactions
with target peptide backbones (without side-chain groups). Opti-
mal matches of binder pockets to a specific peptide
sequence of an intrinsically disordered region, in-
cluding amino acid side chains, were identified by
searching the template library. Candidate binder
pocket matches were further refined by testing var-
ious combinations of the target and the matched
binders. Wu et al. also demonstrated specificity of
designed binder domains by using binding assays
and in cells. Colocalization of a fluorescent protein
that is fused to the binders with their targets indi-
cated that the produced binder domains function
in cells.

The approach of Wu et al. does not rely on in-
ducing a folded state of the disordered target by
the binder pocket. In addition, the demonstrated
high-affinity interactions between binders and tar-

P

T .
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gets are beyond what is observed in nature. These
were clearly demonstrated by the designed binder
for the intrinsically disordered neuropeptide dyn-
orphin A, which plays an important role in pain
perception. Structural characterization of the
binder-target complex confirmed that the bound
intrinsically disordered segment is in an extended

teins that are involved in Key biological functions and diseases.
Intrinsically disordered regions make up approximately one-
third of the amino acids in the human proteome—the entire set of
proteins encoded by all human genes (4). These exist as ensembles
of rapidly interconverting states instead of more static tertiary,
folded structures. Multiple interacting elements of a disordered
region can underlie dynamic complexes, such as short motifs that
are recognized by peptide-recognition domains, which regulate
protein-protein interactions by binding to short peptide sequences.
For example, the Src homology 2 protein domain recognizes phos-
phorylated tyrosine-containing peptide motifs, as part of regulating
cellular processes (5). The proteome allows for millions of potential
similar interactions (6) that are responsible for dynamic functions.
Computational methods have previously been applied to design
interactions of peptide-recognition domains. For example, a tight
binder for the folded Src homology 3 domain of a signaling pro-
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conformation and does not adopt secondary or ter-

tiary structure to gain high affinity. The observed
structural features were different from the known complexes of
dynorphin A bound to its native binding proteins. The designed
binders displayed much stronger affinity to the target than the na-
tive complexes of dynorphin A. This implies that highly favorable
interactions can be made with many residues along an extended
peptide chain.

Given the increasing recognition of intrinsically disordered pro-
teins in disease states, molecules that bind to and modulate the
activity of these proteins could have great therapeutic potential.
However, only a few small molecules with nanomolar affinity to dis-
ordered regions have been identified, such as ralaniten, which binds
to the disordered N-terminal region of the androgen receptor (10).
Thus, the designed binder pockets could represent new classes of
medicines. In particular, intrinsically disordered regions are criti-
cal for biomolecular condensates (dynamic compartments without
bounding lipid membranes), which regulate cellular processes in

235



PERSPECTIVES

both normal and disease states (1I). Therapeutics to mod-
ulate such condensates are under development (72), and
the custom-tailored peptide recognition domains could
be an important component. These binders could also be
used as antibody-like drugs to compete with or replace
specific binding of endogenous proteins in disease states.
In addition, such binders could also be valuable as re-
search reagents—for example, to investigate biophysics
and functions of disordered protein regions.

Perhaps one of the most intriguing applications for
designed peptide recognition domains could arise when
they are combined with synthetic disordered regions (13).
The number of possible disordered protein sequences is
astronomical but relatively easy to explore computation-
ally (14). The approach of Wu et al. could be used to engi-
neer interactions between synthetic disordered proteins
and customized peptide recognition domains that are
orthogonal to any endogenous interactions. These “fully
customized” protein interaction networks could help
build dynamic assemblies within a cell—for example, new
condensates or readouts of natural signaling activity. This
can facilitate a wide range of experimental and transla-
tional applications that were not previously accessible. [J
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RORIng for oral tolerance

An antigen-presenting cell subtype tames the immune
response to food antigens in early life

Cecilia Johansson

hroughout life, everyone is exposed to foreign antigens
that enter the body through the skin, lungs, and gut. In
particular, early life sees the ingestion of many new types
of food and encounters with microbes that colonize mu-
cosal tissues. How immune systems learn to “tolerate”
foreign antigens, yet remain quickly responsive to other threats
such as pathogenic viruses and bacteria, remains an unsolved prob-
lem in immunology. On page 268 of this issue, Cabric et al. (1) de-
scribe a key piece of the puzzle. The authors identify a subtype of
antigen-presenting cells (APCs) in the mesenteric lymph nodes in

mice that help train regulatory T cells (T, cells) to suppress inflam-
matory responses to food antigens in the period around weaning.
The identification of this APC subtype potentially opens the door
to the development of therapies for food-associated allergies and
inflammatory diseases.

Oral tolerance of ingested, nonharmful foreign antigens is key
to avoiding overreactive immune responses that result in intesti-
nal inflammation, food allergies, or celiac disease (an intestinal
autoimmune response to dietary gluten) (2). T, cells are impor-

tant mediators of oral tolerance. They

R differentiate from naive T cells (those

The ﬁnd]ngs .oe that express CD4) that are specific for

food and commensal antigens in the

Challenge the lymph nodes that drain the gut. These

antigen-specific Tyg cells then migrate

dogma that back to the gut where they prevent

dendritic other immune cells from launching

destructive responses to those anti-

Cells...al'e key gens. How naive CD4* T cells are in-

f o structed to become food-specific Treg

or promptlng cells has long been unclear, although

Ol'al tOleraIlce. rec'ent studie§ (3-7) are beginning to
point to candidate APCs.

Intestinal APCs that induce the

differentiation of Ty cells and toler-

ance to microbial constituents of the gut were recently discovered

(2). Their hallmark is the expression of an isoform of the retinoic

acid receptor-related orphan receptor gamma transcription factor

(RORyt), which is important for the differentiation and function

of multiple immune cell types (8). In the context of oral tolerance,

these APCs have been identified using diverse criteria and given dif-

ferent names, including RORyt* APCs (6), RORyt* dendritic cells (4,

9), extrathymic AIRE-expressing cells (7), and tolerizing dendritic

cells that express PR domain containing 16 (5). Although most of

these studies have focused on laboratory mice, seemingly equivalent

APCs can be found in human gut-draining lymph nodes (5, 10, 1I).

However, the degree to which various APC types identified in mice

and humans overlap remains to be determined, as does agreement

on their nomenclature.

Referring to them as Thetis cells (TCs), Cabric et al. provide a
comprehensive analysis of RORyt* APCs in mice, implicating some
of them in the differentiation not only of commensal-specific Tieg
cells but also those that recognize food antigens. There are several
types of TCs, and the authors show that the RORyt* TC IV subset,
which is exclusively found in the gut and gut-draining lymph nodes,
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Serving up food antigens

Food antigens sampled by cells in the small intestine are taken up by RORyt* Thetis cell subtype IV
(TCIV). These cells present the antigens, on MHC-II, to naive CD4* T cells in mesenteric lymph
nodes. Actived TGF-f then drives their differentiation into T cells. These cells migrate back to the
intestine and suppress immune responses to food antigens, limiting inflammation and food allergies.

Food antigen—© ° ©

Small
O
intestine
epithelium

integrin «avp8, which is key for converting latent
transforming growth factor-f (TGF-B) into its active
form. By using bone marrow chimeric mice (bone
marrow has been replaced with that from a different
mouse), the authors found that both antigen presen-
tation and conversion of latent TGF-f are needed for
RORyt* cells to stimulate Tyeg cell development in
the mesenteric lymph nodes (see the figure). It is
unclear whether additional features of TC IV con-
tribute to triggering T..; cell production.

The findings of Cabric et al. challenge the dogma
that dendritic cells, the main APCs involved in in-
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MHC-II, major histocompatibility complex class Il; RORyt, retinoic acid receptor-related orphan receptor gamma transcription factor;

TCR, T cell receptor; TGF-B, transforming growth factor—@; Treg cell, regulatory T cell.

is critical for the development of food-specific Tyeg cells. They found
that the subtype TC IV express integrin alpha V beta 8 heterodimer
protein (avp8), major histocompatibility complex class II (MHC-
II), retinaldehyde dehydrogenase 2, and interferon regulatory fac-
tor 8 (1I). The authors also observed that TC IV readily take up the
antigen ovalbumin delivered to mice by oral gavage. By following
OVA-specific CD4" T cells that were infused into ovalbumin-gavaged
animals, Cabric et al. noted that conversion into T, cells in mesen-
teric lymph nodes was absent when RORyt* cells were deficient in
MHC-II. This resulted in intestinal inflammation when mice were
given a second exposure to ovalbumin. This response was attributed
to uncontrolled T helper cell responses to the antigen, including
the release of cytokines that activate other immune cells to combat
threats. Furthermore, mice tolerized to ovalbumin by oral gavage
were also protected from developing lung inflammation upon sub-
sequent intranasal administration of the antigen.

Notably, Cabric et al. found that the number of TC IV in mice was
greatest during the periweaning phase, when the immune system dis-
plays a higher threshold for immune activation (72). This constitutes
a window of opportunity (Z3) for inducing oral tolerance to reducing
food allergies. One explanation may be that TC IV can also attenuate
responses to intestinal pathogens. As such, their decline in number
after early life may represent a strategy to bolster protection to infec-
tion later in life while meeting the need to develop tolerance to food
and commensals during the important postnatal period.

How do these TC IV instruct naive CD4* T cells to preferentially
differentiate into T cells? Cabric et al. show that TC IV express
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responses against
food antigens
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struction of most CD4* T cell responses, are key for
prompting oral tolerance. The authors report that
dendritic cells are dispensable for stimulating the
development of T, cells specific to oral antigens yet
seem to have a role in sustaining early antigen-expe-
rienced CD4" T cells that are differentiating toward
the Ty cell fate under instruction from TC IV.

Future studies will be needed to assess how long
food-specific T cells and tolerogenic responses
are maintained and whether established tolerance
can be broken. Furthermore, it will be interesting
to determine how and where TC IV access antigens
and how their responses might differ between ex-
posure to small amounts of food antigens that are
ingested frequently and exposure to a few high-
doses of antigen (as with experimental ovalbumin).
It will also be fascinating to explore how food-spe-
cific Treg cells could be generated when there are
already primed inflammatory T helper cells specific
for the same antigens or in scenarios in which ex-
posure to new food antigens occurs concomitantly
with infection or antibiotic treatment. It is pos-
sible that in this situation, a balance of APCs that
induce T,eg cell production versus APCs that prime
proinflammatory T helper cells determines whether
tolerance is maintained or broken (3). It will be im-
portant to explore whether T,e cell-promoting APCs in the gut
function in humans as they do in mice and whethers oral tolerance
can be leveraged clinically to ameliorate autoimmunity, transplant
rejection, and neuroinflammation. [J

Mesenteric
lymph node
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CLIMATE CHANGE

The pursuit of 1.5°C endures
as a legal and ethical
imperative in a changing world

As the world nears 1.5°C of global warming, near-term emissions reductions
and adequate adaptation become ever more important
to ensure a safe and livable planet for present and future generations

Joeri Rogelj*23 and Lavanya Rajamani*®

ince the 2015 adoption of the Paris Agreement (PA; see table

S1), the planet has all but reached 1.5°C of global warming—a

limit included under the PA to protect vulnerable populations

from the most severe impacts of climate change. With global

warming approaching 1.5°C, some scientists have argued that
recognizing the precise year when 1.5°C is reached is of utmost ur-
gency (I). Their reasoning is that reaching 1.5°C of global warming will
trigger questions on what needs to be done to meet the PA’s goal. We
explain that although approaching 1.5°C is deeply worrying, a robust re-
sponse requires no such precision. Legal and policy implications do not
abruptly emerge but gradually strengthen in importance before, at, and
after crossing 1.5°C (see the figure). The pursuit of efforts to limit warm-
ing to 1.5°C is, and remains, a critical part of the PA, directing efforts in
mitigation, adaptation, and broader climate governance.

Our planet’s climate is in a dire state, and 2024 was the hottest year
on record, with global average temperatures 1.6°C higher than during
the preindustrial period (2). This 1.6°C figure consists of the under-
lying long-term global warming trend, which stood at 1.3° to 1.4°C
in 2024 (3), combined with short-term natural variability that can
make individual years slightly warmer or cooler than the long-term
average. The PA’s global warming limit of 1.5°C refers to this underly-
ing long-term trend (4). At present, global warming is increasing by
around 0.26°C per decade (3), and climate policies slow down but do
not yet curb this trend. Policies presently on the books suggest cen-
tral estimates of about 2°C of warming by 2050 and almost 3°C by the
end of the century (5). Even the most optimistic projections, assum-
ing all announced greenhouse gas (GHG) emissions reduction targets
are diligently implemented, see median warming estimates peaking
at 1.7°C with a 1-in-10 chance of exceeding 2.3°C (5).

These projections are not definitive. Countries can submit more
ambitious pledges to the PA, called nationally determined contribu-
tions (NDCs), over the course of this year or overachieve pledges al-
ready made. However, recent geopolitical developments—including
President Trump’s executive orders that withdraw the US from the
PA, roll back low-carbon policies, set up trade barriers, support fossil
fuels, and undercut governance and research—add to, rather than re-
duce, uncertainties around this projection and increase the estimates
of the lowest levels of global warming that can be avoided.

Fundamentally, the chances of keeping warming to 1.5°C are small.
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Global warming might already be at 1.5°C today (3), and our central
estimate is that it will exceed 1.5°C over the next decade, with am-
bitious near-term emission reductions instrumental in limiting the
estimated likelihood and magnitude of overshoot but unable to cat-
egorically avoid it. This sobering realization begs the question of how
the scientific, policy, and legal communities can respond to the world’s
failure to keep global warming to levels that limit climate risks within
acceptable bounds. We argue that most of the consequences are already
applicable today, in a world approaching 1.5°C of global warming.

ENDURING TEMPERATURE GOAL

The 1.5°C warming limit is key in international climate law and
policy, and its underpinning rationale does not change when 1.5°C of
warming is reached. The 1992 United Nations Framework Convention
on Climate Change (UNFCCC; see table S1) identified the objective
of the climate regime as “stabilization of GHG concentrations in the
atmosphere at a level that would prevent dangerous anthropogenic
interference with the climate system” (UNFCCC, article 2). The un-
derstanding of what was considered dangerous, left undetermined
at the time, was concretized in the PA (see table S2). In response to
scientific advances and increasing political will, the level was set as
one that would hold global warming to “well below 2°C” while pursu-
ing efforts toward limiting it to 1.5°C. Parties to the PA chose this level
because they recognized that “this would significantly reduce the risks
and impacts of climate change” [PA, article 2.1(a)]. As more compelling
evidence emerged of the discernible differences in risks and impacts
between 2° and 1.5°C (6) and scientific assessments showed that high
climate risks can already be expected at lower levels of warming (7), the
emphasis in the PA goal shifted to 1.5°C (see table S3).

Although the emphasis, rightly, in response to the science, is on
1.5°C, the PA temperature goal covers a range from “well below
2°C” to 1.5°C (8). Article 2 does not exclude temporary exceedance
of 1.5°C. Meanwhile, the PA’s aim to reach net-zero GHG emissions
in the second half of the century (PA, article 4.1) implies that warm-
ing should peak well before the end of the century but does not pro-
vide a precise timing. Exceeding 1.5°C therefore does not render the
goal irrelevant.

The nature of the precise goal that is being frustrated matters.
Frustration of a goal might render that goal irrelevant in a context
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where the goal is no longer achievable, for instance, if the goal is
to protect a species but the species becomes extinct. This is not the
case, however, where the goal remains within reach, albeit through
a different path, as in the case of the goal to limit global warming
to 1.5°C. Indeed, exceedance of 1.5°C, rather than rendering the goal
irrelevant, is a wake-up call alerting Parties to redouble their efforts
to bring emissions down and thereby halt or even reverse the in-
crease in global warming. The anchoring of the temperature goal,
from the UNFCCC to the PA, to the levels of unacceptable risks and
impacts of climate change is a testament to its enduring salience.
Just as climate risks and impacts increase as temperatures rise, so,
too, does the salience of pursuing efforts to return warming to 1.5°C.

CONTINUING OPERATIONAL RELEVANCE
Moreover, the PA’s temperature goal has continuing operational
relevance, whether its limits are breached or not. The tempera-
ture goal informs requirements relating to the setting, tracking,
and strengthening of Parties’ NDCs (PA, articles 3, 4, and 14, all of
which remain in place and indeed assume greater importance as
global warming approaches, reaches, and exceeds 1.5°C. The tem-
perature goal, and, in particular, the consensus on 1.5°C, has been
underscored in numerous judicial decisions in national courts (e.g.,
in the Belgian Klimaatzaak) and has been relied on by States before
the International Court of Justice in relation to its Advisory Opinion
on Climate Change (see table S1). The driving force of the PA’s tem-
perature goal, especially as 1.5°C is exceeded, tightens expectations
of States and underscores the urgency of a commensurate response.
The PA’s temperature goal also informs the standard of due dili-
gence expected of States in relation to climate harm. The customary

Legal and climate policy implications of
approaching 1.5°C of global warming

Implications and expectations do not suddenly emerge when 1.5°C is reached. They are
already fully applicable well before warming reaches 1.5°C and gradually strengthen in
importance before, at, and after crossing 1.5°C, not hampered by imprecision around the

exact timing of when 1.5°C would be reached.

Importance of legal and policy implications: — -@-@-> Increasing
Temperature scenarios
LONG-TERM TEMPERATURE GOAL o o
<15°C 1.5°C

Hold global warming well below 2°C while
pursuing efforts to limit it to 1.5°C (PA, Art. 2.1)

MITIGATION
Urgency of a commensurate response

Due diligence expectations for States
to take actions to limit harm

Achieve global net-zero GHG emissions, leading to
gradual reversal of global warming (PA, Art. 4.1)

Pledges (NDCs) must represent a State’s highest
possible ambition and be equitable (PA, Art. 4.3)

ADAPTATION

Risk management should focus on adapting
to global warming that cannot yet be excluded
Financial needs for adaptation

LOSS & DAMAGE
Financial needs for Loss & Damage

PA, Paris Agreement; Art., Article; GHG, greenhouse gas; NDCs, Nationally Determined Contributions
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principle of harm prevention reflected in the Rio Declaration on En-
vironment and Development (principle 2; see table S1) generates a
stringent standard of due diligence for States in relation to climate
harm. This standard of due diligence is informed by, among other
things, the temperature goal and the nature and extent of harms
that would occur in the absence of due diligence (9). Every 0.1°C in-
crease in peak temperature increases loss and damage (6, 7) as well
as the risk of key tipping points being triggered in the Greenland
and West Antarctic Ice Sheets, Atlantic Meridional Overturning Cir-
culation, and Amazon rainforest (10). Overshoot pathways for 1.5°C
have a markedly higher risk of triggering these tipping points, as
compared with scenarios in which warming remains below 1.5°C
(I1). The extent by which 1.5°C is exceeded therefore increases cli-
mate harm substantially (6, 7, 12) and presents evidence that States
have not exercised the due diligence required of them. Due dili-
gence would then require States to take actions to limit the mag-
nitude and length of overshoot, in order to limit harm and avoid
triggering even more catastrophic impacts.

SHIFTING MITIGATION PERSPECTIVES

Exceeding 1.5°C strengthens rather than weakens States’ obligations
to develop and communicate NDCs that reflect their highest possible
ambition (PA, article 4.3). These expectations do not suddenly emerge
when 1.5°C is reached (see the figure). They apply at any point be-
fore, at, or after 1.5°C and are therefore not hampered by imprecision
around the exact timing of when 1.5°C would be reached.

Note that even in a world that has exceeded 1.5°C of global warm-
ing, States can continue to pursue 1.5°C-aligned pathways. Though
this may seem counterintuitive, such pathways would reflect each
State’s equitable contribution to limiting warming to 1.5°C
from a year-2015 perspective, the year the PA was adopted.

Meanwhile, reaching and exceeding 1.5°C makes clear
that some States have failed to do their fair share. Their
disproportionate consumption of the global carbon budget
in line with 1.5°C needs to be addressed through continued
action to lower emissions, both domestically and by sup-
porting others, and through plans to reach net negative
emissions that reverse the excess (13). Also, this represents
a gradual shift of society’s long-term focus: from reaching
global net-zero GHG emissions as already indicated un-
der the PA to achieving and managing a sustainable net-
negative emissions economy to limit overshoot of 1.5°C as
much as possible in both magnitude and duration (12). In
the near-term, however, mitigation expectations before, at,
or after crossing 1.5°C remain the same. They need to repre-
sent a country’s highest possible ambition.

Exceeding 1.5°C of global warming also has implications
for developing States that have not yet exhausted their eq-
uitable share of the global carbon budget. Beyond 1.5°C,
scientific evidence shows (and governments have acknowl-
edged) that additional GHG emissions will expose poor and
vulnerable populations, particularly in developing coun-
tries, to potentially existentially dangerous harm (6, 7). This
reality creates a tension between these States’ claims to emit
an equitable share of the GHGs within a global PA-aligned
carbon budget—their equitable access to atmospheric
space—and their obligations to take all feasible measures
to mitigate and adapt to climate change in order to protect
their citizens from breaches of a range of human rights.

>1.5°C

MOUNTING ADAPTATION RISKS

Risk management dictates that adaptation plans should fo-
cus on levels of warming that cannot yet be excluded rather
than the temperature limits that the world aspires to
avoid. The realization that 1.5°C is crossed reemphasizes
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An activist highlights the 1.5°C goal during a demonstration in Berlin in October 2021.

but doesn’t change this position. As indicated above, present policy
estimates point to warming close to 2°C by mid-century and 3°C by
the end of it (5). Children alive today risk experiencing global warm-
ing crossing 4°C over the course of their lifetime (5). These daunt-
ing levels of climate change should remain at the front and center
of adaptation and resilience efforts as long as global GHG emis-
sions are not curbed. Even if an overshoot of 1.5°C can be limited
in extent and magnitude, the possibility of warming being reversed
toward the end of the century provides no respite for adaptation
planners (12). Although integral to achieving the mitigation aim of
the PA, reversal of global warming depends first on achieving net-
zero carbon dioxide (CO,) emissions and sustained aggregate CO,
removal thereafter—a formidable challenge at present and one that
will require appropriate legal and governance frameworks to be put
in place.

INCREASING CLIMATE COSTS

As we exceed 1.5°C of global warming, climate risks and impacts es-
calate. Adaptation needs will become more pressing, and financial
needs to compensate for climate-related loss and damage will in-
crease. One study estimates the global costs of extreme weather at-
tributable to climate change in the past 20 years at US$143 billion
per year (14). Although costs of Loss and Damage are estimated in
the hundreds of billions of US dollars, the United Nations Fund for
responding to Loss and Damage has thus far attracted pledges that
are about three orders of magnitude smaller (see table S1).
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ENDURING SALIENCE

The prospect of global warming reaching 1.5°C is deeply concerning
and demands sustained attention and decisive action. Approach-
ing, reaching, and surpassing 1.5°C will have profound implications,
disproportionally affecting the poor and vulnerable. In response,
global climate governance needs to veer toward better and tighter
mechanisms of accountability to achieve near-term emissions re-
ductions and a commensurate focus on adaptation, loss and dam-
age, and support.

Critical observers might question whether the goals under the PA
matter in a context where the world’s largest economy has decided
to leave the agreement. We argue that it does and will continue to
do so. First, analysis suggests that despite its shortcomings, the PA
has contributed to raising ambition and lowering GHG emissions.
A review of the first 5 years of the PA’s operation found that it is ef-
fective in the production of shared norms that raise ambition (15).
For example, before the PA, estimates put the world on track for a
4°C temperature rise over the course of this century. Presently, this
estimate stands about 1°C lower as a result of climate policies that
have been adopted since (5). Second, the PA is located in a wider
multilateral rules-based environment that has evolved over centu-
ries and can withstand and adapt to, as it has in the past, temporary
geopolitical shifts and shocks. Finally, the inescapable nature of the
consequences of climate change and the need for a globally effective
response to this challenge mean that a collective solution must be
found. The framework offered by the PA provides the only globally
inclusive forum at present.

Despite the challenges posed by today’s geopolitical landscape,
the PA’s goal to pursue efforts to limit global warming to 1.5°C there-
fore endures as the legal and ethical imperative to secure a safe and
livable planet for present and future generations. [
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LETTERS

Edited by Jennifer Sills

US disregards scientific consensus on race

The Trump administration’s executive order 14253 of 27 March 2025
aims to prevent “replacing objective facts with a distorted narrative
driven by ideology rather than truth” and criticizes an art exhibit
that defines race as a social construct rather than a biological reality
(I). This understanding of race, which the Trump administration
considers a “divisive, race-centered ideology” (1), is supported by
decades of research in social and biological sciences that have
resulted in the consensus that the modern human species does not
contain biological races (2—4). It is imperative that scientists pub-
licly refute the president’s false claim. It is not divisive to illustrate
examples of how scientific racism has harmed US society.

The biological definition of race has been applied to nonhuman
species of organisms on the basis of physical, geographic, genetic,
and phylogenetic similarities (5-7). However, no biological defini-
tion of race can be accurately applied to subgroups of humans,
especially not subgroups based on social definitions of race (3, 8),
which arbitrarily use physical, geographic, cultural, and linguistic
criteria. This consensus is based upon many lines of genetic and
evolutionary evidence, particularly data showing that the amount
of genetic variation that occurs within human populations is much
greater than genetic variation between populations, and that human
populations cannot be considered evolutionarily unique lineages (6,
9). Human genetic variation is continuous and cannot be unam-
biguously divided into biological races. Two recent blue-ribbon
panels initiated by the National Academy of Sciences, Medicine,
and Engineering have underscored the lack of concordance between
social definitions of race and human biological variation (10, II).

The administration’s attempts to resuscitate scientifically dis-
proven schemes serve a political agenda. Scientific racism has been
associated with US social institutions since the country’s founding
and has caused great harm to millions of Americans (12). The art-
ists, historians, scientists, and sociologists who have detailed the
dynamics of this ideology are not the ones distorting the truth. It is
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“DNA Study Revisited” by Roberto Lugo is
among the pieces on display in an art
exhibit criticized by a US executive order.

the US president, in attempting to silence these scholars by execu-
tive fiat, who is perpetrating a “divisive, race-centered ideology.”
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US should reject color-blind racial ideology
The Trump administration’s executive orders (EOs) 14281 (1), 14173
(2), and 14151 (3) suggest that diversity, equity, inclusion, and
accessibility (DEIA) initiatives give jobs and other opportunities to
unqualified women and people of color. These EOs use “color-blind”
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language and ideology (4)—unfounded claims that structural racism
no longer exists (4, 5)—to attempt to create a false narrative that
ongoing “preferential treatment” for people in protected categories
leads to favoritism that must be eliminated in the name of fairness.
To provide a clearer understanding of who benefits and suffers from
racism in the US, and how inequities can be addressed, politicians,
scientists, and the public must recognize that color-blind language
perpetuates structural racism and avoid its use (4).

Research shows that women and people of color are presumed to
be less competent, are under more scrutiny, and must possess more
impressive credentials than those of white men to attain equivalent
employment and advancement opportunities across job sectors. By
contrast, white men are often deemed competent, given the benefit
of the doubt, and judged for their potential (5-7). Whether pilots,
scientists, or engineers, people of color are underrepresented because
of exclusionary and discriminatory practices in education and the
workforce (4—8), not because they are less qualified.

EOs 14281 and 14173 appear to value fairness by citing the US
principle that all citizens should be treated equally. However, the
use of color-blind language such as “equality of opportunity” (7, 2),
“individual merit, aptitude, hard work” (2), and “meritocracy” (1)
serves to justify ongoing racial discrimination by blaming indi-
viduals for inequities of outcomes and dismissing the existence of
well-documented structural racism in sectors such as education,
health, housing, and the labor market (4, 5). Meanwhile, by direct-
ing agencies to stop applying “disparate-impact liability,” the legal
basis of much of the workforce antidiscrimination legislation, EO
14281 openly resists concrete solutions that mitigate racial injustice
(4). EO 14151 (3) also uses color-blind ideology and establishes simi-
larly counterproductive policies.

DEIA and civil rights law are not favoritism or reverse discrimi-
nation; they are a strategy to establish a just context in which a
meritocracy might be possible. The racialized systemic barriers faced
by some but not by others create uneven access and opportunities,
an injustice that the policies and practices dismantled by the EOs
attempt to address. Scientific research about and by people of color,
women, and persons with disabilities has been disproportionally
affected by grant terminations and federal agencies’ priority changes
triggered by the EOs (9), providing more evidence that antidiscrimi-
nation policies remain necessary.

Underrepresented scientists play a crucial role in research funded
by the National Science Foundation, the National Institutes of Health,
and other government agencies (9). These researchers often focus on
important issues such as health and educational disparities and offer
diverse perspectives and ideas that contribute to scientific innova-
tion and solutions to long-standing problems (10, II). If the EOs are
not overturned, these researchers and their projects—and as a result,
scientific progress and society—will suffer (10, 11).
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Combat disinformation about gender research
US executive order 14168 of 20 January 2025 terminated federal
funding for research that examines gender as a scientific and social
construct beyond the so-called “immutable biological classification as
either male or female” (I). The policy is an example of disinformation:
the spread of falsehoods with the intention to mislead (2). By mis-
characterizing rigorous, peer-reviewed gender-affirmation research as
ideological, this directive undermines scientific integrity and threatens
public health. Scientists must speak out against disinformation efforts
that delegitimize this important line of research.

Gender affirmation research is a legitimate interdisciplinary
domain of scientific inquiry. Studies explore the medical, psychologi-
cal, legal, and policy-related dimensions through which individuals
affirm their gender, and span fields including epidemiology, medicine,
psychology, biology, and economics. This body of work is grounded in
established scientific standards using rigorous methodologies, vali-
dated measures, careful analysis, and community-engaged approaches
that reduce bias (3).

This research is not fringe science. A robust and reproducible body
of evidence demonstrates that gender-affirming care is associated with
reduced suicidality, reduced psychological distress, and improved qual-
ity of life (4, 5). These findings have been replicated across populations
and settings (4, 5), meeting the gold standards of scientific credibility.

Labeling this work “ideology” reflects a fundamental epistemologi-
cal error and misunderstanding of science on gender affirmation.
Science is defined not by subject matter but by its methodology:
empirical observation, testable hypotheses, and openness to revision
in the face of new evidence. Ideology, by contrast, rests on fixed and
nonfalsifiable beliefs. Gender affirmation research engages the biology
of sex, including chromosomal and hormonal diversity, alongside the
empirically observable fact that trans and gender-diverse people exist
across history, cultures, and societies (6).

To combat this pattern of disinformation, scientists must be
unequivocal: Gender affirmation research is science. It is grounded in
the empirical, testable, and essential accumulation of knowledge aim-
ing to improve health outcomes in a diverse society where trans people
exist and matter.
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ARTIFICIAL INTELLIGENCE

Al to rewire life’s
Interactome

Structural foundation models help to elucidate
and reprogram molecular biology zhuoran Qiao

iomolecular interactions gained through evolution enable

living systems to transduce signals and energies across di-

verse spatial and temporal scales. The ability to harness

patterns from these extensive interactions will unlock vast

molecular design and therapeutic development opportu-
nities. My colleagues and I transformed this mission into comput-
able tasks by creating a “computational microscope” of the structural
interactome, by leveraging tools from artificial intelligence (AI) and
accelerated computing.

The interactions among biomolecules, such as proteins and smaller
molecules, define larger biological organizations and orchestrate the
fundamental processes of life. To identify these interactions and un-
derstand how they take place, we must develop a “microscope” to
decode the three-dimensional structures—coordinates of atoms—
that form these interactions from zoomed-in snapshots of molecular
compartments. Experimental methods to determine molecular struc-
tures, such as x-ray crystallography and cryo-electron microscopy, are
incredibly powerful but constrained by the slow pace of laboratory
research and the months of laborious work to isolate molecular snap-
shots into analyzable samples. A computational microscope would
overcome this bottleneck by directly synthesizing views of structures
from the identity of those molecules.

Al shows potential to unify biomolecular structure prediction

and design across diverse modalities

(A) Schematics of generative structure prediction for protein-ligand complexes. (B) Generative modeling enables fast sampling
from molecular conformational landscapes. (C) Structural insights revealed by NeuralPLexer predictions, as exemplified by
the prediction of the human KRAS G12C ligand-bound state. (D) New opportunities for structure prediction foundation models

and de novo molecular design approaches.
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Compound-interface
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KQVVIDG, Lys-Gln-Val-Val-lle-Asp-Gly; L, ligand; P, protein
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This idea remained a moonshot for half a century until recent break-
throughs in Al-driven protein structure prediction (). Unlike traditional
simulation approaches that involve enumerating an astronomical num-
ber of hypotheses, AlphaFold2 and related Al-based structure predictors
harness traces from millions of years of molecular evolution and patterns
learned from experimentally determined structures. Specifically, models
of evolutionary constraints—such as multiple sequence alignments (2)
or protein language models (3)—are digested by specialized neural net-
works to enable reasoning about the three-dimensional constellation of
amino acids (building blocks of proteins) with unprecedented accuracy.
‘We have advanced this vision by developing generative machine-learn-
ing approaches to address two critical aspects beyond proteins in isola-
tion: protein-ligand interactions and their conformational landscapes.

Biomolecules are highly dynamic and require numerous snapshots
to fully capture their behaviors. Protein shapes are modulated by a vast
array of small-molecule ligands and posttranslational modifications
(4), which drive dynamical conformational changes crucial to the regu-
lation of biological functions and provide key opportunities for drug
discovery. These complexities challenge traditional lock-and-key com-
putational protein-ligand interaction prediction strategies, which often
assume that the protein is a rigid body. Although methods such as mo-
lecular dynamics can model binding and conformational changes, they
are limited by the prohibitive cost of overcoming the barriers of slow
transitions between low-lying conformational states.

‘We present a generative Al strategy, NeuralPLexer, to resolve this co-
nundrum (5) (see the figure). NeuralPLexer models the landscape of
protein-ligand binding with generative diffusion (6): It starts from an
initial sketch of the entire molecular complex and progressively refines
the finer-grained details of the reasoned structures. The Al model gen-
erates an ensemble of conformational snapshots, based on multiple si-
multaneous guesses of the initial sketch, to cover the thermodynamic
landscape of the biomolecule. Such a “one-shot” generation provides
a pathway to bypass the sampling barriers and quickly obtain the full
picture of molecular interactions with atomistic details. NeuralPLexer
uses a neural network that mirrors the multiscale hierarchical organiza-
tion of biomolecular complexes. It initializes predictions by leveraging
inferred protein-ligand contacts
and subsequently generates de-
tailed geometric representations,
all while maintaining the essential
physical symmetries.

As an initial validation, we ap-
plied NeuralPLexer to predict the
formation of cryptic pockets—bind-
ing sites induced by ligand binding
that are absent in unbound struc-
tures. We used a dataset where
small-molecule binding consider-
ably alters protein conformations,
and NeuralPLexer successfully
generated conformational distribu-
tions consistent with structural ex-
periments. On a diverse collection
of enzymatic systems, the sampled
conformational ensembles showed
strong agreement with experimen-
tal protein conformations, as quan-
-, tified by metrics such as TM-score
(7) and Q-factors (8), effectively
overcoming the limitations of static
protein-folding models. Addition-
ally, by assigning confidence levels
to its conformational predictions,
NeuralPLexer demonstrated the
ability to distinguish strong bind-

Model-based one-shot sampling

Rewired interaction
networks
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ers from weak ones across a wide array of targets, despite never having
been trained on affinity measurements.

We further used this strategy to gain mechanistic insight into pro-
tein functions. For example, in a ketol-acid reductoisomerase, whose
catalytic mechanism was recently characterized, the model accurately
captured the closure motion of the N-subdomain upon cofactor and
inhibitor binding while providing hints about target self-assembly. Ad-
ditionally, NeuralPLexer predictions can assist in identifying structural
elements crucial for protein activation and deactivation. In the case of
a G protein-coupled receptor, the model generated a conformational
hypothesis that explained the receptor’s constitutive activity in the ab-
sence of ligands. These capabilities highlight NeuralPLexer’s potential
as a powerful tool to unravel various molecular mechanisms underlying
allosteric regulation and enzyme catalysis.

Beyond atomistic conformations, we developed a geometric deep-
learning approach named OrbNet-Equi (9) to study the energetics of
molecular interactions with accuracy comparable to full-precision
quantum mechanical methods across main-group chemistry while be-
ing about 1000-fold faster. By combining these tools, we can resolve
variations in protonation states and electronic charge and spin configu-
rations at greater resolution to provide a comprehensive strategy to in-
terpret and devise proton or electron transfer pathways.

Beyond structure predictions for known protein-small-molecule
interactions, we enhanced NeuralPLexer with an inpainting-based
approach to discover new pockets. This capability could enable us to
design ligands for previously uncharacterized binding sites. Similar to
Al image editing tools that paint and restyle a selected region based
on its surrounding context, our method simultaneously infers ligand
structure, protein sequence, and pocket-shape variations using only the
backbone of the target protein. This strategy led to accurate predictions
on challenging targets such as KRAS-G12C, where it achieved a mark-
edly higher design success rate than traditional conformational search
and docking algorithms.

As structural prediction foundation models achieve greater accuracy
(10), future research will be extending these capabilities to encompass
more sophisticated interactions and arbitrary bioassembly stoichiom-
etry. This includes protein-protein interaction interfaces stabilized by
chemical modulators—a phenomenon known as induced proximity (17).
Such advancements pave the way for the rational design of ligands to
reprogram protein interaction networks and ultimately restore healthy
cellular states. Unified interaction prediction models, together with de
novo binder design frameworks, will become a powerful platform to
design stabilizers of protein-protein interfaces, modulating the subcel-
lular localization of pathogenic proteins (12) and biasing the formation
of specific assembly states. This approach to rewiring cellular signal-
ing not only holds promise for therapeutic precision but also enhances
the therapeutic window by selectively targeting oligomeric states of
proteins, sparing monomeric forms essential for normal cellular func-
tions (13). These emerging capabilities will help translate the structural
foundation model we have developed into versatile tools for advancing
chemical biology and expediting drug discovery. []
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SICKLE CELL DISEASE

RESEARCH

Underhanded complement

Acute chest syndrome (ACS) is the most severe complication that individuals with sickle cell
disease may experience. A form of acute lung injury, ACS currently lacks any treatment options.
Chonat et al. found that the complement pathway is activated in individuals with sickle cell
disease during ACS and in a mouse model of ACS. Genetic deletion or pharmacological inhibition

of complement components 3 or 5, respectively, alleviated disease severity in mice. These data
suggest that complement inhibitors, which are already being used in the clinical setting, could be
used as a preventative or therapeutic for ACS caused by sickle cell disease. —Courtney Malo

Sci. Transl. Med. (2025) 10.1126/scitransimed.adl4922

Distorted red blood cells, pictured here in a microscopy image, can lead to severe
complications in the lungs of people with sickle cell disease.

EARTHQUAKE ALERTS

Getting shake warnings

into more hands

Earthquake early warning
systems depend on real-time
analysis of waves detected at
nearby seismic stations or by
smartphone accelerometers.
The latter approach, although
less sensitive, is a promising
way to offer alerts in areas
without seismic stations. Ina
major step forward, Allen et

al. describe the outcomes of

an alert system rolled out to
Android phones in 98 countries,
which increased total warning
system access 10-fold to 2.5 bil-
lion people over 3 years. Issuing
more than 1200 alerts over that
period, the system recorded
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low-magnitude errors and
provided preshake warnings
consistent with other detection
systems but on a much larger
scale. —Angela Hessler

Science p.254,10.1126/science.ads4779

ELECTRONIC MATERIALS

Growing phase-pure

InSe wafers

The electronic properties of
indium selenide (InSe) can
surpass silicon, but films of InSe
are often inferior in performance
because the material grows
nonstoichiometrically. Qin et al.
now report a solid-liquid—solid
growth method to produce
highly-crystallinity InSe wafers.
The authors used a liquid

indium seal around the wafer
to create an indium-rich liquid
interface that drives the trans-
formation of amorphous InSe
into crystalline InSe. Transistor
array devices had extremely
high mobility and a near
Boltzmann-limit subthreshold
swing, with an average value as
low as 67 millivolts per decade.
—Phil Szuromi

Science p.299,10.1126/science.adu3803

MOLECULAR BIOLOGY
Reining in
heterochromatin

Heterochromatin, marked by
histone H3 lysine 9 trimeth-

ylation (H3K9me3), is crucial
for genome stability and gene

repression. However, how cells
prevent excessive H3K9me3
accumulation has been unclear.
Zhou et al. discovered that
the protein ASB7, which is
recruited to heterochromatin
by heterochromatin protein 1,
acts as a negative regulator by
promoting the degradation of
the H3K9 methyltransferase
SUV39HL. During cell divi-
sion, phosphorylation of ASB7
temporarily prevents this degra-
dation, allowing H3K9me3
restoration. These findings
reveal a dynamic feedback
circuit that maintains H3K9me3
balance, ensuring proper
epigenetic inheritance and
preventing harmful over-hetero-
chromatinization. —Di Jiang
Science p.309,10.1126/science.adq7408
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NEUROIMMUNOLOGY

Enteric neurons

support gut immunity

The enteric nervous sys-
tem (ENS) has been shown
to modulate the immune
response during infection.
However, the mechanisms
responsible for sensing inflam-
matory cues and modulating
the ENS response remain to
be fully elucidated. Barilla
et al. identified a subset of
enteric neurons that upregu-
late the production of the
neuropeptides neuromedin U
and calcitonin gene-related
peptide beta after sensing
the infection-induced type 2
cytokines interleukin-4 and
-13. The upregulation of the
neuropeptides was critical
for triggering host defense to
intestinal helminths, sug-
gesting that bidirectional
ENS-immune communica-
tion in the gut is critical for
regulating intestinal immunity.
—Mattia Maroso

Science p.260,10.1126/science.adn9850

ORGANIC CHEMISTRY
Rings with an
extra nitrogen

Six-membered rings with five
carbons and one nitrogen
are very common motifs in
pharmaceuticals. By contrast,
analogs with two adjacent
nitrogens and four carbons are
seen much less often in drug
research, notwithstanding
their appealing properties. The
discrepancy likely stems from
the comparative synthetic
challenge of incorporat-
ing the extra nitrogen. Two
groups now report comple-
mentary approaches to
conveniently access these
compounds. Purins et al. used
photochemistry to slice into
six-membered pyridine, add
in a nitrogen, and expel the
carbon. Li et al. started with
five-membered pyrrolidine
and introduced the nitro-
gen through ring expansion.
—Jake S. Yeston

Science p.295,10.1126/science.adx4762,

p.275,10.1126/science.adl4755
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Alibrary of

robust aerogels

Aerogels, which are typically
made using a sol-gel process,
consist of a group of materi-
als with high porosity, near
transparency, and ultralow
density, as they can be up to
99% empty space. Pang et al.
developed a two-dimensional
channel-confined method to
make dome-celled aerogels
from a wide range of oxides,
carbides, metals, and even
high-entropy mixtures. The
dome shape imbues the
aerogels with mechanical and
thermal robustness, allowing
them to undergo thousands of
compressive cycles up to 99%
strain and wide-temperature-
change thermal shock. Many
of the carbides also have
very low thermal conductivity
even at high temperatures.
—Marc S. Lavine

Science p.290,10.1126/science.adw5777

MICROBIOTA

Developing microbiota

therapeutics

The gut microbiota has long
been an aspirational target
for clinical delivery of thera-
peutics. Successful therapy
by this route depends on
ensuring engraftment of
the therapeutic organisms
and their clearance after
treatment. Whitaker et al.
have engineered a strain of
Bacteroides vulgatus, which
is commonly found in the
gut of healthy humans, with
two genetic modules. One is
therapeutic to rectify oxalate
metabolism for preventing
kidney stone formation, and
the second adds multiple
biosafety promoters that
make the organism reliant on
an essential nutrient, in this
case porphyrin. Although the
approach is very promising
therapeutically, so far it is
still encountering problems
with horizontal gene transfer
creating “biosafety escape”
mutants. —Caroline Ash
Science p.303,10.1126/science.adu8000

IN OTHER JOURNALS

Edited by Corinne Simonti
and Jesse Smith

Quantifying pain
can lead to reduction

Research has increasingly shown that animals from
across the taxonomic spectrum experience pain

and suffering, leading to efforts to reduce these in
food animals. One such recent approach, the Welfare
Footprint Framework (WFF), facilitates calculation of
the cumulative amount of time an animal spends in
positive and negative affective states. Schuck-Paim

et al. used this metric to quantify the welfare impact
of asphyxiation in farmed rainbow trout. They found
that it leads to an average of 10 minutes of moderate
to intense pain per fish, an experience that could be
greatly reduced through effective—and cost-effec-
Cipgiengtuen hingpGivesicthe sirmilatepropessesthataccur
in the more than one trillion fish harvested annually,
substantial opportunities exist to improve fish welfare.
—Sacha Vignieri Sci. Rep. (2025) 10.1038/541598-025-04272-1

Measuring suffering reveals simple, cost-effective ways to improve the
welfare of food animals like the rainbow trout (Oncorhynchus mykiss).

SEXUAL FUNCTION

Sexual health

in menopause

After age 40, changes in
hormone levels, particularly
estrogen, trigger symptoms
related to perimenopause and
menopause called genitouri-
nary syndrome of menopause

(GSM). These can include
reduced sexual interest, skin
changes, poor lubrication,
and vaginal pain and itching.
To better understand this
condition, Sato et al. studied
more than 900 women 40
to 79 years of age in Japan
who were divided based on
whether they were regularly

247



IN OTHER JOURNALS

TRANSCRIPTOMICS
Sequencing senescence in plants

Single-nucleus RNA sequencing (snRNA-seq) can spa-
tially and temporally resolve transcriptomic information
in a wide range of plant cell types. However, senescing
cells do not typically respond well to removing the cell
wall, which is required for snRNA-seq. By capturing a
time course of senescing plant tissues across different
organs, Guo et al. mapped the single-nucleus tran-
scriptome. The authors found that senescing cells have
substantial shared transcriptomes across different
tissue types. Additionally, by mapping the expression
of sugar and nitrate transporters, the authors estab-
lished the detailed timing of nutrient allocation during
senescence and identified networks of genes that may
contribute to nutrient movement and plant growth.
—Madeleine Seale Cell (2025)10.1016/j.cell.2025.03.024

Senescing cells in Arabidopsis thaliana show similar gene expression
despite coming from different tissues.
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or infrequently sexually active.
Although the frequency of
sexual activity declined with
age, sexual satisfaction did not,
and women who maintained
more regular sexual activity
had fewer GSM symptomes. It is
unclear whether sexual activity
helps to reduce symptoms or if
women with fewer symptoms
engage in more sexual activity.
—Ekeoma Uzogara
Menopause (2025)
10.1097/GME.0000000000002539

PAIN

Don’t sleep on your pain
Individuals with chronic pain
often report impairments in
sleep quality, which eventually
lead to fatigue and deterioration
of life quality. However, whether
and how chronic pain alters the
sleep architecture remains to
be fully elucidated. Burek et al.
performed a detailed analysis
of sleep architecture in a mouse
model of chronic inflammatory
pain and showed that chronic
pain increased sleep duration
during the active phase of the
animals and increased sleep
fragmentation during the sleep
phase. The effects were remark-
ably consistent and similar
between sexes, suggesting that
sleep analysis might represent
a potential biomarker that
could be used for pain manage-
ment. —Mattia Maroso
Neuropsychopharmacology (2025)
10.1038/541386-025-02152-w

CHEMISTRY
Recovering a pot of gold

Many methods of extracting
gold from ore and electronic
waste exist, but some of these
approaches are limited because
of low throughput and high
cost and complexity. Mann et
al. used trichloroisocyanuric
acid, which is often used for
disinfecting water, with a halide
catalyst to leach gold from

ore and waste. Sulfur-derived
polymer sorbents recovered
gold from the leachate with
high affinity. Postrecovery
thermal depolymerization
achieved 98% yield of gold,
and more than half of polymers

were recycled into monomers.
Although proper management
of waste stream and tailing
is needed, this method has
promise for use in a closed-
loop system of gold recycling.
—Sumin Jin
Nat. Sustain. (2025)
10.1038/541893-025-01586-w

ORGANIC CHEMISTRY

Choosing the

crowded product

Compounds containing carbon-
carbon double bonds can adopt
two different geometries, which
are called Z or E depending on
whether the largest substituents
on each carbon lie on the same
sides or opposite sides of the
bond axis, respectively. Because
the Zisomer is more crowded,
it tends to be less stable and so
more difficult to access. Hou et
al. took advantage of the faster
reactivity of Z intermediates to
favor Z products in an iridium-
catalyzed allylic substitution. By
also photochemically scram-
bling an E reactantinto a Z/E
mixture, the authors were able
to funnel nearly all of the prod-
ucttoZ —Jake S. Yeston

J.Am. Chem. Soc. (2025)

10.1021/jacs.5¢05792

EARTHQUAKES

Complex faults cause
jerky shaking
Two earthquakes of the same
magnitude can have very dif-
ferent ground-shake patterns.
Strong, high-frequency shaking
raises certain risks, motivating
a deeper look at the causes. Lee
et al. found that the complex-
ity of the fault network near
a main slip surface is gener-
ally correlated with complex,
high-frequency rupture energy
at both the regional and global
scales. Their study stresses the
need for high-resolution map-
ping of the networks of smaller
faults adjacent to primary
earthquake-producing faults
because these can affect how
energy propagates to Earth'’s
surface. —Angela Hessler
Geophys. Res. Lett. (2025)
10.1029/2025GL115592
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RESEARCH ARTICLE SUMMARY

MOLECULAR BIOLOGY

Autoinhibition imposed by a large conformational switch of
INOS8O regulates nucleosome positioning

Upneet Kaurt, Hao Wut, Yifan Cheng*, Geeta J. Narlikar*

INTRODUCTION: The packaging of eukaryotic DNA into nucleosomes
occludes access to the underlying DNA. A primary mechanism for
regulating access to DNA is through the rearrangement of nucleo-
somes by adenosine 5'-triphosphate (ATP)-dependent chromatin
remodelers. There are several classes of remodelers, with each class
catalyzing a specific set of nucleosome rearrangements. The
chromatin remodeler INOS8O is critical for precisely positioning
nucleosomes near sites of transcription initiation and origins of
DNA replication. In vitro, INO8O displays a switch-like response to
the length of DNA flanking a nucleosome such that increasing the
length from 40 to 80 base pairs (bp) results in ~100-fold faster
nucleosome sliding. This property helps explain INO80’s ability to
precisely position nucleosomes in vivo. However, the mechanistic
basis for the tight regulation of INO80’s activity by flanking DNA
length remains elusive.

RATIONALE: INOS8O is a multisubunit complex, within which groups
of subunits are organized as biochemically separable modules.
Existing cryo-EM structures of INO80 on nucleosomes with long
flanking DNA show one of these modules, the Arp8 module together
with the helicase-SANT-associated (HSA) region of the Ino80
adenosine triphosphatase (ATPase) bound to flanking DNA. Such
observations have led to the model that the Arp8 module stimulates
INO80 remodeling by helping the HSA region act as a ruler to sense
flanking DNA length. To test this role of the Arp8 module, we used
cryo-electron microscopy (cryo-EM) to compare the structures of
INO8O0 bound to nucleosomes with 40 bp of flanking DNA (0/40)
with those of INO80 bound to nucleosomes with 80 bp of flanking
DNA (0/80). We further tested the functional effects of the Arp8
module by either deleting the entire Arp8 module or by targeted
mutations in the N-terminal region of the Arp8 subunit. The
combination of these structural and biochemical approaches has
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|
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Full article and list of

author affiliations:
https://doi.org/10.1126/
science.adr3831

allowed us to uncover a new role for the Arp8 module in the
flanking DNA length sensitivity displayed by INO8O0.

RESULTS: Our cryo-EM structure of INO80 bound to 0/40 nucleo-
somes revealed that the Arp8 module adopts a distinct autoinhib-
ited conformation, rotating 180° away from flanking DNA. This
conformation occludes the HSA from interacting with the flanking
DNA, providing an explanation for slower nucleosome sliding. When
the flanking DNA length is increased to 80 bp, the Arp8 module gets
released from the inhibited conformation, allowing the HSA to
interact with flanking DNA. Deletion of the entire Arp8 module or
just mutation of the negatively charged N terminus of Arp8 enables
rapid sliding of 0/40 nucleosomes, effectively equalizing sliding
rates of 0/40 and 0/80 nucleosomes. These results reveal that the
Arp8 module does not enable a ruler-like mechanism but rather
acts as a brake to inhibit INO80’s sliding activity when the flanking
DNA is short. We also uncovered an additional conformational

state on 0/80 nucleosomes in which the Arp8 module is conforma-
tionally dynamic. Our biochemical data suggest that this additional
state represents an activated intermediate that is on path for

rapid remodeling.

CONCLUSION: Our results highlight how a multisubunit chromatin
remodeler utilizes its subunits to impose autoinhibition in a manner
that is regulated by nucleosomal cues. We speculate that the
tunability of INO80’s flanking DNA length dependence allows for
rapid decrowding of nucleosomes during DNA damage. This
property also explains how INOS8O precisely positions nucleosomes
during replication and transcription. [J

*Corresponding author. Email: yifan.cheng@ucsf.edu (Y.C.); geeta.narlikar@ucsf.edu
(G.J.N.) tThese authors contributed equally to this work. Cite this article as U. Kaur et al.,
Science 389, eadr3831 (2025). DOI: 10.1126/science.adr3831
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INO80’s switch-like response to flanking DNA is gated by conformational switching of the Arp8 module. This conformational rearrangement sheds light (left panel) on
how INO80 spaces nucleosomes in collaboration with transcription factors (TFs) at transcription start sites (TSS) and the origin recognition complex (ORC) at replication
origins (right panel).
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MALARIA

Vaccination to mitigate climate-driven disruptions

to malaria control in Madagascar

Full article and list of

author affiliations:
https://doi.org/10.1126/
science.adp5365

Benjamin L. Rice*, Estelle Raobson, Sylviane Miharisoa, Mahery Rebaliha, Joseph Lewinski, Hanitriniaina Raharinirina,
Christopher D. Golden, Gabriel A. Vecchi, Amy Wesolowski, Bryan Grenfell, C. Jessica E. Metcalf

INTRODUCTION: Extreme weather events, such as tropical cyclones,
interrupt public health activities, threatening global progress
toward malaria control. The increasing intensity of tropical cyclones
makes this a growing challenge, as malaria-endemic countries
include large cyclone-vulnerable populations. Limited data, however,
are available to assess the impacts of these disruptions on disease
burden.

RATIONALE: Using data from a prospective cohort study in southeast
Madagascar with malaria infection observations before and after
major tropical cyclones in 2022 and 2023 (n = 20,718), we derived
estimates of the force of infection in the aftermath of these storms
across localities reflecting a range of infection intensity. We then
used mathematical models parameterized with estimates of the
duration and efficacy of the range of available malaria control tools
(e.g., mass drug administration or seasonal malaria chemoprophy-
laxis) to quantify the potential for applying additional prevention
strategies, including vaccination, to mitigate climate-mediated
disruptions.

RESULTS: Because of their shorter half-life, we find that brief (i.e.,
<1 month) discontinuities in standard intervention activities such as
chemoprophylaxis result in rapid rebounds in infection, an outcome

that is robust to sources of uncertainty in estimates of infection rate.

Among intervention options, vaccination—newly available for
malaria—can be particularly effective at mitigating the impacts of
temporal gaps in the coverage of other prevention interventions. By
modeling the deployment of antimalarial vaccination in a cyclone-
vulnerable setting, we identified an approximate halving of the
number of symptomatic infections expected in the wake of a
disruption when sufficient coverage (e.g., >70%) is attained for a
vaccine with efficacy similar to that reported for the recently
approved R21 malaria vaccine.

CONCLUSION: Our results demonstrate the benefit of considering
disruptions to malaria control measures when evaluating
intervention recommendations in high malaria burden, climate-
vulnerable geographies. We quantified the effects of a range of
available interventions for malaria and identified newly available
malaria vaccines as having considerable potential in mitigating
these risks. Our data suggest that the effects of climate on disease
burden via disruption of health care will be an important element of
how climate change shapes global health and emphasize the
importance of discontinuities as a challenge to global health
progress generally. (]

*Corresponding author. Email: b.rice@princeton.edu Cite this article as B. L. Rice et al.,
Science 389, eadp5365 (2025). DOI: 10.1126/science.adp5365

Cyclone and malaria co-occurrence. The intersection of tropical cyclone activity and malaria. Blue lines show cyclone tracks for cyclones since 1980, and land surface is colored

by estimated malaria incidence. popn, population.
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PLANT SCIENCE

Redox-regulated Aux/IAA multimerization

modulates auxin responses

Full article and list of
author affiliations:
https://doi.org/10.1126/
science.adul470

Dipan Roy*t, Poonam Mehra*t, Lisa Clark, Vaishnavi Mukkawar, Kevin Bellande, Raquel Martin-Arevalillo, Srayan Ghosh,
Kishor D. Ingole, Prakash Kumar Bhagat, Adrian Brown, Kawinnat Sue-ob, Andrew Jones, Joop E. M. Vermeer,
Teva Vernoux, Kathryn Lilley, Phil Mullineaux, Ulrike Bechtold, Malcolm J. Bennett, Ari Sadanandom*

INTRODUCTION: Plasticity in branching patterns is a critical determi-
nant of the foraging capacity of roots because water and nutrients are
often heterogeneously distributed in their surrounding soil environ-
ment. When growing root tips lose contact with moist soil (e.g., in an
air gap), roots temporarily cease branching until they reestablish
contact with moist soil (called a xerobranching response). Hence,
xerobranching is an acclimative response that enables roots to respond
to spatial variation in soil water availability. Insights into the molecu-
lar mechanisms that govern xerobranching are relevant to approaches
to mitigate the effects of climate change and water scarcity on plants.

RATIONALE: Despite growing appreciation for the role of reactive
oxygen species (ROS) during stress responses in plants, the precise
mechanism by which these signals function in root tissues during
abiotic stress remains poorly understood. The phytohormone auxin
integrates multiple endogenous and environmental signals to maintain
phenotypic plasticity in plants. Given that both ROS and auxin play
crucial roles in regulating various plastic developmental responses,
their intersection represents a key nexus of biological importance. A
deeper understanding of this cross-talk will help us understand how
different developmental responses such as xerobranching are coordi-
nated in accordance with the dynamic changes in their environment.

RESULTS: Respiratory burst oxidase homolog (RBOH) proteins are
the major producers of ROS in plants. We therefore screened rboh
mutants for xerobranching defects. Selected rboh mutants exhibited

Auxin responsive genas
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Model of the proposed mechanism for ROS-modulated IAA3 multimerization in mediating the repression
of lateral root development during xerobranching. Low-water stress, such as in the air gap, triggers an
increase in the ROS levels that promotes redox-dependent multimerization of wild-type IAA3 (WT-IAA3) to

form a specific pattern of higher-order multimers. These multimers are recruited at target promoter sites,

such as LBDI16, through their interaction with auxin response factor (ARF) proteins, such as ARF7, via the

Auxin responsive genes

strong xerobranching defects. ROS biosensors revealed that
exposure to air-gap conditions stimulates a rapid nuclear burst of
hydrogen peroxide (H,0,) within root apical tissues. Biochemical
approaches revealed that the Aux/IAA transcriptional repressor
protein TAA3 forms redox-dependent multimers through sulfhydryl
bridges via four specific cysteines residues. Notably, redox respon-
siveness of IAA3 can be directly modulated by RBOHs. By generat-
ing a quadruple cysteine-to-serine substitution mutant of IAA3
(4C/S-1AA3), we demonstrated that multimerization through these
specific cysteine residues is critical for IAA3 repressor function. At
the molecular level, combinatorial cysteine-to-serine substitutions
abrogated IAA3’s capacity to form multimers and abolished its
interaction with the co-repressor TOPLESS (TPL). TPL is an
evolutionarily conserved protein that inhibits transcription by
recruiting histone deacetylases (HDACs) that deacetylate histones,
causing a more compact, less accessible chromatin structure
inhibitory for transcription. In the context of auxin signaling, the
effectiveness of Aux/IAAs as transcriptional repressors is deter-
mined by their capacity to interact with TPL and recruit it to the
target loci. Thus, the disruption of the 4C/S-IAA3-TPL interaction
led to the de-repression of downstream auxin-responsive target
genes. At the phenotypic level, attenuation of the gene repression
capacity of the redox-insensitive 4C/S-IAA3 mutant led to inherently
higher lateral root density and a failure to suppress lateral root
formation in air gaps (xerobranching).

CONCLUSION: Taken together, our study reveals
how IAA3 multimerization can decode elevated
ROS triggered by environmental changes
(low-water stress) through auxin-mediated
plant developmental regulation (inhibition of
lateral root development). Multimerization of
transcriptional repressors can confer additional
layers of regulation of target gene expression in
a context-driven manner. The phenomenon of
redox-dependent multimerization of IAA3
reveals how the ROS signaling mechanism has
been adapted by plants during the course of
evolution to fine-tune plastic responses
according to cellular redox status. This research
helps us understand how plants respond to low
water, which is relevant because water scarcity
exacerbated by global climate change is
becoming a widespread problem that negatively
affects plant growth and development. [

SUMO-SIM interaction. WT-IAA3 higher-order multimers provide an increased interface for interaction with

TOPLESS (TPL), leading to robust repression of auxin-dependent gene expression during xerobranching in the
air gap (double-headed red arrow), curtailing lateral root development. In the presence of water, such as moist
agar, ROS is reduced to basal levels. Consequently WT-IAA3 does not form higher-order multimers. Hence, the
recruitment of TPL to target loci is substantially reduced, which leads to de-repression of gene expression

promoting lateral root development.
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PROTEIN DESIGN

Design of intrinsically disordered region binding proteins

Kejia Wu*t, Hanlun Jiangt, Derrick R. Hickst, David Baker*, et al.

INTRODUCTION: Intrinsically disordered proteins and peptides play key
roles in biology, but the lack of defined structures and high variability
in sequence and conformational preferences has made targeting such
systems challenging. Peptide-specific antibodies have been obtained by
immunization or library selection, but these methods require considerable
effort and disordered antigens are susceptible to degradation following
injection. In silico design of proteins that can recognize unfolded peptides
based on their sequence is thus an important challenge.

RATIONALE: We sought to develop a method for achieving specific
recognition of an intrinsically disordered region sequence of interest that
would be broadly useful for applications in proteomics, targeting,
sensing, and sequencing. We reasoned that a general solution to the
intrinsically disordered region binding problem could employ an induced
fit-based binding strategy, taking advantage of the fact that disordered
protein regions should be flexible and lacking in preferred secondary
structure. We set out to generate a set of designed binding proteins in
complex with peptide backbones in a variety of conformations, with
sufficient diversity to accommodate any target disordered amino acid
sequence. We aimed to do this by combining physical-based and deep
learning-based design methods. Using classical design methods, we first
generated extended repeating protein scaffolds with pockets specialized
for repeating peptide sequences. We then recombined the pockets and
generalized them to a wide range of sequences using the deep learning
RFdiffusion approach. Given such a set of designed binder-target peptide
templates, we reasoned we could achieve general recognition of
disordered protein regions by threading them through each of the
templates to search of the optimal binding modes. For the most
favorable matches, we used machine learning-based sequence design
and backbone refinement methods to optimize binder affinity.

Full article and list of

author affiliations:
https://doi.org/10.1126/
science.adr8063

RESULTS: We tested our approach by designing binders for 18
synthetic peptide sequences and 21 broadly diverse, therapeutically
relevant, intrinsically disordered regions. The designs were expressed
and purified, and binding to the targeted disordered regions was
measured by biolayer interferometry, with most designs showing
picomolar to nanomolar dissociation constants. We obtained binders
for 39 of 43 targets from this one-shot design process, testing 22
designs per target, on average. All-by-all binding experiments showed
that each design only binds tightly to the target it was designed to
bind. We showed that the binders can enrich low abundance proteins
from cellular lysates for proteomics analyses, target disordered regions
of extracellular receptors implicated in cancer, antagonize G protein
coupled receptor signaling, and drive protein localization inside cells.

CONCLUSION: Our computational design pipeline enables the design of
binding proteins to arbitrary disordered peptides and proteins. Although
targeting disordered proteins has been a considerable challenge for
traditional methods, we show that the disorder is an advantage: The
designed binding protein drives the target sequence into a privileged
binding-competent conformation, with, for example, the hydrophobic
residues primarily on one face and the polar residues in customized
binding modes. For each target, we sampled a wide variety of conforma-
tions and identified those compatible with high affinity binding. This
approach contrasts with folded targets, whose fixed structures may admit
few optimal binding solutions. Our approach should be broadly useful for
designing binders for arbitrary disordered protein regions of interest. [

*Corresponding author. Email: kejiawu@uw.edu (KW.); dabaker@uw.edu (D.B.) {These
authors contributed equally to this work. Cite this article as K. Wu et al., Science 389,
eadr8063 (2025). DOI: 10.1126/science.adr8063
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CELLULAR NEUROSCIENCE

Polyglycine-mediated aggregation of FAM98B disrupts tRNA

processing in GGC repeat disorders

Full article and list of

author affiliations:
https://doi.org/10.1126/
science.ado2403

Jason Yang, Yunhan Xu, David R. Ziehr, Martin S. Taylor, Max L. Valenstein, Evgeni M. Frenkel, Jack R. Bush, Kate Rutter,
Igor Stevanovski, Charlie Y. Shi, Maheswaran Kesavan, Ricardo Mouro Pinto, Ira Deveson, David P. Bartel,

David M. Sabatini, Raghu R. Chivukula*®

INTRODUCTION: Although protein aggregates are a hallmark of
neurodegenerative diseases, their roles in pathogenesis remain
controversial. Recent work has revealed that various GGC repeat
expansions underlie a family of neurodegenerative disorders
characterized by intranuclear protein aggregates in neurons as well
as other cell types. Although initially thought to reside in noncoding
regions of the genome, several expanded GGC repeats are now
known to be translated into proteins containing aggregation-prone
polyglycine (polyGly) tracts. These polyGly-containing proteins are
present within intranuclear inclusions of patients with GGC repeat
diseases and are toxic when expressed in animal models, suggesting
that their production may contribute to neurodegeneration.

RATIONALE: The two best-characterized GGC repeat diseases are
fragile X-associated tremor/ataxia syndrome (FXTAS) and neuronal
intranuclear inclusion disease (NIID), which are nearly indistinguish-
able clinically. Given their striking similarity despite their causal loci
sharing only GGC repeats in common, we reasoned that the contribu-
tions of polyGly-containing proteins to neurodegeneration in these
two diseases might be attributable to their polyGly tracts per se
rather than any flanking host locus sequence. We therefore developed
a system to express artificial expanded polyGly proteins, purify the
resulting protein aggregates, and profile their composition.

RESULTS: We found that polyGly aggregates preferentially recruit
endogenous proteins containing glycine-rich intrinsically disordered
regions (IDRs). Notably, among the most highly enriched of such
endogenous proteins was family with sequence similarity 98 member B
(FAM98B), which harbors the single most glycine-rich sequence in the
entire human proteome. FAM98B is a component of the transfer RNA
(tRNA) ligase complex (tRNA-LC), which catalyzes a key step in the

Neurodegenerative GGC repeat
expansions disrupt tRNA processing
through aggregation of a singularly
glycine-rich disordered region in
FAM98B. In normal tRNA splicing, exons
are ligated by the tRNA ligase complex, a
heteropentameric complex containing
FAM98B. PolyGly proteins produced in
GGC repeat disorders interact with
FAM98B, which harbors the single most
glycine-rich sequence in the human
proteome, resulting in sequestration and
depletion of the tRNA ligase complex.

pre-tRNA
with intron

GGC repeat RNA

biogenesis of intron-containing tRNAs. Through the glycine-rich IDR of
FAMO98B, polyGly aggregation sequesters and depletes the tRNA-LC from
the soluble nucleoplasm, resulting in impaired ligation of tRNA exons.
To explore whether this process might represent a unifying pathogenic
mechanism across different GGC repeat diseases, we examined tissue
samples from individuals with FXTAS or NIID. In both diseases, tRNA-LC
components were recruited to intranuclear inclusions and depleted from
the soluble nucleoplasm. Lastly, to directly test whether impairment of
tRNA ligation could contribute to neuropathology, we depleted Fam98b
from the brains of adult mice. These animals developed severe motor
coordination defects and widespread gliosis, which are key signs and
symptoms of neurodegenerative GGC repeat diseases in humans.

CONCLUSION: These data suggest a pathogenic mechanism wherein
polyGly-containing proteins produced from expanded GGC repeats
interact with the glycine-rich IDR of FAM98B to sequester and deplete the
tRINA-LC. Loss of tRNA ligase activity could contribute to cellular toxicity
through insufficient production of mature spliced tRINAs or accumulation
of tRNA splicing intermediates, ultimately resulting in neurodegeneration.
Consistent with this model, mutations in other tRNA splicing pathway
components cause a group of severe prenatal-onset neurodegenerative
diseases exhibiting substantial phenotypic overlap with GGC repeat
disorders. Our work thus suggests a mechanistic link between protein
aggregation in GGC repeat disorders and inherited defects in tRNA
processing machinery previously known to cause neurodegeneration.
Notably, these findings raise the possibility that restoration of tRNA
ligation might represent a therapeutic strategy applicable across GGC
repeat diseases caused by expansions at different loci. [J

*Corresponding author. Email: rchivukula@mgh.harvard.edu Cite this article as
J.Yang et al., Science 389, eado2403 (2025). DOI: 10.1126/science.ado2403
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EARTHQUAKE ALERTS

Global earthquake detection
and warning using Android phones

Richard M. Allen?*, Alexei Barski', Micah Berman!, Robert Bosch',
Youngmin Cho?, Xia Summer Jiang?, Yun-Ling Lee, Steve Malkos',
S. Mostafa Mousavi'®, Patrick Robertson*, Boone Spooner?,

Marc Stogaitis’, Nivetha Thiruverahan®, Greg Wimpey*

Earthquake early-warning systems are increasingly being deployed
as a strategy to reduce losses in earthquakes, but the regional
seismic networks they require do not exist in many earthquake-
prone countries. We use the global Android smartphone network to
develop an earthquake detection capability, an alert delivery
system, and a user feedback framework. Over 3 years of operation,
the system detected an average of 312 earthquakes per month
with magnitudes from M 1.9 to M 7.8 in Turkiye. Alerts were
delivered in 98 countries for earthquakes with M >4.5,
corresponding to ~60 events and 18 million alerts per month. User
feedback shows that 85% of people receiving an alert felt shaking,
and 36, 28, and 23% received the alert before, during, and after
shaking, respectively. We show how smartphone-based earthquake
detection algorithms can be implemented at scale and improved
through postevent analysis.

Earthquakes remain a constant challenge for many communities around
the world. Our global understanding of where seismic events will occur
is excellent (Z), and we know how to engineer structures that can with-
stand shaking. However, we still face catastrophic earthquakes. Some
Kkill and injure thousands of people such as in Tiirkiye and Morocco in
2023; many more injure hundreds, thereby disrupting many lives. Access
to the knowledge and necessary resources to construct safe buildings
remains a limiting factor in many parts of the world. Even with the
resources, it would still take many decades to replace vulnerable build-
ings. Once earthquake-resilient buildings are in place, there remain
hazards from falling objects inside buildings that can cause many inju-
ries and some fatalities. We must therefore continue to look for addi-
tional strategies to reduce the impact of future earthquakes globally.
Earthquake early-warning (EEW) alerts are one such strategy.

The global adoption of smartphone technology places sophisticated
sensing and alerting capabilities in people’s hands, in both the wealthy
and less-wealthy portions of the planet. Although the accelerometers
in these phones are less sensitive than the permanent instrumentation
used in traditional seismic networks, they can still detect the ground
motions and building response in hazardous earthquakes (2-9).
Traditional seismic networks have been used to develop EEW systems
that rapidly detect an earthquake close to the epicenter and issue a
warning across the affected region (10). EEW was first implemented
in Mexico and Japan. The success of these systems led to implementa-
tion in Taiwan, South Korea, the United States, Israel, Costa Rica, and
Canada (11-17). All these systems use permanent seismic stations de-
ployed as part of regional or national seismic networks.

We present the methodology and performance of an algorithm that
uses the existing network of Android smartphones to detect earthquakes

1Google LLC, Mountain View, CA, USA. Seismological Laboratory, University of California,
Berkeley, Berkeley, CA, USA. *Department of Earth and Planetary Sciences, Harvard University,
Cambridge, MA, USA. 4Google Germany GmbH, Munich, Germany. *Corresponding author.
Email: rallen@berkeley.edu
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globally and deliver early-warning alerts to smartphone owners
ahead of hazardous shaking. The goal of the system is to deliver use-
ful and timely alerts in as many earthquake-prone regions around
the globe as possible. The system is supplementary to any existing
national warning systems and includes the collection of uniform user
feedback. We compare the accuracy of our early warnings against
the global catalog of postshaking evaluations, and we also measured
the utility of the alerts using surveys completed by more than a mil-
lion alert recipients. We discuss the successes and challenges of this
global sensing and alerting network called Android Earthquake
Alerts (AEA) system.

Earthquake detection with smartphones

AEA uses the same principles of seismic wave propagation as tradi-
tional earthquake detection systems. When an Android smartphone
is stationary, it uses the output of its accelerometer to detect a sudden
increase in acceleration as would be generated by P and S waves in
an earthquake. When an individual phone triggers, it sends a mes-
sage to Google servers with acceleration information and an approxi-
mate location (location coarsened to preserve privacy). The servers
then search for candidate seismic sources that are consistent with
the time-space trigger distribution. When a candidate earthquake
source satisfies the observed data with a high enough confidence, an
earthquake is declared and its magnitude, hypocenter, and origin
time (OT) are estimated on the basis of the arrival time and ampli-
tude of the P and S waves. This detection capability is deployed as
part of Google Play Services core system software, meaning it is on
by default for most Android smartphones. As Android phones rep-
resent an estimated 70% of all smartphones globally (18), this system
largely provides an earthquake detection capability wherever there
are people, in both wealthy and less-wealthy nations.

From 1 April 2021 to 31 March 2024, AEA detected a total of 11,231
earthquakes (Fig. 1, fig. S1, and movie S1). Of these, 85% match an earth-
quake listed in a traditional earthquake catalog that our system was able
to automatically ingest for detection validation (materials and methods).
All nonmatching events were reviewed to verify whether they were earth-
quakes or not on the basis of user survey feedback, felt-shaking reports
collected through Google Search (79), manual review of additional earth-
quake catalogs, and review of waveforms and triggers. For matching
events, the traditional network magnitude estimates range from M 1.9
to M 7.8 (corresponding to an event in Japan and Tiirkiye, respectively).
The ability of the system to detect earthquakes depends on the distribu-
tion of phones and other sources of cultural noise at the time of the
earthquake. AEA does not detect earthquakes on most mid-ocean ridges
but does detect subduction zone events that are tens to hundreds of
kilometers offshore. Global Android detections and alerts are shown
in Fig. 1 and fig. S1.

Figures S2 and S3 show waveform envelope record sections for two M
5.0 earthquakes illustrating P-wave sensitivity out to 100 to 200 km and
S waves out beyond 350 km. To understand the detection sensitivity as
a function of the distance of the earthquake from phones, we considered
all detected earthquakes that were offshore and calculate the distance
of the epicenter from the nearest coastline. Figure S4 shows that M 4.5
earthquakes were detected up to ~100 km offshore. A review of all AEA
detections shows that the system has detected earthquakes within 30
km of 40% of all major onshore faults (fig. S5). The magnitude of com-
pleteness (M.) is a standard measure of network detection sensitivity
characterizing the minimum magnitude above which we are reliably
detecting earthquakes. Using the maximum curvature method to deter-
mine M, (20), we found a global M. of 4.9 (fig. S6). In North America, M,
is 4.1; in South America, 4.9; and in Europe, 4.6.

The most challenging earthquake source parameter for EEW is rapid
determination of the magnitude. Any delay in estimating the magnitude
is also a delay in the warning provided to users. Figure 2 shows the
improvement in the accuracy of the magnitude estimates generated by
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Fig. 1. Global distribution of earthquakes detected and alerted. Light-green areas show the countries where AEA is currently
detecting and delivering alerts. Android also delivers alerts generated by ShakeAlert in California, Oregon, and Washington (dark
green). Yellow and red circles show the areas alerted on the basis of Android detections (data S1), and gray circles indicate other
detections in regions where alerts were not issued. The size of the circles indicates the approximate estimated shaking region
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Fig. 2. Evolution of AEA earthquake magnitude error over the past 3 years (data
S2). Plotted are the median and 90th percentile absolute magnitude errors for detected
earthquakes each month with M >4.5. We plot the error of the first magnitude estimate
and the maximum magnitude estimate. Both magnitude metrics have improved over the
3 years of development of AEA. The median absolute magnitude errors of the first alert
and the maximum magnitude are currently 0.25 and 0.30 magnitude units, respectively.

AFA over the past 3 years as the detection system has been improved.
During an earthquake, source parameters are updated approximately
every second as ground shaking evolves and more phone-based observa-
tions become available to centralized detection servers.

Figure 2 shows the accuracy of the first magnitude estimate and the
maximum magnitude over the 3-year period. The first estimate is im-
portant because it provides the maximum warning time, whereas the
maximum magnitude estimate generates an alert for the largest area.
Over the past 3 years, the median absolute error of the first magnitude
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estimate has improved from 0.50 to
0.25, and the 90th percentile has
dropped from 1.02 to 0.70. The
most important source of long-
term improvement has been the
development of regional detection
models. These models account for
the different tectonic settings and
attenuation characteristics as well
as differences in how varying mod-
els of phones sample ground motion
because of regional variations in
building type. They provide a data-
driven regional scaling between pa-
rameters such as the number of phones
triggering and the estimated mag-
nitude. The result is an effective cor-
rection to the magnitude estimate,
which ranges from +0.6 to —1.4 mag-
nitude units (fig. S7).

Alert performance

As of May 2024, AEA delivered alerts
to Android phones in 98 countries.
In most countries, the alerts were
generated from Android event de-
tections (light green in Fig. 1). In
the United States, AEA also delivered alerts generated by ShakeAlert,
which is the national EEW system using traditional regional seismic
networks (17, 21). The priority of AEA, as with other EEW systems, is
moderate- to large-magnitude earthquakes that represent a hazard
to people living in the region. Alerts were therefore issued for earth-
quakes with an estimated M >4.5 and delivered to the region expected
to experience shaking of Modified Mercalli intensity (MMI) 3 or
larger. Although an earthquake has a single magnitude estimate, the
shaking intensity (MMI) varies as a function of distance from the
earthquake fault rupture. The expected distance to which MMI 3+
occurs increases with increasing magnitude. Figure 1 shows the esti-
mated MMI 3 regions for all Android-detected earthquakes with
estimated M >4.5. Events for which Android alerts were issued are
shown in yellow or red; detections in countries where alerting was
not activated are shown in gray.

The rollout of AEA started with the delivery of alerts generated by
ShakeAlert in California on 11 August 2020. Alerts generated by Android
detections started 28 April 2021 in New Zealand and Greece and then
expanded to Tiirkiye, the Philippines, and central Asia on 15 June 21.
In 2022, the system was rolled out to remaining high-hazard countries
where alerting is allowed; AEA was delivering alerts in 93 countries by
the end of 2022 and 98 countries by the end of 2023 (see data S1).

Figure 3 shows the number of people with access to EEW alerts globally
from all sources. Alerting started in 1991 in Mexico City and then Japan
in 2007. With the addition of Taiwan, South Korea, and the United States,
250 million people had access to EEW in 2019. Today, with the addition
of AEA, 2.5 billion people have access to alerts. The EQN smartphone EEW
system also provides alerts to an estimated 2 million users globally (22).

AEFEA has issued alerts to Android phones for a total of 1279 events
detected by the Android phone network [as of 31 March 2024 (data
S1)]. Of these, three were false alerts. Two were due to thunderstorms.
The system detects many non-earthquake seismic events every day
owing to various sources of acceleration detected by the phones. Most
thunderstorms are correctly identified as such, but these two in-
stances were outside the classifier range. Learning from these events,
we expanded the range of parameters for a sonic source and increased
the confidence required before an alert is used (materials and meth-
ods). Replays showed that these two events would no longer produce
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an alert. The third false alert was due to a mass notification event
vibrating many phones. In this case, improvements to the detection
algorithm’s recognition of other events causing phone vibrations were
made, and similar mass notifications have not triggered an alert since.

The alert region for each earthquake was determined by the rapid
magnitude estimate. We compared the accuracy of the AEA magnitudes
with those of EEW systems using traditional seismic networks. Table 1
compares the mean, median, and 90th percentile absolute error in the
magnitude estimates for AEA, the US ShakeAlert, and the Japanese JMA
EEW systems. We calculated the error in both the first magnitude esti-
mate and the maximum magnitude estimate compared with final cata-
log magnitude determined after the event using traditional seismic
networks. The errors are very similar for the three systems. AEA and
ShakeAlert use the same M 4.5 threshold for alerts and have lower er-
rors. JMA errors are slightly higher, but they also only issue alerts for
larger earthquakes. AEA has the lowest errors and issues an order of
magnitude more alerts than the other two systems (Table 1).

Two types of alert messages are delivered by AEA. When the esti-
mated magnitude is >4.5, a “TakeAction” alert is delivered to the re-
gion expected to experience MMI >5, and a “BeAware” alert is delivered
to the region expected to experience MMI 3 or 4. The alerts are deliv-
ered to octagonal regions centered on the estimated epicentral loca-
tion to approximate the expected circular shape of the shaking region.
The distance of the octagon vertices from the epicenter is determined
on the basis of the estimated magnitude and the depth of the event.
AEA currently uses the same alert distance contours as ShakeAlert
(23, 24), but with a correction for event depth. For an event with an

2500

I 2000

1500

mmm SAS: Mexico
. |MA: Japan
CWB: Taiwan
B KMA: South Korea
ShakeAlert: US, Canada
mmm Android Detection + Alert
EEE TRUAA: Israel
ATTAC: Central America

1000

Millions of people with access to EEW

Fig. 3. Growth in the number of people with access to EEW alerts globally. The
number of people with access to EEW alerts is estimated for each system on the basis
of the delivery mechanism, smartphone penetration, and types (data S3).

Table 1. Comparison of magnitude errors for alerts issued by various EEW systems. Bold numbers indicate the

lowest errors in each column.

estimated magnitude of 5.5 and depth of 20 km, the TakeAction alert
would extend to 8 km, and the BeAware alert to 197 km. For a M 6.5,
the alert regions extend to 78 and 442 km for TakeAction and BeAware,
respectively. The same alert distance contours are currently used for
all regions. Alerting performance can be improved in the future by
accounting for regional seismic attenuation differences.

The TakeAction and BeAware alerts (fig. S8 and audios S1 and S2)
were designed on the basis of best practices for alerts (25-28) and
through focus groups. The goal is to deliver on the user’s desire for
alerts whenever they feel shaking while also indicating urgency when
stronger shaking is expected. The TakeAction alert breaks through all
do-not-disturb settings, takes over the whole screen, and plays a loud
and characteristic sound. It is designed to immediately draw the user’s
attention and prompt them to take the recommended protective action,
which in most countries is “Drop, cover and hold on” (DCHO) (fig. S8).
In countries where this is not the recommended action, the screen
displays “Protect yourself.” The BeAware alert appears on the phone in
a similar way to other standard Android notifications but has a char-
acteristic sound. It does not break through do-not-disturb settings. If
an alert reaches a phone after the expected period of shaking, then an
“earthquake occurred at..” notification is shown (fig. S8). Tapping on
any of the alerts takes the user to an earthquake safety page with tips
for what to do after the earthquake, more information about the quake
provided by Google Search, and a link to a user survey that collects
information about the user’s experience with the alert and shaking.

We illustrate typical AEA system behavior and warning times with
two example earthquakes. The first is the 17 November 2023 earthquake
in the Philippines with a magnitude of 6.7 and a hypocenter 40 km off-
shore at a depth of 52 km according to the US Geological Survey (USGS)
global catalog. It took about 12 s for the P wave to reach the closest cluster
of phones, and the first alert was generated 18.3 s after the OT with an
estimated magnitude of 5.5. The magnitude estimate grew over time to
a maximum of 6.5, 28.6 s after OT (table S1). Figure 4A shows the warning
time for users receiving a BeAware alert that ranged from a few seconds
for those closest to the epicenter experiencing the strongest shaking, up
to ~90 s for those at 400 km experiencing light shaking. Warning times
for the strongest shaking (MMI 7 or 8, very strong to severe ) ranged up
to ~15 s. For the moderate shaking, which also causes damage (MMI 5
or 6, moderate to strong), warning times ranged from seconds up to a
minute (Fig. 4A). Almost 2.5 million phones were alerted for this event,
and more than 100,000 received TakeAction alerts. The TakeAction alerts
(Fig. 4B) arrived at most phones a few seconds before the S-wave arrival
and ~2 to 8 s before peak shaking of MMI 6, 7, and 8.

The second example is the 3 November 2023 shallow crustal earth-
quake in Nepal with a USGS catalog magnitude of 5.7 and a depth of
12 km. The first AEA alert was 15.6 s after the USGS OT with an esti-
mated magnitude of 5.5. This was updated to 5.7 and then 5.9 at 28.2 s
(table S2). The population was sparse near the epicenter, which de-
layed the detection and meant there was no warning time within ~50 km
of the epicenter and no TakeAction alerts
ahead of ground shaking. The BeAware alert
extended beyond 300 km from where the
intensity reported to USGS Did You Feel It
(DYFI) ranged from 2 to 6 (weak to strong).

Ist Ist Max Max Similar to the Philippines example, the large
magnitude magnitude 1st . magnitude magnitude Max ) number of people experiencing MMI 5 and
absolute absolute magnitude absolute absolute magnitude 6 received from a 10- to 60-s warning. More
Number of error error 90th  absolute error error 90th  absolute )
EEW system events median percentile  error mean median percentile  error mean than 10 million BeAware alerts were deliv-
— n ered in this earthquake.
Android 1005 0.3 0.8 0.39 03 0.8 0.38 The most challenging events for all EEW
ShakeAlertt | 107 04 0.9 045 0.3 0.9 047 systems are the largest ones, M>7.5 (29, 30).
IMAE 102 04 11 054 040 10 047 The most impactful earthquakes since AEA

*All public alerts through March 2024 (estimated magnitude >4.5, 18 September 2020 to 31 March 2024).

matching events in the traditional network ground truth catalogs for error estimation (materials and methods).
§All public alerts 1 January 2018 through 31 March 2024.

2024 (estimated magnitude >4.5, 17 October 2019 to 31 March 2024).
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10f the 1279 alert events, 1005 have
TAll public alerts through March

became operational were the 6 February 2023
M 7.8 Pazarcik and M 7.5 Elbistan earthquakes
in Tiirkiye. AEA was operational at the time
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Black dots show the time from alert delivery on a phone until the S-wave arrival. Colored dots show the time until peak shaking observed on the phone and are colored on

the basis of shaking intensity (ShakeMap color scale). As peak shaking typically follows S-wave onset, warning times until peak shaking are a few seconds longer. Figure S9

shows the same data plotted versus epicentral distance. See data S4.

in Tirkiye and detected both events. For the first event, the initial mag-
nitude estimate was 4.5 at 7.1 s after OT, and the maximum magnitude
estimate was 4.9 at 18.7 s. A total of 512,411 BeAware alerts were issued
out to a distance of 64 km. In the second event ~9 hours later, the initial
magnitude estimate was 6.1, at 24.4 s after OT, which increased to magni-
tude 6.3 5.2 s later. A BeAware alert was delivered to 3,944,909 phones in
this event, with warning times ranging from a few seconds to more
than a minute.

In addition to AEA, the EQN app-based warning system was also
operational in the region at the time. They report detecting the M 7.8
Pazarcik event 12.1 s after OT and delivering alerts to 63,539 users,
with 62,419 of those users receiving mild shaking alerts out to a dis-
tance of 3506 km. EQN did not detect the M 7.5 Elbistan quake (22).

Postevent analysis revealed several limitations to the detection
algorithms that have since been improved. First, the duration of
monitoring has increased. At the time of the event, the algorithm
only allowed updates to earthquake parameters for 10 s after first
detection. The number of allowed updates was limited because there
was a trade-off between more updates providing additional informa-
tion for larger earthquakes and more updates introducing outlying
single-epic data causing a large overalert. We now allow updates for
30 s and use other checks on the rate of variation in earthquake
parameters before updating an alert. Second, there were a large num-
ber of noisy phones in the monitoring pool at the time of the Tiirkiye
earthquakes. These high-noise phones triggered late, particularly
after the P wave for the M 7.8 event, which had a slow start and
complex rupture (31-34). The AEA system is now more selective
about which phones are included in the monitoring pool. Individual
phones determine their noise level when they become available for
monitoring, and this noise level is factored into the detection algo-
rithm. Third, many phones were receiving a BeAware alert and vi-
brating, which prevented them from triggering on the earthquake
ground motion. The alerts now issued by Android EEW no longer
cause phones that are detecting to vibrate.

Using our evaluation system, we ran the new algorithms on the data
collected for the Tiirkiye earthquakes in simulated real time. The algo-
rithm in production today generated an initial magnitude of 4.6, 6.3 s
after OT. The magnitude then climbed to a maximum magnitude of 7.4
over a period of 24 s. This generated TakeAction alerts out to 158 km that
would have been received by 10 million Android phones, providing up
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to a 35-s warning, and BeAware alerts to a distance of 604 km that would
have been received by 67 million users, providing a 2.5-min warning
before the first S wave (figs. S13 and S14). For context, the “heavy” MMI
8 shaking in places such as Antakya, Tiirkiye, did not occur until more
than a minute after OT (32) (for more detail on both events, see materials
and methods and figs. S10 to S14:). Work continues to improve the algo-
rithm for large ruptures, when the finite fault effect becomes important.

User response to alerts

The purpose of AEA is to deliver useful and actionable alerts to
people. We therefore request information and feedback from users
to determine their opinions of the alerts that they receive and actions
that they take after the alerts. We accomplish this using Google’s
standard in-product user surveys (35). When a user clicks on any
AEA alert, they are presented with a page of additional information
including safety tips and information about the earthquake. At the
bottom of this page is another link inviting them to take a user feed-
back survey after an informed consent message (figs. S15 and S16).
The survey consists of six questions as detailed in the materials and
methods section and is currently delivered in 24 languages. This is
not a randomized sample; rather, users choose to complete the sur-
vey. As far as we are aware, this is true of all surveys about EEW to
date [e.g., (36-39)].

How helpful was the alert?

Over the period 5 February 2023 to 30 April 2024, N = 1,555,006 people
responded to the survey after having received alerts generated from
an Android detection—i.e., alerts in all countries except the US. Over
the same period and region, 412 million alerts were delivered, giving
a response rate of 0.38%. Of those responding, 3900 received
TakeAction alerts, and the rest received BeAware alerts. The first ques-
tion asked was “How helpful or unhelpful was the earthquake alert?”
The users selected a score from 1 (“Not helpful at all”) to 5 (“Very
helpful”). The average score was 4.7 with 85% of respondents reporting
it was “very helpful” (Fig. 5). If we consider just those receiving
TakeAction alerts, the average score was also 4.7. This positive response
to EEW alerts (for both BeAware and TakeAction) is consistent with
previous studies that ask whether an EEW alert is useful or not. For
example, in the United States (one earthquake, N = 2490, 36) and
Japan (two earthquakes, N = 449, 37), recent studies found that 67
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and 75%, respectively, of people surveyed found the alerts useful. In
an independent study of AEA alerts for two earthquakes (N = 3150)
in New Zealand, 84 and 83% of respondents reported the alerts were
useful (38). These studies were also based on responses to surveys.

Did you feel shaking?

Of the respondents (all of whom received alerts), 85% felt shaking,
with 53% classifying it as “strong” and 32% as “weak.” Of the users
reporting they felt “strong” and “weak” shaking, 87 and 85%, respec-
tively, rated the alert as “very helpful” (Fig. 5). Of those reporting no
shaking, still 79% rated the alert as very helpful. The fact that people
are positive about receiving the alert, despite not feeling shaking, is
likely due to one of several factors: (i) The alert plays a key educa-
tional role making the user aware of the system and demonstrating
that it is functional (36, 38). (ii) There is a strong desire for immedi-
ate information after an earthquake (40), and the alert provides some
of that information along with links to more. (iii) In almost every case
there was an earthquake, and friends and neighbors likely felt it. There-
fore, it is considered an effective alert and keeps people aware of what
is happening in their community.

How strong was the shaking?

We separated responses according to whether they received BeAware
or TakeAction alerts. As expected, a larger percentage of those receiv-
ing TakeAction alerts (V. = 2219) classified the shaking as “strong”
(92%), compared with 53% of those receiving BeAware alerts (N =
1,116,395; Fig. 5). There were very few users who received a TakeAction
alert and then reported not feeling shaking (2%), compared with 14%
of people receiving a BeAware. The very low fraction of people receiv-
ing the more intrusive and disruptive TakeAction alert who then did
not feel shaking likely contributed to the overall forgiving response of
users who do not feel shaking.

When did you receive the alert?

Of all the respondents (N = 1,487,182; the number of responses drops
with each successive question), 36% said they received the alert before
shaking, 28% during, 23% after, and 13% did not know (Fig. 5). BeAware
alerts always extend farther from the epicenter than the TakeAction
alerts, leading to longer BeAware warning times. This resulted in a
larger fraction of BeAware alerts (V= 1,082,495) being received before
shaking (44%) than TakeAction (14%, N = 2136; Fig. 5). There was a
positive correlation between when the alert arrived and helpfulness
score. Of those receiving the alert before, during, and after shaking,
93, 86, and 75%, respectively, rated the alert as “very helpful” (Fig. 5).

What action did you take?

Recommended actions when receiving an alert (or experiencing shak-
ing) are mostly DCHO or flee and evacuate outside (41). Previous studies
of what people actually do have found that the most common responses
to receiving an EEW alert are to mentally prepare, tell others, look for
more information, stop and wait, or do nothing (36-39). We confirm
these conclusions, finding that 30% of all respondents shared the alert
with others, 25% waited to see whether shaking started, 20% searched
for more information online, and 19% did nothing.

The recommended protective action when feeling shaking or get-
ting an alert in most countries is DCHO (41). This is the fifth most
common response of our users receiving a BeAware alert, with 14%
reporting taking DCHO action. Encouragingly, for users receiving a
TakeAction alert, the most common response was DCHO with 28%
of users reporting taking that action, whereas fewer shared the alert
or waited (Fig. 5).

Will you trust future alerts?
For AEA to continue to be effective, and to be more effective in the

future, users should trust the system and the alerts. The final
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Fig. 5. Feedback from users who received an alert. A total of 1,555,006 responses
to the user survey were collected over the period from 5 February 2023 to 30 April
2024. During this time, alerts were issued for 1042 earthquakes detected by AEA.

Response data are included in tables S3 to S11.

question asked users about their trust in the system given their ex-
perience with the alert they just received. Of those responding, 84%
said they would trust the system more next time, 13% said it did not
affect their trust, and 3% said they will trust it less in future (fig. S10).
Users also have the option to opt out of the system if they do not
want future alerts. Three years into operation, only 0.1% of users
have disabled alerts.

Implications for EEW systems

The proliferation of low-cost sensors in consumer products provides
opportunities for new observations of our physical environment that
are both dense and global in scale (42). AEA makes it possible to make
global observations of earthquakes through smartphones by turning
that information into useful alerts. Maximizing the effectiveness of
EEW systems, including AEA, requires synergizing (i) our understand-
ing of earthquake physics, (ii) the technical limitations of sensor net-
works and alert delivery, and (iii) user-informed social science about
alert delivery. The physics of the earthquake process limit prediction
of strong (MMI > 5) shaking to a few seconds ahead of onset (4¢3). The
TakeAction alerts were designed to prompt users to take protective actions,
but by delivering them only when we have predicted strong shaking,
we are only able to provide a few seconds’ warning. The BeAware alerts
are less intrusive and more informational and often delivered with a
warning of many tens of seconds.

Most recipients of both alert types do respond. Goltz and colleagues
(36) categorized user responses to EEW as “active,” “passive aware,” and
“no action.” Although an active response such as DCHO is preferable,
the more common passive aware responses will also likely reduce the
number of injuries. Having been alerted to the pending hazard, and as-
suming the user has some basic knowledge of how to protect themselves,
they are less likely to be injured when the shaking starts.

The BeAware alerts provide some of this education to users. Most
users will receive a BeAware alert before they receive a TakeAction
alert. This makes them aware of the system, provides simple informa-
tion about what to do when they receive an alert, and has a very high
helpfulness rating (86% rate it as “very helpful”). The very high help-
fulness rating by users who did not feel shaking and those receiving
the alert after shaking (Fig. 5) also demonstrates the educational and
informational value of the alerts. Users also expect and want alerts for
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low-intensity shaking (36, 39), making the BeAware-type alerts a criti-
cal element of an EEW system.

It is encouraging that 28% of recipients who received a TakeAction
warning reported following the recommended DCHO action. This is
higher than in previous surveys. Only 6% reported following DCHO
when receiving an alert for an earthquake in southern California (36),
similar to the 8% who reported doing DCHO in the last earthquake
they felt before EEW being operational in the United States (44). Users
are also tolerant of overalerting (39), i.e., receiving an alert despite not
feeling shaking during an earthquake (Fig. 5). One possibility for EEW
systems might therefore be to deliver intrusive TakeAction-like alerts
at lower shaking thresholds for larger earthquakes. This could improve
warning times for TakeAction alerts and mitigate some of the alerting
challenges in the largest earthquakes.

Central to the future success of AEA is the result that 84% of users
responding report that they will trust the AEA system more next time,
and only 3% say less. Trust in an alert is one of the key factors promot-
ing compliance with the recommended actions (25), and it also sup-
ports the application of phone-derived data to this work.

AEA demonstrates that globally distributed smartphones can be
used to detect earthquakes and issue warnings at scale with an ef-
fectiveness comparable to established national systems. Large earth-
quakes remain the most important and challenging for all EEW
systems, and the global implementation of AEA supports efforts to
improve detection with rapid, large-scale data collection and feed-
back to algorithms. In the future, the AEA detection system could
also provide additional information and products that could reduce
hazards. Small earthquake detections in regions without seismic
networks could help characterize faults and associated hazards be-
neath urban environments. The dense, local, and real-time ground
motion observations could provide rapid post-earthquake maps of
shaking intensity similar to ShakeMap, which are critical to emer-
gency response (33, 35). Aggregated observations of shaking over
multiple earthquakes could support improved regional hazard mod-
els globally. Delivering these products, with the support and trust of
users, will help build community awareness of earthquake hazards
and strategies to reduce them.
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Type 2 cytokines act on enteric
sensory neurons to regulate
neuropeptide-driven host defense

Rocky M. Barilla'?, Clara Berard, Linyu Sun®, Sumiti Sandhu?,
Sarah Zaghouani?®, Krishna S. lyer*, Gizem Altun'?®,
Chien-Wen Su®, Jacques Deguine’, Vasundhara Singh’,

Yu Hou®, Kanupriya Kusumakar®2, Michael L. Rutlin®,
Meenakshi Rao®, Habib Zaghouani'®, Hai Ning Shi®,

Ramnik J. Xavier"*, Vijay K. Kuchroo®”*

Enteric nervous system (ENS)—-derived neuropeptides
modulate immune cell function, yet our understanding of how
inflammatory cues directly influence enteric neuron responses
during infection is considerably lacking. Here, we characterized
a primary enteric sensory neuron (PSN) subset producing the
neuropeptides neuromedin U (NMU) and calcitonin gene—
related peptide p (CGRPB) and coexpressing receptors for the
type 2 cytokines interleukin-4 (IL-4) and IL-13. Type 2 cytokines
amplified NMU and CGRPp expression in PSNs both invitro and
invivo, and this was abrogated by PSN-specific //13ral deletion.
Deletion of //13ral in PSNs impaired host defense to the
gastrointestinal helminth Heligmosomoides polygyrus and
blunted muscularis immune responses. Co-administration of
NMU23 and CGRPB rescued helminth clearance deficits and
restored anti-helminth immunity, highlighting the essential
bidirectional neuroimmune cross-talk regulating intestinal type
2 inflammation.

Although the enteric nervous system (ENS) is best known for coor-
dinating essential physiologic functions such as digestion and gut
motility, recent evidence suggests that it is also a critical mediator
in gut neuroimmune communication. We and others have demon-
strated that ENS neuropeptides, such as neuromedin U (NMU), cal-
citonin gene-related peptide (CGRP), and vasoactive intestinal
peptide (VIP), profoundly influence barrier immune responses and
host defense against pathogens (I-4). For instance, NMU acts on type
2 innate lymphoid cells (ILC2s) that express NMURI, amplifying their
production of the type 2 cytokines interleukin-13 (IL-13) and IL-5 and
promoting allergic inflammation in the lung and gut (I-3). Likewise,
CGRP can have both pro- and anti-inflammatory effects depending
on the tissue, cell type, and context (5-8). Regardless, studies inves-
tigating the role of neuroimmune communication in barrier defense
have primarily focused on neuron-derived factors influencing im-
mune cell function, leaving a considerable gap in our understanding
of how enteric neurons respond to inflammatory stimuli, especially
cytokines from local immune responses. Furthermore, enteric
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neurons embedded within the gut wall are uniquely susceptible to
microbial exposure, inflammatory damage, and physical perturba-
tions. This is illustrated in the context of infection with tissue-
invading helminths such as Heligmosomoides polygyrus, which
invade the gut wall, promoting local inflammation (9). Here, we
found that enteric sensory neurons directly respond to type 2 cyto-
kines during a tissue-invasive gastrointestinal helminth infection,
consequently shaping the anti-helminth immune response.

Primary enteric sensory neurons directly sense type 2
cytokines to amplify gut NMU and CGRPp gene expression

To identify cytokine receptors expressed by enteric neurons, we reana-
lyzed three publicly available single-cell RNA sequencing (scRNA-seq)
datasets sampling mouse small intestine (SI) enteric neurons (10-12)
and one dataset sampling human colon enteric neurons (10) (fig. S1,
A and B). After integrating the mouse SI datasets, we observed 13
distinct clusters resembling the 12 to 13 annotated clusters from each
individual dataset (Fig. 1A and fig. S1C). Nmu and Calcb, encoding the
immunomodulatory neuropeptides NMU and CGRPp, respectively,
were exclusively coexpressed by a single cluster of putative primary
enteric sensory neurons (PSNs), also known as intrinsic primary af-
ferent neurons (IPANs) (Fig. 1B and fig. S1, C and D). Moreover, we
found that Nmu* PSNs were enriched in immune-associated genes
such as Il13ral, Il4ra, Jakl, and Stat6, encoding the IL-4/1L-13 het-
erodimeric receptor and its essential signaling components, and 117,
encoding a critical ILC2 and memory T cell survival factor (Fig. 1B and
fig. S1, D to F). Consistently, human colonic NMU'CALCB* enteric
sensory neurons also showed enrichment of ILI3RAI and IL4R
(Fig. 1C). In immune cells, IL-4 signals through a distinct heterodi-
meric receptor composed of IL-4 receptor a (IL-4Ra) and the IL-2
common y-chain (y.). However, we did not observe substantial expres-
sion of II2rg in enteric neurons (fig. S1F).

To assess the functional responses of PSN cytokine receptor activa-
tion, we first used neural crest progenitor-derived enteric neuron
cultures, which display IL-13Ral expression localized to enteric neu-
ron cell bodies (Fig. 1D and fig. S2A). Both IL-4 and IL-13, but not
interferon-y (IFNy), amplified the expression of the PSN-associated
neuropeptide genes Nmu, Calcb, and Grp by an average of ~20- to
200-fold compared with controls (Fig. 1, D and E, and fig. S2B). This
up-regulation was STAT6 dependent and was not comparably ob-
served in dorsal root ganglia (DRG) neuron cultures (fig. S2, C to I).
Consistent with our in vitro data, administering three daily doses of
recombinant IL-4:anti-IL-4 complex to wild-type mice sufficiently
augmented gastrointestinal NMU and CGRPf gene and peptide ex-
pression in vivo (Fig. 1, F and G, and fig. S3, A and B). IL-13 complex
treatment similarly amplified SI Nmu and Calcb expression (fig. S3,
C and D), although the Calcb induction was lower than that observed
in IL-4 complex-treated mice (fig. S3D). Type 2 cytokine -induced
neuropeptide expression was not observed in other digestive, muco-
sal, or nervous tissues sampled, including liver, lung, DRG, and brain-
stem (fig. S3, C and D). Moreover, type 2 cytokine neuropeptide
induction was not directly caused by enteric neuron proliferation
(fig. S3, E to J).

To determine whether this effect was caused by direct enteric neu-
ron cytokine sensing, we used Calb2-cre mice to target neurons ex-
pressing calretinin/Calb2, including Nmu* and Sst™ PSNs and several
subsets of excitatory motor neurons (figs. SIC and S4, A and B). We
also developed tamoxifen-inducible Calcb-ERT-cre (iCGRPB-ERT-cre)
mice to more specifically target PSNs and to circumvent possible ef-
fects on ENS development. To validate the specificity of these models,
we crossed nuclear green fluorescent protein (GFP) reporter mice
(R26-LSL-Sunl-sfGFP) to both the Calb2-cre and the iCGRPB-ERT-cre
models, observing selective and robust nuclear GFP expression in en-
teric neurons from the duodenal, ileal, and colonic myenteric and
submucosal plexi of both cre lines, with little to no GFP expression in
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Fig. 1. Type 2 cytokines directly amplify PSN neuropeptide expression. (A and B) scRNA-seq reanalysis of mouse S| enteric neurons integrated from three independent
studies (10-12). (A) Uniform manifold approximation and projection (UMAP) and (B) violin plots showing indicated gene expression. (C) scRNA-seq of human colon enteric
neurons from Drokhlyansky et al. (10). (D and E) Bulk RNA-seq analysis of invitro enteric neuroglial cultures treated for 24 hours with indicated cytokines (50 ng mi~ per

cytokine). (D) Schematic and volcano plot. (E) DESeq2-normalized gene counts; lower cutoff was set to 1 for log-scale visualization (n = 5 to 9 mice). (F and G) C57BI/6J mice
were administered IL-4 complex intraperitoneally for 3 days (F) or 4 (G) days. (F) Duodenal (Duo), ileal (lle), and colonic (Col) gPCR gene expression (n = 10 mice). (G) NMU23

and CGRP enzyme immunoassay (EIA) concentrations in ileal lysates. Shown is the fold change to bovine serum albumin (BSA) average per experiment (n =810 9). (H and

1) Calb2*"371 cKO mice and littermate controls administered IL-4 complex. (H) Schematic. () Duodenal gPCR (n = 4 to 6 mice). (J and K) iCGRPp2"3? ¢KO mice and littermate
controls gavaged with three or five consecutive doses of tamoxifen and administered IL-4 complex for 4 days. (J) Schematic. (K) Duodenal gPCR (n = 7 mice). Data were pooled
from two independent experiments [(F), (G), (1), and (K)] or are representative of three independent experiments (E). Data points represent single mice [(F), (G), (1), and (K)] or
distinct invitro cultures derived from single neonatal mice [(D) and (E)]. qPCR gene expression is relative to Actb, represented as 2-2% x 1000 [(1) and (K)] or fold change to the
BSA group per experiment (F). Each graph indicates the mean + SEM of replicates. ns, not significant; *P < 0.05; #*#P < 0.01; ***P < 0.001; *###P < 0.0001, two-way ANOVA
with Sidak's correction [(F), (1), and (K)] or two-tailed Welch's t test (G). PIN, putative interneuron; PIFN, putative intestinofugal neuron; PEMN, putative excitatory motor neuron;
PIMN, putative inhibitory motor neuron; PSVN, putative secretomotor/vasodilator neuron.
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the gut epithelia and lamina propria (LP) (fig. S4, C to M). Morphological
analysis showed that iCGRPB-ERT-cre -labeled GFP* neurons had
larger cell bodies than GFP™ neurons (fig. S4, I and J), in agreement
with previous reports showing that CGRP* enteric sensory neurons
have larger cell bodies (13). We next generated PSN-targeting Il13ral
conditional knockout (cKO) mice by crossing J113ra%* mice into
either Calb2-cre (Calb2*™*"™ cKO) or iCGRPB-ERT-cre (iCGRPpA13ra!
cKO) mice. The administration of IL-4 complex failed to induce sig-
nature Nmu and Calcb expression in the duodena of either Calp2>1%r!
¢KO or iCGRPBA™" ¢KO mice (Fig. 1, H and I), indicating that enteric
neurons recognize IL-4 directly and specifically through the IL-4Ra/
IL-13Ral heterodimeric receptor. Furthermore, we found no changes
to duodenal CGRPa/Calca and Vip expression or intestinal size after
IL-4 complex treatment in either control or iCGRPPA™™ ¢KO mice
(fig. S5, A and B), and no differences in general IL-4 complex—-induced
inflammatory phenotypes such as splenomegaly, immune cell Chil3
up-regulation, and epithelial cell Retnlb up-regulation between IL-4
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mice (fig. S5, F to H).

PSN li13ral ablation impairs host defense to

gastrointestinal helminths

To investigate the roles of PSN type 2 cytokine receptor signaling
during intestinal inflammation, we used the H. polygyrus gastroin-
testinal helminth infection model, which elicits strong type 2 immune
responses in the gut. We observed IL-13R«al immunoreactivity in the
soma of Calb2-cre -labeled enteric neurons from the myenteric plexi
of H. polygyrus-infected mice (fig. S6, A and B). H. polygyrus displays
a complex, multistep life cycle within the host, including a tissue-
dwelling phase at ~0 to 7 days postinfection (d.p.i.), when larvae bur-
row into the muscularis to grow and molt, and a luminal phase (8 to
14+ d.p.i.), when mature worms re-emerge in the lumen to mate and
lay eggs. During the tissue-dwelling phase, muscularis-implanted
H. polygyrus larvae were situated near myenteric plexus neurons,
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Fig. 2. PSN-specific ll13ral ablation impairs host defense to H. polygyrus. (A) Confocal imaging and three-dimensional rendering (Aivia) of Ce3D-cleared duodenal

muscularis at 6 d.p.i. Autofluorescent H. polygyrus larvae are pseudocolored green, white, and pink; enteric neurons/p3-tubulin are shown in red; and CGRP is shown in cyan.
Insets (yellow boxes) show magnified white larvae from the top (left inset) and the side (right inset). (B) Duodenal gPCR of muscularis (black) and lamina propria/submucosa
(red) at the indicated d.p.i. Gene expression is relative to Tubb3, represented as fold change to the water group per organ. Statistics compare indicated d.p.i. against the water
group per organ. Data were pooled from four independent time points (n = 3 to 4 mice per time point). (C to E) H. polygyrus—infected Calb2*"3731 cKQ and littermate control
(Calb2°™/*, 1113ral™  or heterozygous) mice at 14 d.p.i. (C) Schematic. (D) Fecundity (n = 12 to 13 mice). (E) Worm count (n = 15 to 20 mice). Squares indicate mice that received
daily PBS. (F to H) H. polygyrus—infected tamoxifen-induced iCGRPﬁA”B’al cKO and littermate control mice. (F) Schematic. (G) Fecundity (n = 12 mice). (H) Worm count (n =12
to 13 mice). (1 to K) H. polygyrus-infected Phox2b“"3?! ¢KO and littermate control mice at 14 d.p.i. (I) Schematic. (J) Fecundity (n = 11 to 12 mice). (K) Worm count (n = 11t0 12
mice). Data were pooled from two [(D), (H), (J), and (K)], three (G), or four (E) independent experiments. Each data point represents a single mouse [(C) to (K)], and each bar
and scatter plot indicate the mean + SEM of replicates. ns, not significant; *P < 0.05; **P < 0.01, two-tailed Welch's t test [(E), (H), and (K)], two-tailed Mann-Whitney test [(D),
(G), and (J)1, or two-way ANOVA with Dunnett’s correction (B).
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including CGRP" neuronal fibers (Fig. 2A and movie S1), eliciting
increased Nmu and Calcb, but not Vip, expression in the duodenal
muscularis as early as 1 d.p.i. (Fig. 2B and fig. S6C). Furthermore,
at 7 d.p.., individually implanted larvae in the duodenal wall of
Calb2>13™ KO mice occupied ~20% greater areas than those of
littermate controls, with no difference in total number (fig. S6, D to
F). During the luminal phase of infection, both Calb2*™%™ ¢KO and
iCGRPBA97 cKO mice failed to effectively control the helminth in-
fection, displaying greater H. polygyrus fecundity and luminal worm
burdens compared with their respective littermate controls (Fig. 2, C
to H, and fig. S6, G and H). Moreover, these differences in worm
burden and fecundity could not be explained by differences in gas-
trointestinal motility (fig. S6, I to K).

To exclude the possibility of extrinsic neuronal involvement in our
observed phenotypes, we examined cre expression in gut-extrinsic
ganglia by crossing R26-LSL-SunI-sfGFP mice to Calb2-cre, iCGRPf-
ERT-cre, and Phox2b-cre BAC transgenic mice (hereafter, Phox2b-
cre), which have been reported to express cre primarily in the
hindbrain and nodose ganglia but not in the ENS and peripheral
ganglia (14). Whereas Calb2-cre and Phox2b-cre reporter-crossed
mice showed virtually no sensory neuron GFP labeling in DRG of the
thoracic splanchnic nerve, iCGRPB-ERT-cre reporter mice showed
substantial GFP labeling in DRG neurons, in addition to enteric sen-
sory neurons (fig. S7, A to C). Conversely, Phox2b-cre mice displayed
extensive cre-mediated recombination in the autonomic nervous
system, having more GFP* neurons in the vagal sensory nodose-
petrosal-jugular ganglia (N-JG) and the sympathetic celiac ganglia-
superior mesenteric ganglia (CG-SMG) than both Calb2-cre and
iCGRPp-ERT-cre reporter-crossed mice (fig. S7, D to F). Contrary to
previous reports (14), we detected sparse (<10%) Phox2b-cre recom-
bination in the myenteric plexus (fig. S7, G and H). However, the
labeled neurons were calretinin” and were not larger than GFP™ neu-
rons (fig. S7, I to K), suggesting that Phox2b-cre mice do not target
PSNs. When Phox2b-cre mice were crossed to I113ral floxed mice
(Phox2bAms”” c¢KO) and infected with H. polygyrus, we observed no
differences in luminal worm burden or helminth fecundity at 14 d.p.i.
(Fig. 2, I to K), suggesting that Il13ral ablation in enteric neurons,
but not in gut-extrinsic autonomic neurons, impairs host control of
H. polygyrus infection.

PSN neuropeptides rescue impaired H. polygyrus clearance of
PSN li13ral cKO mice

We next investigated how PSN I/13ral ablation influences gut neuro-
peptide expression. Although steady-state Nmu expression was dimin-
ished specifically in the duodena of Calb2*/%" ¢KO mice and
iCGRPBAM34! KO mice (Fig. 3A and fig. S8, A and B), there were no
differences in baseline duodenal Calcb expression among Calparlisrd
¢KO mice, iCGRPPA™3™ ¢KO mice, and littermate controls (Fig. 3A
and fig. S8, A and B). However, in the helminth-infected gut, expres-
sion of Nmu and Calcb, but not of other typical ENS neuropeptides,
was diminished in all sampled SI regions of Calb2277%™ and
iCGRPBAM3al ¢KO mice (Fig. 3, A and B, and fig. S8, C to H) but was
not altered in Phox2b*™2™ ¢KO mice (Fig. 3C).

‘We noticed a strong negative correlation between H. polygyrus fe-
cundity and both duodenal Nmu and Calcb expression at 14 d.p.i.
across mice from all linked experimental litters (Fig. 3D) as well as
across the littermate control mice only (fig. S8I), suggesting that natu-
ral duodenal Nmu and Calcdb variation may influence H. polygyrus
fecundity in wild-type mice. This PSN neuropeptide anticorrelation
was also observed for implanted larval size at 7 d.p.i. (fig. S8J). Fur-
thermore, duodenal Nmu and Calcb expression exhibited a robust
positive correlation with each other (R* = 0.89 t0 0.92, P < 0.0001) at
steady state and during helminth infection (Fig. 3E and fig. S8K), sug-
gesting that their expression is tightly co-regulated. Therefore, we
tested whether PSN neuropeptide co-administration could rescue the
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helminth clearance deficits of Calb2*™%™ ¢KO mice, finding that daily

co-administration of equimolar NMU23 and CGRP, but not admin-
istration of CGRPf alone, reduced both H. polygyrus fecundity and
worm burden to values similar to those of phosphate-buffered saline
(PBS)-administered littermate control mice (Fig. 3, F and G, and
fig. S8L). However, NMU23 and CGRPf co-administration did not re-
store the impaired duodenal Nmu and Calcb expression of Calp2”t3ral
cKO mice (fig. S8M).

‘We next investigated whether enteric neuron //13ral ablation influ-
ences PSN villus innervation and abundance. H. polygyrus-infected
Calb2*™27 ¢KO mice displayed lower CGRP* and calretinin® fiber
densities per villus and per mouse compared with controls at 7 d.p.i.
(Fig. 3, H to K). However, there were no differences in calretinin® fiber
density per mouse in the absence of infection (Fig. 3K). Furthermore,
Calb2*3™ KO mice displayed fewer calretinin"p75NTR* neurons
than did littermate controls at 7 d.p.i. (Fig. 3L, and fig. S9, A to E),
suggesting a loss of Nmu* PSNs coexpressing calretinin and
P75NTR/Ngfr after infection (fig. S4, A and B).

Because iCGRPB-ERT-cre reporter-labeled GFP™ neurons were larger
than GFP™ neurons (fig. S41) and because large (above the third quartile
in soma size per experiment) calretinin™ neurons displayed greater
P75NTR expression than small calretinin* and calretinin~ enteric neu-
rons (fig. SOF), we used large calretinin®™ neurons to discriminate PSNs.
Consistently, Calb2*/%7 ¢KO mice had lower percentages and total
numbers of PSNs in the myenteric plexus compared with littermate
controls at 7 d.p.i., but there were no differences in uninfected mice
(Fig. 3, M to O, and fig. S9, G to I), suggesting that enteric neuron
Il13ral ablation selectively depletes PSNs in the helminth-infected my-
enteric plexus, leading to diminished NMU and CGRPf gene expression
and loss of intrinsic sensory neuron fibers to the mucosal villi.

PSN neuropeptide expression influences muscularis-specific
type 2 immune responses

Assessing the effects of PSN [/13ral ablation on anti-helminthic im-
munity, we found that Calp2°™3™ ¢KO mice displayed blunted duo-
denal 774 and 115 expression at 14 d.p.i. (Fig. 4A), which was independent
of T cell-priming differences in the mesenteric lymph nodes (fig. S10,
A to F). These impairments could be rescued with co-administration
of NMU23 and CGRPp (Fig. 4B). Conversely, Phox2b*">7 ¢KO mice
displayed enhanced duodenal 774 and 1713 expression compared with
controls at 14 d.p.i. (fig. S10G), suggesting that IL-13Ral signaling in
intrinsic and extrinsic neurons has distinct effects on gastrointestinal
type 2 immune responses.

Because ILC2s are a predominant source of IL-5 in the helminth-
infected gut (75) and respond to NMU and CGRP (I-3, 5, 16, 17), we
performed bulk RNA-seq on purified ILC2s from the muscularis and
LP of Calb2*™3™ ¢KO and littermate control mice at 7 d.p.i. (fig. SI1A).
Comparing control ILC2s from each compartment, muscularis ILC2s
were enriched in Calca and CGRP receptor genes (Calcrl, Rampl, and
Ramp3) (fig. S12A), whereas LP ILC2s showed greater NMU and VIP
receptor gene expression (fig. S12A). Accordingly, muscularis ILC2s
expressed genes up-regulated by or downstream of CGRP receptor
signaling and genes associated with ST2* “natural” nILC2s (5), whereas
LP ILC2s were enriched in genes associated with IL-25R* “inflamma-
tory” iILC2s (5, 17, 18) (fig. S12B). Furthermore, muscularis Calb2*/37!
¢KO ILC2s displayed lower expression of Calcrl, whereas LP Calb22 1!
cKO ILC2s showed lower expression of NmurI compared with their
respective control ILC2s (fig. S12C), suggesting that Calb2°™™ ¢KO
neuropeptide deficits may influence immunity in a site-specific man-
ner. Confirming this, Calb2*™5™ ¢KO ILC2s from the muscularis, but
not the LP, displayed greater cell cycle gene expression compared with
ILC2s from littermate controls at 7 d.p.i. (fig. S12D). These results are
consistent with CGRP’s function as a potent inhibitor of ILC2 prolifera-
tion (5, 16, 17) and are in agreement with the CGRPp gene expression
deficits shown in Calb2*7%™ ¢KO mice. Nevertheless, we saw no
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millimeter of p3-tubulin* area (n = 6 to 7 mice). (M) Representative 7 d.p.i. myenteric plexi immunostained for p3-tubulin (yellow), calretinin (magenta), and ANNA-1 (neuronal
nuclei/cell body marker; cyan). Arrows indicate large calretinin® PSNs. (N) Scatter plot of pooled segmented neurons at 7 d.p.i. from littermate control (n = 5) and Calp22M3ral
cKO (n = 4) mice. (O) Percentage of large calretinin* neurons (n = 4 to 6 mice). Data were pooled from two [(B), (K), (O)], three [(D) to (G)], or six (A) independent experiments
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Fig. 4. PSN IL-4/1L-13 sensing promotes muscularis-specific type 2 immune responses. (A) Duodenal gPCR gene expression at 14 d.p.i. (n = 9 to 19 mice). (B) Duodenal
gPCR gene expression in mice with daily CGRPB and NMU23 co-administration as inFig. 3, F and G (n = 3 to 4 mice). (C) DESeq2-normalized bulk RNA-seq counts of ileal
muscularis and LP ILC2s at 7 d.p.i. as gated in fig. S11A (n = 4 to 5 mice). (D and E) Flow cytometric analysis of ileal muscularis and LP immune cells at 7 d.p.i. (D) Representative
flow plots gated on single live CD45" CD90.2 Lineage(Ter-119, NK1.1, CD19, B220)" cells. (E) Percentage of muscularis and LP eosinophils (as gated in fig. S11A) of all CD45*
cells (n =4 to 5 mice). (F to H) scRNA-seq of ileal muscularis (input 50% enriched for stroma or glia as in fig. SI3A) and duodenal epithelium at 7 d.p.i. (F) UMAP embedding of
8270 individual cells pooled from two mice per group using general-level cluster annotation. (G) Gene set enrichment analysis (GSEA) plots of general MM cluster, depicting
Gene Ontology gene sets from MSigDB. (H) Violin plots of general MM¢ clusters. (I) Duodenal muscularis qPCR gene expression at indicated d.p.i. (n = 3 to 6 mice per time
point). (J and K) Flow cytometry of duodenal MM (as gated in fig. S11C) at 3 d.p.i. (J) Percentage CD301b* of CD45™ cells in indicated MM¢ subsets at 3 d.p.i. (1 = 4 to 6 mice).
(K) Percentage Argl* MM¢ (MHC2*Ly6C™) of CD45* immune cells (n = 3 to 6 mice per time point). (L and M) Flow cytometry of ileal muscularis and LP immune cells at 14 d.p.i.
(L) Representative flow plots; shown are total immune cells (top) and macrophages (bottom). (M) Frequency of Argl* cells in indicated MM subsets (n = 5 to 14 mice). Data
were pooled from two [(A), (K), and (M)] or four () independent experiments or are representative of two or more independent experiments [(B) and (E)]. Each data point
represents a single mouse. qPCR gene expression is relative to Actb, represented as 2740t %1000 (1) or fold change to the cKO group (A) or PBS-treated cKO group (B) per
experiment. Each bar graph indicates the mean + SEM of replicates. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, two-tailed t test (A), two-way
ANOVA with Sidak’s correction [(B), (C), (E), (I) to (K), and (M)], or Wilcoxon rank-sum test adjusted P value (H).

differences in duodenal muscularis ILC2 abundance at steady state or  the proximal and distal SI of Calb2*1371 ¢KO mice compared with
at 5 d.p.i. (figs. S11B and S12, E and F). littermate controls at 7 d.p.i. (Fig. 4, D and E, and fig. S12L).

115 was the most highly expressed ILC2 cytokine in muscularis
ILC2s, and its expression was reduced in muscularis, but not LP, CGRPf synergizes with IL-4 to induce muscularis macrophage
Calb2213™ KO ILC2s compared with control ILC2s (Fig. 4C and  arginase-1 expression
fig. S12, G and H). IL-5 is a well-studied differentiation and maturation = To more extensively characterize the helminth-infected muscularis,
factor for eosinophils, which are a major source of IL-4 during intes- we performed scRNA-seq on Calb2>13™ KO and littermate control
tinal helminth infection (19) and play a role in killing entrapped mice at 7 d.p.i. (Fig. 4F and fig. S13, A to F), sampling muscularis cell
H. polygyrus larvae (20). Eosinophils were most heavily recruited to  populations as well as epithelial cell populations, which also displayed
the duodenal muscularis during the late tissue-dwelling phase and impaired type 2 effector responses (fig. S14, A to D). Muscularis mac-
expressed greater /4 and Prg2 than those recruited to the LP (figs. S11C  rophages (MMg) exhibited the most differentially expressed genes,
and S12, I to K). Furthermore, the abundance and proportion of eo-  with control MM enriched in gene sets involved in host defense
sinophils recruited to the muscularis, but not the LP, were reduced in  (Fig. 4G and fig. S14,, G to K), including genes encoding critical type 2
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mediators and alternatively activated macrophage (AAM¢) markers Consistently, daily CGRPf and NMU23 in vivo co-administration
with roles in anti-helminth immunity and tissue repair (Argl, Mgl2, completely restored Calb2”13 KO MM Argl expression deficits at
Ear2, and Retnla) (21, 22), eosinophil chemotaxis (Ccl24), and macro- 14 d.p.i. (Fig. 5, F and G; fig. S15J), and the percentage of muscularis
phage adhesion to H. polygyrus larvae (C3) (23, 24) (Fig. 4H and  Argl* immune cells was negatively correlated with H. polygyrus fe-
fig. S14K). Argl gene expression was reduced at 7 d.p.i. in the duodenal  cundity and burden (Fig. 5H; fig. S15K). Lastly, we infected mice glob-
muscularis of Calb2*™ ¢KO mice (Fig. 41), which also had lower ally deficient in Rampl (Rampl KO), finding that RampI KO mice had
percentages of CD301b/Mgl2* and arginase-1-positive (Argl") MM¢ greater fecal egg burdens than heterozygous littermate controls at
compared with controls at 3 d.p.i. (Fig. 4, J and K, and fig. S15A). 14 d.p.i. (Fig. 5I), which suggests that CGRP receptor signaling is neces-
Additionally, Calb2*™3! KO mice displayed reduced duodenal Argl  sary for efficient H. polygyrus expulsion and works in synergy with
during the luminal phase of infection, with lower percentages of Argl-  IL-4 to promote AAM@ gene expression.
expressing MM and total immune cells in the ileal muscularis, but
not LP, compared with controls (Fig. 4, L. and M, and fig. S15, Bto D).  Discussion

Although Calb2”™3 ¢KO CGRP peptide concentrations were di- In this work, we uncovered the functional role of type 2 cytokine recep-
minished in both gut compartments at steady state and at 7 d.p.i., tor signaling in PSNs during infection with the gastrointestinal hel-
CGRP concentrations were 2- to 2.5-fold greater in the muscularis minth H. polygyrus. We demonstrated that direct PSN sensing of IL-4
compared with the LP (Fig. 5A). Furthermore, MM had the most and IL-13 is sufficient to induce robust expression of the immuno-
Calcrl and Rampl gene expression across immune cell clusters, with  modulatory neuropeptides NMU and CGRPf in vitro and in vivo,
control MM sharing gene signatures with recently reported CGRP-  thereby completing a previously described neuropeptide-ILC2 neuro-
treated macrophages (8), and Calb2”™3mal cKO MMg sharing signa- immune feedback loop (I-3) (fig. S16, A to C). PSN-dependent helminth
tures with gut macrophages from ILC2-deficient mice (25) (Fig. 5Band  control is due in part to the action of NMU on ILC2s, because IL.C2
fig. S15, E to G). This suggests that CGRP may influence MM AAM¢ NMURI expression is required for effective helminth control (2).
programs. Indeed, both CGRPp and activation of its downstream recep-  Additionally, ILC2 CGRP receptor signaling limits proliferation while
tor signaling pathway were sufficient to induce Argl expression in  promoting IL-5 production (5, 16, 17) and muscularis IL-4* eosinophil
primary cultured SI macrophages (SI-M@) and bone marrow-derived  recruitment. Therefore, the highly correlated NMU and CGRPp expres-
macrophages (BMDMs) (Fig. 5, C and D, and fig. S15H). Moreover, sion in PSNs may serve to promote appropriate muscularis-specific
CGRPp synergized with lower doses of IL-4, amplifying BMDM Argl  anti-helminth immunity while buffering the tissue-damaging effects
expression to levels equivalent to those observed after treatment with  of unrestrained type 2 inflammation in the muscularis. Furthermore,

10x the dose of IL-4 alone (Fig. 5E and fig. S15I). we showed that CGRP acts in synergy with IL-4 to induce macrophage
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Fig. 5. CGRPg synergizes with type 2 cytokines to drive MM¢ Argl. (A) CGRP EIA peptide concentration (n = 3 to 8 mice). (B) scRNA-seq dot plot across general immune
cell clusters (including lymphoid cell subclusters) from the dataset shown inFig. 4F. (C to E) gPCR gene expression in duodenal SI-Me cultures (n = 3 to 5 wells) (C) or BMDM
cultures (n = 4 to 8 wells) (D and E) treated for 8 hours with or without indicated neuropeptides (250 nM each) or IL-4 concentrations. (F to H) Flow cytometry of 14 d.p.i. ileal
muscularis immune cells. (F) Representative flow plots depicting percentage Argl* MM (single live CD45" CD3e Ly6G™Siglec-F"CD64* CD11b*). (G) Percentage Argl™ muscularis
immune cells (left) and MM (right) (n = 8 mice). Solid and dotted lines with grayed area represent the mean + SEM of control mice at 14 d.p.i. pooled from four independent
experiments (n = 16 mice). (H) Scatter plot correlating 14 d.p.i percentage Argl* muscularis immune cells (x axis) with worm count (y axis) (n = 16 mice). (1) The 14 d.p.i.
fecundity of Rampl KO and littermate control (Rampl”‘) mice (n = 5 to 8 mice). Data were pooled from two independent experiments [(G) to (I)] or are representative of two or
more independent experiments [(A), (C), (D), and (E)]. Data points represent individual mice [(A) and (G) to (1)] or culture wells pooled from two to five mice per experiment
[(C) to (E)]. gPCR gene expression is relative to Actb, represented as fold change to media control group per experiment [(C) to (E)]. Each graph indicates the mean + SEM of
replicates. ns, not significant; *P < 0.05; *#P < 0.01; ***P < 0.001; ***#P < 0.0001 using two-way ANOVA with Tukey's correction (A), one-way ANOVA with Tukey's correction
[(D) and (E)], two-tailed unpaired t test (C), two-tailed Mann-Whitney test (G), two-tailed Welch's t test (1), or simple linear regression (H).
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Argl expression in vitro, and that PSN neuropeptide co-administration
promotes Argl expression in MM, which are essential to H. polygyrus
host defense and tissue protection (21, 23, 26). This work demonstrates
how PSN cytokine sensing dictates this delicate neuropeptide balance
and influences site-specific immunity.
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A wave of Thetis cells imparts
tolerance to food antigens
early in life

Vanja Cabric*?f, Yollanda Franco Parisotto't, Tyler Park®,
Blossom Akagbosu?, Zihan Zhao!, Yun Lo™*, Gayathri Shibu®*,
Logan Fisher', Yoselin A. Paucar Iza'*,
Christina Leslie®, Chrysothemis C. Brown24*

In the intestine, peripherally induced regulatory T (pTeg) cells
play an essential role in suppressing inflammatory responses
to food proteins. However, the identity of the antigen-
presenting cells that instruct food-specific pTieg cells is poorly
understood. We found that a subset of Thetis cells, TC 1V, is
required for food-specific pT,eg cell differentiation. TC IV

were almost exclusively present within mesenteric lymph
nodes, suggesting that their presence underlies the
phenomenon of oral tolerance. A wave of TC |V differentiation
in the periweaning period was associated with a window of
opportunity for enhanced pTeg cell generation in response to
food antigens. Our findings indicate that TC IV may represent
a therapeutic target for the treatment of food-associated
allergic and inflammatory diseases.

The immune system must establish and maintain tolerance to harm-
less orally ingested food proteins to prevent onset of inflammatory
diseases such as food allergy or celiac disease. Antigen-presenting cells
(APCs) play a role in determining the nature of the immune response
to intestinal antigens by promoting the differentiation of naive CD4*
T cells into diverse proinflammatory T helper (Ty) cell subsets, which
mediate distinct types of inflammation, or peripherally induced
Foxp3™ regulatory T (pTeg) cells, which suppress inflammatory re-
sponses to harmless microbiota or food antigens (7-6). Type 1 classical
dendritic cells (¢cDC1s) have been linked to food-specific pTyeg (7-9)
and intestinal Tyl cell differentiation (10, 1I) at homeostasis, yet it
remains unclear how ¢DC1s would simultaneously promote inflam-
matory and tolerogenic immune responses upon antigen presentation.

Although oral tolerance has been widely studied in adult mice, dys-
regulated responses to food antigens, including immunoglobulin E
(IgE)-mediated food allergy, food protein-induced inflammatory en-
terocolitis, and pediatric celiac disease, present almost exclusively in
infancy or childhood, when food antigens are first encountered.
Commensurate with a developmental window for oral tolerance, early
introduction of allergenic foods, earlier than the World Health
Organization-recommended age of 6 months, is associated with re-
duced incidence of food allergy (12-15). Moreover, oral immunotherapy
trials in food-allergic children have highlighted a window of opportu-
nity for therapeutic benefit (16). However, the cellular and molecular
mechanisms underpinning the increased propensity for oral tolerance
in early life are not known.

We recently identified a lineage of retinoic acid receptor-related
orphan receptor gamma t positive (RORyt") APCs—Thetis cells

Immuno-Oncology, Human Oncology and Pathogenesis Program, Memorial Sloan Kettering
Cancer Center, New York, NY, USA. “Department of Pediatrics, Memorial Sloan Kettering
Cancer Center, New York, NY, USA. *Computational and Systems Biology Program, Memorial
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(TCs)—enriched in gut lymph nodes during early life (17). These cells
included a subset of integrin avps™ cells (TC IV) that induce PTreg cell
differentiation and tolerance to the gut microbiota (17-20). Given their
role in microbiota tolerance, we wondered whether TC IV contributed
to tolerance toward food proteins.

TCs induce food-specific pT,eg cells and oral tolerance

To establish the full spectrum of APCs that presented food antigens
during the weaning period, we administered ovalbumin (OVA) conju-
gated to AF647 by intragastric gavage (i.g.) to postnatal day 14 (P14)
mice and analyzed antigen uptake by major histocompatibility com-
plex class II positive (MHCII") cells in mesenteric lymph nodes (mLNs)
at 8, 24, and 48 hours after gavage. Four APC types could take up
antigen: CCR7" (migratory) type 1 dendritic cells (¢cDC1s), CCR7+
¢DC2s, MHCII™ monocytes or macrophages, and TC IV (Fig. 1, A and
B, and fig. S1).

The small intestine and associated lymph nodes represent the major
sites of dietary antigen encounter and tolerance induction (3, 2I).
Thus, to determine whether TCs regulate food-induced pT.g cell gen-
eration, we examined individual small intestine lymph nodes (siLNs)
and small intestine lamina propria (SI) in mice deficient in MHCII-
restricted antigen presentation by RORyt" cells (MHCIIAROR”) at
4 weeks of age, to allow for accumulation of pTieg cells in response to
dietary and microbiota antigens. We observed a marked reduction in
RORyt*Foxp3* cells in all lymph nodes examined as well as in Peyer’s
patches (PPs) and SI (fig. S2A). Serial analysis of CD4" Ty cells from
3 to 5 weeks of age revealed evidence of inflammatory responses within
the SI of 5-week-old mice with increased Ty17 cells (fig. S2B). At
12 weeks of age, we observed severe small intestinal inflammation with
marked inflammatory cell infiltrate, epithelial hyperplasia, and goblet
cell loss with epithelial erosions (fig. S2, C and D), confirming a role
for RORyt" APCs in preventing dysregulated immune responses within
the small intestine.

Because loss of small intestinal pTieg cells in MHCIT*FOR mice could
also reflect loss of microbiota-specific pTeg cells, we tested the specific
role of RORyt" APCs in tolerance to food antigens by adoptive transfer
of OVA-specific naive OT-II CD4" T cells into MHCIT*RO®" mice at P14
followed by oral administration of OVA (Fig. 1C). Administration of
oral antigen in this time window coincides with first encounter with
a host of dietary antigens upon weaning from breast milk to solid food
and reflects the physiological window for establishing tolerance to
dietary proteins in mice. Seven days after transfer, ~60% of OT-II cells
in siLNs and SI of wild-type H2-Ab1(MHCII)™" mice expressed Foxp3
with equal proportions of RORyt" and RORyt™ Foxp3™ cells (Fig. 1, D
and E, and fig. $2, E and F). In MHCIT**°®" mice, OT-II pTeq cell dif-
ferentiation was almost completely abolished, and absence of OT-II
PTreg cells was associated with enhanced OT-1I Tbet* Ty1 cell differen-
tiation (Fig. 1, F and G, and fig. S2G).

RORyt* APCs encompass two distinct cell types—TCs and MHCIT*
type 3 innate lymphoid cells (ILC3s), also known as lymphoid tissue
inducer (LTi) cells. Although we did not observe uptake of OVA in
MHCIT™ ILC3s (Fig. 1B), to exclude a role for ILC3s in food-specific
PTreg cell differentiation, we analyzed OT-II Tyeg cell conversion in
Rora™H2-AbF" mice, which specifically lack MHCII expression on
ILC3s (I7). In contrast to MHCII*ROR" mice, OVA-fed MHCII*ROR
mice exhibited normal proportions and numbers of OT-II Tyeg cells
(fig. S2, H and I), excluding a role for ILC3s in food-specific pTyeg cell
generation.

To determine the impact of impaired food-specific pTyeg cell differ-
entiation on oral tolerance and Ty2 allergic responses, MHCITARORr
or control mice were immunized with OVA-alum 7 and 14 days after
the final exposure to oral OVA and challenged intranasally with OVA
on three occasions, 3 or 4 days apart (Fig. 1H). Eosinophilia in the
bronchoalveolar lavage (BAL) fluid and serum OVA-specific IgG1 and
IgE responses were suppressed in OVA-fed wild-type mice relative to
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Fig. 1. RORyt* TCs promote food-specific pTreg cell
differentiation and oral tolerance. (A) Representative flow
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mice that received H,O gavages and regular drinking water (Fig. 1,
I and J). MHCIT*®O%" mice exhibited levels of OVA-specific IgG1
similar to those of nontolerized mice as well as variable increases
in OVA-specific IgE and BAL eosinophils. Both tolerized and nonto-
lerized MHCIT*FOR" mice had increased serum levels of mast cell
protease-1 (MCP-1), a mast cell protease released upon allergen-
dependent cross-linking of IgE (fig. S2J), indicating enhanced mast
cell activation relative to their wild-type counterparts. Overall, these
results indicate that food-specific Tr.g cells generated in early life
comprise both RORyt™ and RORyt” PTieg cells and that MHCII anti-
gen presentation by TCs is critical for food-specific pT.g cell genera-
tion and oral tolerance.
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avp8* TC IV are enriched at sites of pT,., cell generation in
early life

Expression of the transforming growth factor-p (TGF-p)-activating in-
tegrin avp8 is required by TCs to induce pTyeg cells within colonic lymph
nodes in response to microbiota (17). Among TCs profiled from mLNs,
TC IV express the highest levels of integrin subunit beta 8 (ITGBS8)
(I17). To determine whether subset-specific expression of avp8 was
conserved across TCs from different tissue-draining lymph nodes, we
performed single-cell RNA sequencing (scRNA-seq) on TCs [CXCR6~
RORyt(Venus)*'MHCII*] isolated from hepatic, small intestinal, colonic,
salivary gland, lung, and skin-draining lymph nodes and PPs of
Rorc"mes reERT2 renorter mice at P14. Although expression of Venus

269



RESEARCH ARTICLES

reflects transcription of the Rorc 3’ untranslated region, shared be-
tween both Rorc and Rorgt isoforms, Rorgt” fate mapping confirmed
that all Venus* TCs, including TC IV, express the RORyt isoform
(fig. S3A).

Differential gene expression analysis of TC cluster transcriptomes
confirmed the presence of previously identified subsets TC I to TC IV
and proliferating (Ki67") TCs as well as a cluster whose gene expres-
sion signature was shared with proliferating TCs, suggesting the pres-
ence of TCs at the earliest stage of differentiation (Fig. 2, A and B, and
data S1). Notably, TC IV were specifically enriched in intestinal lymph
nodes and gut-associated lymphoid tissue including hepatic, small
intestinal, and colonic lymph nodes and PPs (Fig. 2C). TC subset tran-
scriptomes were very stable across lymph nodes, with only 3 to 20
genes exhibiting lymph node -specific patterns of expression for each
individual TC subset (fig. S3B). Among TCs, TC IV were distinguished
by the highest levels of Itgb8 expression as well as aldhla2, encoding
RALDH2, a critical enzyme for synthesis of retinoic acid that promotes
intestinal Ty.g cell differentiation (22, 23) (Fig. 2D). Analysis of TCs
from lymph nodes of P14 Rore s cTeERI2 [op gldtomato yi6 by flow cy-
tometry confirmed that the absolute number of ITGB8(tdTomato)*
TCs was increased in gut and hepatic lymph nodes relative to skin-
draining lymph nodes (Fig. 2, E and F).

To determine whether food-specific pTyg cell induction was depen-
dent on Itgb8 expression by TCs, we adoptively transferred naive OT-1I
cells into P14 Rorgt“"Itgb8"" mice followed by oral OVA administra-
tion. OT-II pT;g cell differentiation was abolished in these mice (Fig. 2,
G and H, and fig. S4A), with increased numbers and proportions of
OT-II Tyl cells (fig. S4B). We did not observe altered OT-II pT;e, cell
generation in Cd4“"Itgb8™" mice (fig. S4C), confirming that Jtgb8 ex-
pression by TCs, but not TCRp™" cells, was required for food-specific
PTreg cell induction. Although TC IV are distinguished by the highest
levels of Itgb8 expression, ~20% of TC III expressed low levels of
ITGBS, as determined by transcript or ITGB8(tdTomato) expression
(fig. S4, D and E). Moreover, TC III express Aire (fig. S5A), and previous
studies have suggested that RORyt*Aire™ cells [also known as RORyt"
extrathymic Aire-expressing cells (€TACs)] may be the cell type respon-
sible for pTg cell differentiation (20, 24). Notably, we did not observe
uptake of OVA-AF647 by Aire* TC III (Fig. 1B).

To determine the role of TC III versus TC IV in pTyg cell generation,
we crossed Rorgt™ mice with mice carrying an Aire™ % allele to
allow cre-mediated recombination and inversion of the diphtheria
toxin subunit A (dtA) and thus ablation of RORyt*Aire™ cells (fig. S5B).
Analysis of Rorgt™Aire™* % mice at P14 confirmed complete loss of
Aire* TCs, encompassing TC I and TC III, but no impairment in TC IV
numbers, nor Aire* medullary thymic epithelial cell (mTEC) or ¢DC
numbers (fig. S5, C to E). These mice showed OT-II pT;eg cell frequen-
cies comparable to those of their littermate controls after adoptive
transfer of OT-II T cells at P14 and after OVA feeding (Fig. 21).
Moreover, host RORyt* PTreg cell numbers were not altered in these
mice (Fig. 2I and fig. S5F), indicating that RORyt*Aire* TCs were not
required for microbiota-induced pTyg cells. Together, these data ex-
clude a role for Aire* TCs, including ITGB8" TC III, in intestinal pTyeg
cell differentiation, implicating ITGB8* TC IV as the cell type required
for pTeg cell induction in early life.

Role of TCs in food-specific pTe cell differentiation from birth
to adulthood

Consistent with the previously reported developmental wave of TCs in
mLNs (17), we observed a peak in ITGB8(tdTomato)* TC IV numbers in
siLNs at P14, coincident with weaning, followed by a steady decline
thereafter (Fig. 2J). We wondered whether low numbers of TCs in adult
mice promote food-specific pTieg cells after antigen introduction in later
life or whether a distinct APC induced food-specific Tyg cells in adult-
hood. To address this, we treated adult (6-week-old) or periweaning
(P12) Rorc"rER2 1o 4p 7 mice with tamoxifen to temporally ablate
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MHCII expression in RORyt+ APCs (Fig. 2K). Rorc"“-mER2 ro_gp Vet
littermate mice were used as controls to account for any toxicity ef-
fects of tamoxifen-induced activation of creERT2. Naive OT-II T cells
were adoptively transferred into recipient mice at 8 weeks (adult)
or P14 (periweaning) mice followed by oral OVA administration
(Fig. 2K). Seven days later, OT-II pTyeg cells were almost completely
absent in both young and adult Rorc"™s"*ER2 94 p 177 mice (Fig. 2,
L and M, and fig. S6A). Notably, however, in control mice, the fre-
quency of Foxp3* cells among OT-II T cells was ~7 fold lower in adult
mice compared with periweaning mice (9.3% versus 67.5%, siLNs;
Fig. 2M), demonstrating a window of opportunity for enhanced Teg
cell differentiation in early life. As expected, 3 weeks of tamoxifen
treatment in adult mice resulted in a reduction in TC but not DC
numbers (fig. S6B). This was associated with a decrease in the fre-
quency of host pTieg cells within siLNs and SI, albeit no differences
in absolute cell numbers (fig. S6, C and D), indicating a minimal
contribution of de novo pTy cell differentiation to the pT.g cell pool
of adult mice with stable diets and microbial communities. Moreover,
these data suggest that antigen presentation by TCs is not required
for pTieg cell maintenance.

IRF8-dependent TC differentiation

Previous studies have suggested that tolerance to oral food antigens
is mediated by classical DCs, primarily ¢DC1 (7, 9). Zbtb46“Irfs""
mice are deficient in IRF8-dependent ¢DC1s and exhibit impaired pTyeg
cell differentiation and oral tolerance. Yet BaU‘E'/ ~ and I7f8 enhancer
mutant mice, which also lack ¢DC1, have normal numbers of intestinal
PTreg cells (25, 26). Given expression of Zbtb46 by TCs (15), we won-
dered whether the loss of tolerance in Zbtb46“ I8 mice might be
due to a role for IRF8 in TC IV differentiation or function. Our previ-
ously published paired scRNA-seq and ATAC-seq (assay for transposase-
accessible chromatin using sequencing) data from RORyt™ APCs
demonstrated enrichment of IRF8 motif activity as well as increased
expression of IRF8 among TCs (Fig. 3A). To determine the role of IRF8
in TC differentiation, we analyzed TCs from mLNs of Rorgt“Irf8™"
(ITfSAROR”) mice at P14 and found decreased numbers of TC II, III, and
IV subsets but no change in TC I or MHCII" ILC3 subsets (Fig. 3B) or
¢DC numbers (fig. S7A). Consistent with the reduction in TC IV,
Irf8AROR” mice exhibited reduced numbers and proportions of food-
specific pTreg cells after adoptive transfer of OT-II cells at P14 and OVA
feeding as well as endogenous RORyt" PTreg cells (Fig. 3, C and D, and
fig. S7, B and C). Thus, a role for IRF8 in TC differentiation reconciled
previous findings of impaired pT;g cell differentiation and oral toler-
ance in Zbtb46“Irf8™" mice.

Classical DCs promote food-specific Tyl and Tgy cells and
maintain antigen-experienced T cells

Inflammatory CD4" T cell responses are promoted by ¢cDC1 priming of
Tyl cells (10) and cDC2 regulation of Ty2, Ty17, and T follicular helper
(Tgp) cell differentiation (27-33), suggesting potential roles for ¢cDCs in
regulating inflammatory responses to food antigens after uptake by
migratory cDCs (Fig. 1, A and B). We generated mice that lack ¢cDC1
specifically through depletion of the I7/8 gene in cells that express Clec9a
(IrfBAD c) (fig. S8, A and B). After adoptive transfer of OT-II T cells and
OVA administration at P14, these mice showed comparable proportions
and numbers of OT-II pT cells to littermate control I77‘8ﬂ/ﬂ mice but
reduced OT-II and endogenous Tyl cells (Fig. 4, A and B, and fig. S8, C
to E) (10). Within the host compartment, we observed equivalent num-
bers of RORyt" PTreg cells (fig. S8F), further excluding a role for cDC1
in pTyeg cell differentiation. In Zeb2 triple enhancer mutant (Zeb2*'+*+%)
mice, which lack ¢DC2 (28), OT-II pT;.g cell differentiation was not
affected (Fig. 4C and fig. S9A), despite an almost complete loss of
¢DC2s in the colonic lymph node, which served as a representative gut
lymph node (fig. S9B). Rather, there was a reduction in both OT-II and
endogenous Try (PDlhiCXCR5+) cells (Fig. 4, D and E, and fig. S9C).

17 JULY 2025  Science



11} \Y

1.0
P e C Ym=mm
. Lymph node
M7 o
~ kNrgn W i:\a:‘lmestme ) .
'_._ Gal .Pe';evs paiches @ W Kie7* TC
= nx:laslma\ f_) iacrlk//transmonal
M salivary gland © ETCH
—— para-aortic g W TC i
— 5 TC IV
—Ncam1 ¢ Im 8 u
TR —Col17at £ i
. l.
;. i _—Dnase113
T —Aire
Cclz2
—Itgb8
08 o~
& ]
07 21
Q1
06 5
R
g 27
04 g D |
o [a)
03 O |
02 A S——
01 ITGB8(tdTomato)
© Control © Control
G H o ligh8RORt | o RorgteeAirefe
100+ 100+ OT-ll 30+ Host
naive CD45.1 — - *x = N
| . = 804 = 804 &
OT-1l CD4" T cells o 8014 o = 80 ° g L4
S lop o ° S 20 °
= e e
P14 p2 O 607 S 604 8 % s °
Itgh8™ (Control) OVAH,0 E\i o § ° 9
ItghgRoRt & 404 & 404 (6] |e =
o +
P15 17 g o X 9 510’ . I°
i.g. OVA & 20 o < 20 . o °
il T
0 T 289 T 8= 0 T T 0 T T
siLN S| SiLN S| siLN Sl
J siLN ig. ig.
. 8 K OT-Il OVA OT-II OVA
o = P12 { J { 6 weeks
o 6.
T (o
ox -3 -1 0 2 6 days -14 10 2 6 days
g g4 RorcVens<ERT2H2. Ab1™(Control) OVAH,0 RorcVerus<=ERT22Ah 1#(Control) OVAH,0
'9 £ RorcVenus<reERT2H2. Ap 171 4-OH-Tamoxifen i.p. q 2d RorcVenusreERT2H 2. Ap 171 Tamoxifen diet
222
§ 8 M o Control
E 0 10 20 30 siLN: gated on OT-II Rorg'er>=eERT2H2-Ab 1
postnatal day Control RorcVenusoreERT2H2-Ap 171 SiLN sl
71.4% 3.4% 807 80~
4 Weaning ~ — = Liid
E 604 |0 £ 60- e
1N o 6% 5
3 — 5 5
n — X X 404
6 - 7.81% 0.18% ':\' 401 <40
? . fse) o
0 g g
= & Adut (D 207 ° £ 209
< o
g il H
S 1oL fal, Ml
T Weaning Adult Weaning Adult
Foxp3 (FITC)———

Fig. 2. Enrichment of avp8™ TCs in early-life gut lymph nodes provides a window of opportunity for enhanced food-specific pT:., cell generation. (A) Uniform manifold
approximation and projection (UMAP) of 4732 TCs from gut and nongut lymph nodes of 2-week-old (P14) Rorc""s®ERT2 mice (n = 7), colored by cluster identity. (B) Heatmap
showing expression of top differentially expressed genes between TC clusters identified in (A) with lymph node of origin indicated. (C) Fraction of each TC subset among all TCs
in each lymph node sample. (D) UMAP overlaid by imputed expression of Itgh8 and Aldhla2. (E) Flow cytometry of ITGB8(tdTomato) expression in TCs isolated from
mLNs of P14 Rorc"emsereERT2jtgpgtdlomato mice and (F) summary graph for total number of Itgp8* TCs in each indicated lymph node. (G) Experimental design. (H) Frequencies
of OT-I pTreg cells in siLNs and Sl in Itgh82FORt (n = 3) and Itgb8™" (n = 5) littermate control mice. (1) Percentage of Foxp3* pTreg cells among OT-Il cells (left) or percentage

of RORyt* pTeq cells among host Foxp3* cells (right) in Rorgt“"®Aire™® 4 and littermate control (Rorgt®™ or Aire™® ™) mice treated as shown in (G) (n = 4 or 7 per group).

(J) Number of CD11b*ItgB8™ TC IV in SiLN of Rorc"é™s reERT2jtgpgidTomato mice from P7 to week 4 (n = 3 to 5 per time point). (K) Schematic of tamoxifen administration, OT-II
adoptive transfers, and OVA feeding in weaning (P12, left) or adult (6 weeks, right) Rorc"e™s<¢ERT2112. A1 or littermate Rorc®®ERT2H2-Ab1™"* control mice. (L) Flow cytometry
of RORyt and Foxp3-expressing OT-Il cell subsets in siLNs of mice described in (K). (M) Summary graphs for OT-Il pTi, cell frequencies in siLNs and SI (n = 3 or 5 per group).
Datain (E) and (F) are representative of two independent experiments. Data in (H) are representative of four independent experiments. Data in (1) are pooled from two
independent experiments. Data in (J) are representative of three independent experiments. Data in (M) are representative of two (adult) or three (weaning) experiments. Error
bars: means + SEM. Each symbol represents an individual mouse. P values were calculated by two-tailed unpaired t test; *P < 0.05, *#P < 0.01, ***P < 0.001, ****P < 0,0001.
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Our analysis of OT-II cells was per-
formed after 7 days of continuous OVA
ingestion through drinking water. We
wondered whether the reduction in num-
bers of antigen-experienced OT-II cells
across all cell lineages in MHCIT*PC mice
was due to a role for DCs in maintaining
antigen-experienced cells through T cell
receptor signaling. To distinguish the role
of TCs and cDCs in induction versus main-
tenance of CD4 T cell differentiation, we
repeated the OT-II transfer experiments in
both MHCIT*P€ and MHCIT**®" mice and
analyzed OT-II cells in individual gut-
draining lymph nodes, 48 hours after a
single dose of i.g. OVA (Fig. 4I). At this
time point, OT-II cell numbers were nor-
mal in MHCITAPC mice, with equivalent
proportions and numbers of Foxp3* and
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Fig. 3. IRF8 regulates TC differentiation. (A) UMAP visualization of publicly available sScRNA/ATAC-seq of 10,145
RORyt* APCs (17), encompassing TCs and ILC3s, from mLNs of 2-week-old Rorc"e™SERT2 mice colored by cluster
annotation (left), imputed expression of Irf8 (middle), or chromVAR deviation IRF8 motif score (right). (B) Number of cells
for each indicated TC or ILC3 subset in mLN of P14 Irf82R%%" (n = 3) and Irf8™" (n = 5) littermate control mice.

(C) Experimental design for OT-Il adoptive transfers and OVA feeding for mice in (D). (D) Frequency of OT-Il pTyeg cells in
siLNs and Sl in Irf82R%R" (n = 8 and Ifr8" (n = 7) littermate control mice. Data in (B) are representative of four
independent experiments. Data in (D) are pooled from two independent experiments. Error bars: means + SEM. Each
symbol represents an individual mouse. P values were calculated by two-tailed unpaired t test (B) or two-way ANOVA (D).

#*P < 0.05, *#P < 0.01, *#*P < 0.001, **+*P < 0.0001.

Overall, these results suggest division of labor among TCs and DCs,
whereby each subset regulates a distinct branch of the CD4 T cell re-
sponse to food antigens.

Finally, to exclude potential redundancy between cDC subsets,
we used Clec9a” " H2-AbF" (MHCII*"®) mice in which both ¢DC1 and
cDC2 cannot present antigens owing to expression of Clec9a at the common
DC progenitor (CDP) stage (34, 35). Analysis of Clec9a®"“*"°Ragtdtomato
fate mapping mice confirmed that by P21, almost all CCR7 and CCR7*
¢DC1 and ~70% of CD11Ib*XCR1™ ¢DC2 subsets within the mLNs were
labeled (fig. S9D). We therefore adoptively transferred naive OT-II T
cells into recipient mice at P21 followed by oral OVA administration
(Fig. 4F). Seven days after transfer, there were equivalent proportions of
OT-II pTieg cells between MHCII*PC and littermate control Clec9a”?
e r19-AbF”* mice (Fig. 4G), despite efficient ablation of MHCII expres-
sion on cDCls and ¢DC2s (fig. S9, E and F). Among Foxp3™ OT-II cells,
Tyl cell differentiation was impaired, consistent with our earlier finding
of cDCl-dependent Tyl differentiation, but the frequency of Ty17 cells
was not affected (fig. SOG), indicating that an alternative APC subset was
responsible for priming food-specific Ty17 cells. However, there was a
global reduction in OT-II cell numbers in siL.Ns, but not SI, because of a
deficiency of all Foxp3* and Foxp3~ subsets (Fig. 4H).
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© Control
® [f8ARORyt

Foxp3~ OT-II pTie, cells in all lymph nodes
examined (Fig. 4J and fig. SOH). In con-
trast, OT-II Tyg cell induction was com-
pletely abolished in MHCIT*ROR" mice
(Fig. 4K and fig. S9I). Thus, antigen pre-
sentation by TCs but not c¢DCs is required
for initial priming and induction of pTyeg
cell differentiation.

Moreover, we generated bone marrow
chimeras with an equal mix of I tngAROR”
and MHCII**f" hone marrow cells—in
which both ¢DCs and TCs can present
antigen, but the same TC cannot present
antigen and activate TGF-p (Fig. 4L). In
these mice, OT-II pTieg cell induction was
impaired, with an equivalent deficit in
OT-II pTyeq cells observed in MHCIFOR”,
Ttgb8”FOR! and MHCITARORY /I1gpg RORr
chimeras (Fig. 4M). These data con-
firm that food-induced pT;eg cell dif-
ferentiation is dependent on antigen
presentation by ITGf8-expressing TCs
and exclude the possibility of redun-
dant and compensatory functions be-
tween TCs and DCs.

Four-week-old MHCIT*PC mice at steady state had normal numbers
of RORyt* PTreg cells in the intestine; however, we observed a
reduction in the number of Helios™ Treg cells, potentially reflecting
nonperipherally derived thymic T, cells (fig. S10A). MHCIT*PC mice
did not exhibit any evidence of inflammation but had reduced frequen-
cies of Tyl and Tgy cells as well as reduced numbers of all Ty subsets,
most notably within siLNs (fig. S10A). Twelve-week-old MHCIT*"“ mice
did not show evidence of intestinal inflammation (fig. S10, B and C),
confirming that antigen presentation by c¢DCs is not required for in-
testinal tolerance, either in early life or adulthood.

To understand the role of cDCs in maintenance of food-specific CD4+
T cells, we analyzed cell proliferation in transferred OT-II cells, 72 hours
after a single dose of i.g. OVA. At this time point, nearly all OT-II cells
were CD44hi, and we did not observe differences in the proportion of
CD44" cells in MHCIFP® mice (fig. S11, A and B). However, OT-II cell
numbers were reduced in individual gut lymph nodes in MHCIT ADC mice
(fig. S11C). Comparison of cell proliferation revealed equivalent numbers
of CD44M antigen-experienced OT-II cells among undivided cells with
progressive impairment in OT-1I cell numbers with subsequent cell divi-
sions (fig. S11, D and E), suggesting that antigen presentation by DCs is
required to sustain early antigen-experienced CD4! T cells.

17 JULY 2025  Science



Fig. 4. Antigen presentation by classical dendritic cells A
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(n = 4) and wild-type littermate control (n = 3) mice were 80
adoptively transferred with 20 x 10% naive CD45.1 CD4* OT-II
T cells followed by two doses of i.g. OVA on P15 and P17. Mice
were maintained on OVA-supplemented drinking water and
analyzed 7 days later. (C) Frequency of pTyeg cells among OT-II
cells. (D) Flow cytometry of PDI*CXCR5™ OT-Il or host Tgy
cells in siLNs. (E) Frequency of Ty (Foxp3"PD1TCXCR5™) cells
among OT-Il cells or CD4*Foxp3™CD44™ host T cells in siLNSs.
(F) Experimental schema for OT-Il adoptive transfers and

OVA feeding for mice in (G). (G) Frequencies and numbers of
OT-lI pTieg cells, and number of (H) Foxp3"RORyt Thet™ Ty,
Foxp3 RORyt* Tyl7, and Foxp3 "RORyt Thet™ T lineage
negative (Ty) OT-Il cells in siLNs and S of MHCII*®C (n = 6)
and H2-Ab1™" (n = 5) littermate control mice. (I) Schematic
of OT-Il adoptive transfers, single dose of i.g. OVA at 16 hours
and analysis of pTyeg cell induction 48 hours after i.g. OVA.

(J) Frequency and number of OT-II pT g cells across
individual gut lymph nodes of MHCII*®C or control mice (n =
4 mice per group). (K) Frequency of OT-Il pTreg cells in gut
lymph nodes of MHCII*ROR" (n = 9) or control (n = 8) mice.
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(L) Mixed bone marrow chimera mice reconstituted with

MHCII*ROR" and 1tgh8“ROR" bone marrow cells were |
adoptively transferred with congenic OT-II T cells before OVA
administration in the drinking water and two doses of i.g.
OVA. BMT, bone marrow transfer. (M) Frequency of Foxp3*
pTreg cells among OT-ll cells in siLN and Sl of bone marrow
chimeras (n = 5 per group). Data in (A), (B), and (K) are
pooled from two independent experiments. Data in (C) to
(H) and (M) are representative of three independent
experiments. Data in (J) are representative of two
independent experiments. Gut lymph nodes: D1, portal; L
D2, distal duodenum:; J, jejunum:; I, ileum. Error bars:

means + SEM. Each symbol represents an individual

“mouse. P values were calculated by two-way ANOVA in

(A), (B), and (K) and by two-tailed unpaired t test in (C),

(E), (G), (H), (J), and (M). *P < 0.05, **P < 0.01,
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Discussion

CD4" T cell responses to food comprise both proinflammatory Ty cells
and immunosuppressive pTeg cells. In our model, inflammatory CD4"
Ty cell subsets represented a small proportion of the total food-specific
T cell pool, but impairing pTg cell generation led to their expansion. A
recent study demonstrated the importance of balance between proin-
flammatory and tolerogenic APCs in determining the outcome of food-
specific CD4 T cell priming during concomitant enteric infection (7).
Although ¢DC1 was suggested to be the tolerogenic APC subset, using
precise intersectional genetic approaches to target particular cDC or TC
subsets, our study defines the contribution of distinct APC types to food-
specific CD4" T cell responses and establishes TC IV as the tolerogenic
pTieg cell-inducing subset in mice. Reconciling these findings, we found
that antigen presentation by cDCs sustains TC-induced pTy.g cells within
mLNs. In contrast to the role of TCs in microbiota-dependent RORyt*
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PTeg cell differentiation (15), here we found that TCs promote the dif-
ferentiation of both RORyt" and RORyt PTieg cells in response to food
antigens. Whether these subsets represent transcriptionally and function-
ally distinct pTyeg cell populations is an area for future investigation.
Studies in mice and humans have established a window of oppor-
tunity for oral tolerance in early life. We found that the balance of Tyg
to inflammatory Ty cells was skewed heavily in favor of Ty, cells after
antigen encounter in the periweaning window. This was associated
with increased abundance of tolerogenic TC IV within gut lymph nodes
compared with later life. Moreover, TC IV were almost exclusively
present in gut- and liver-draining lymph nodes, mirroring sites of pTyeg
cell induction (36). We speculate that layered hematopoiesis ensures
a preponderance of TCs and tolerance to dietary antigens during early
life and contributes to the tolerogenic properties of mLNs. The paucity
of TC IV in skin-draining lymph nodes may account for the increased
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incidence of food allergy when food-associated antigens are encoun-
tered via the topical route in patients with altered skin barrier func-
tion, most commonly owing to eczematous inflammation (37, 38).

Parallel studies confirmed the role of TCs [variably renamed toler-
izing DCs (tolDCs) or RORyt* DCs] in food-specific PTreg cell differentia-
tion in adulthood (39, 40). Although tolDCs were suggested to represent
one subset of tolerogenic APCs, these cells encompassed subsets TC II
to TC IV (40). We show that among TCs, only the TC IV subset has the
capacity to induce food-specific pTyeg cells. The discovery that TC IV
regulate tolerance to food as well as gut microbiota suggests a broad
role for TC IV in intestinal tolerance to harmless foreign antigens. The
presence of TCs in humans (17, 40, 4I) suggests potential therapeutic
value in targeting antigens to TC IV for promotion of immune tolerance
in settings of food allergy and inflammatory diseases.

REFERENCES AND NOTES

S.W.Hong et al., Nature 607,762-768 (2022).

. T.Sujinoetal., Science 352,1581-1586 (2016).

K.S.Kimetal., Science 351, 858-863 (2016).

. A.Abdel-Gadir et al., Nat. Med. 25,1164-1174 (2019).

M. Xuet al., Nature 554, 373-377 (2018).

. E.Sefiketal., Science 349,993-997 (2015).

M. C. Campos Canesso et al., Science 387, eado5088 (2025).

. V.Cerovic, O. Pabst, A. M. I. Mowat, Nat. Rev. Immunol. 25, 42-56 (2025).
D. Esterhazy et al., Nat. Immunol. 17,545-555 (2016).

. F.Ahmadiet al., J. Exp. Med. 220,e20221090 (2023).

. E.V.Russler-Germain et al., Immunity 54,2547-2564.e7 (2021).

. G.DuToitetal., N. Engl. J. Med. 372,803-813 (2015).

. G.Roberts et al., J. Allergy Clin. Immunol. 151,1329-1336 (2023).

. M.R. Perkinet al., N. Engl. J. Med. 374,1733-1743 (2016).

15. H. 0. Skjerven et al., Lancet 399, 2398-2411(2022).

16. S.M. Joneset al., Lancet 399, 359-371(2022).

17. B.Akagbosu et al., Nature 610, 752-760 (2022).

18. M. Lyu et al., Nature 610, 744-751(2022).

19. T. Park, C. Leslie, A. Y. Rudensky, C. C. Brown, bioRxiv 2023.11.01.565227 [Preprint] (2023);

https://doi.org/10.1101/2023.11.01.565227.

20.R. Kedmi et al., Nature 610,737-743 (2022).

21. A. Lockhartet al., J. Exp. Med. 220, 20221816 (2023).

22.C.M.Sunetal.,J. Exp. Med. 204,1775-1785 (2007).

23.D.Mucida et al., Science 317, 256-260 (2007).

24. ). Abramson, J. Dobes$, M. Lyu, G. F. Sonnenberg, Nat. Rev. Immunol. 24,64-77 (2024).

25. K. Nutschet al., Cell Rep. 17,206-220 (2016).

26.E.V.Russler-Germain et al., eLife 10, e54792 (2021).

27. R.Tussiwand et al., Immunity 42,916-928 (2015).

SREBOOND O A WD

N

274

28.T.T.Liuetal., Nature 607,142-148 (2022).

29.K. L. Lewis et al., Immunity 35,780-791(2011).

30. A.T. Satpathy et al., Nat. Immunol. 14,937-948 (2013).

31. J. K. Krishnaswamy et al., Sci. Immunol. 2, eaam9169 (2017).

32.C.G.Brisefo et al., Proc. Natl. Acad. Sci. U.S.A. 115,10726-10731 (2018).

33. M. Cabeza-Cabrerizo, A. Cardoso, C. M. Minutti, M. Pereira da Costa, C. Reis e Sousa,
Annu. Rev. Immunol. 39,131-166 (2021).

34.B.U. Schramlet al., Cell 154, 843-858 (2013).

35. N. E. Papaioannou et al., Nat. Commun. 12, 464 (2021).

36. J. van der Veeken et al., Immunity 55,1173-1184.e7 (2022).

37. H.A.Brough et al., J. Allergy Clin. Immunol. 135, 164-170 (2015).

38. G. Lack, D. Fox, K. Northstone, J. Golding; Avon Longitudinal Study of Parents and Children
Study Team, N. Engl. J. Med. 348,977-985 (2003).

39. P. F. Rodrigues et al., Cell 188, 2720-2737.e22 (2025).

40.L.Fuetal., Nature 642,756-765 (2025).

41. A. Ulezko Antonova et al., Proc. Natl. Acad. Sci. U.S.A. 120, €2318710120 (2023).

ACKNOWLEDGMENTS

We thank the Single Cell Analysis and Innovation Lab (SAIL) at Memorial Sloan Kettering for sample
processing, H. Paidassi for provision of Itgh8'/®™ mice, S. Josefowicz for OT-1I mice, and M. Li for
1rf8"" mice. We thank M. Canesso and D. Mucida for helpful discussions. We acknowledge the
use of the Integrated Genomics Operation Core, funded by the NCI Cancer Center Support
Grant (CCSG, P30 CA08748), Cycle for Survival, and the Marie-Josée and Henry R. Kravis
Center for Molecular Oncology. Funding: This work was supported by a NIH NIAID DP2 award
(DP2AI171116) (C.C.B.), NCI Cancer Center Support Grant P30 CA08748, NIH/NHGRI
HGO012103 (C.L.), the Mathers Foundation, a Parker Institute for Cancer Immunotherapy
Senior Fellowship, a Pew Biomedical Scholar Award, a V Foundation Pediatric Scholar
Award (C.C.B.), and a Josie Robertson Investigator Award (C.C.B.). V.C.is supported by the
St. Baldrick's Foundation and the Kristen Ann Carr Fund. Y.A.P.I. is supported by an HHMI
Gilliam Fellowship. G.S. is supported by a Kravis-WiSE Fellowship. Author contributions: V.C.
and Y.F.P. designed the experiments, analyzed the data, and edited the manuscript. T.P.
designed and performed computational analyses. B.A., Z.Z.,Y.L.,G.S.,Y.A.PI and L.F.
performed the experiments. C.L. supervised computational analyses. C.C.B. conceived of,
designed, and supervised the research and wrote the manuscript. All authors read and
approved the manuscript. Competing interests: The authors declare that they have no
competing interests. Data and materials availability: All data needed to evaluate the
conclusions in the paper are present in the paper or the supplementary materials. The sequencing
data are available through the Gene Expression Omnibus under accession GSE294005.
License information: Copyright © 2025 the authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original US
government works. https://www.science.org/about/science-licenses-journal-article-reuse

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.adp0535
Materials and Methods; Figs. S1to S11; References (42-52); MDAR Reproducibility Checklist;
Data Sland S2

Submitted 9 March 2024; resubmitted 22 January 2025; accepted 30 April 2025; published
online 15 May 2025

10.1126/science.adp0535

17 JULY 2025  Science



ORGANIC CHEMISTRY

Skeletal editing of pyrrolidines by

nitrogen-atom insertion

Jinghao Li*, Pengcheng Tang!, Yang Fan', Hongjian Lu®2*

Given the prevalence of nitrogen-containing heterocycles in
bioactive molecules, inserting a nitrogen atom into a saturated
ring offers a powerful yet underdeveloped scaffold-hopping
strategy for expanding drug-like chemical space. In this

study, we present a skeletal editing method that directly
inserts a nitrogen atom into pyrrolidine rings, converting them
into tetrahydropyridazine scaffolds under mild, operationally
simple conditions with readily available O-diphenylphosphiny!
hydroxylamine. This method features broad substrate scope
and functional group compatibility, enabling late-stage editing
of complex molecules. Furthermore, simple redox manipulation
of the tetrahydropyridazines grants access to saturated
piperidazines and aromatic pyridazines—nitrogen-rich scaffolds
that are highly valued in medicinal chemistry but typically difficult
to synthesize. Overall, this work establishes a versatile platform
for nitrogen-based skeletal editing of saturated pyrrolidines,
expanding the synthetic toolkit for medicinal chemistry.

Single-atom skeletal editing has gained momentum as a transformative
approach for restructuring molecular frameworks—especially cyclic
scaffolds—without relying on de novo synthesis (I-11). By enabling
atom-level modifications of existing structures, this strategy stream-
lines retrosynthetic analysis, reduces synthetic burden, and grants
access to previously unattainable chemical space from known com-
pound libraries. These capabilities are particularly valuable for late-
stage functionalization, offering a powerful route to accelerate the
discovery and optimization of bioactive molecules (12, 13).

Nitrogen-containing heterocycles (IN-heterocycles) are among the
most privileged and versatile scaffolds in medicinal chemistry, serving
as critical elements for tuning molecular recognition, pharmacokinet-
ics, and physicochemical profiles. Between 1938 and 2013, 59% of Food
and Drug Administration (FDA)-approved small molecule drugs in-
corporated at least one N-heterocycle (14); from 2013 to 2023, this
figure rose to 82%, with more than half of new drugs containing multi-
ple nitrogenous rings (Fig. 1A) (I5). Among the most frequently en-
countered frameworks are six-membered pyridine and piperidine,
five-membered pyrrolidine, and diazacyclic piperazine and pyrimi-
dine. Given their prevalence and structural diversity, the development
of strategies for directly editing N-heterocycles is of both fundamental
importance and practical relevance. In this context, atom-level skeletal
editing of N-heterocycles offers a compelling route to construct new
N-heterocyclic architectures (16-25). Such an approach is particularly
attractive if less naturally abundant yet pharmaceutically interesting
scaffolds could be rapidly accessed.

Among single-atom skeletal editing strategies, nitrogen-atom (N-
atom) insertion has emerged as a particularly powerful tool (26, 27),
owing to the profound impact of nitrogen functionality on molecular
stability, polarity, and biological activity (28). Recent efforts have dem-
onstrated the feasibility of N-atom insertion into N-heteroaromatic
systems (29-33): The Morandi (29), Ackermann (30), and Sharma (31)
groups have independently harnessed nitrene intermediates for
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Engineering, Nanjing University, Nanjing, Jiangsu, China. °School of Chemistry and Chemical
Engineering, Guizhou University, Guiyang, Guizhou, China. *Corresponding author. Email:
hongjianlu@nju.edu.cn
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late-stage indole-to-quinoline conversions, and the Ghiazza (32) and
Zheng (33) groups have developed photocatalytic strategies for
pyridine-to-diazepine editing through aminopyridinium salts (Fig. 1B).
These advances highlight how exogenous nitrogen donors can engage
n systems to form transient three-membered intermediates that rear-
range into new frameworks. Despite these breakthroughs, analogous
transformations in saturated N-heterocycles remain conspicuously
underdeveloped. This gap is striking given the central role of pyrro-
lidines and piperidines, the growing prominence of nitrogen-rich mo-
tifs such as piperazines and pyrimidines in modern drug discovery
(Fig. 1A) (14, 15), and the improved clinical outcomes often associated
with the higher sp? character and increased three-dimensionality of
saturated N-heterocycles (34). Although methods for N-atom deletion
(35-39) and migration (40, 4I) in saturated rings have been reported,
direct N-atom insertion into saturated azacycles to form diazacycles
remains a formidable challenge. The lack of conjugated = systems
precludes n-bond activation pathways (16-25, 29-33), and selective
cleavage and reformation of C-N or C-C ¢ bonds demand exceptional
control over reactivity and selectivity (42, 43).

Here, we report an N-atom o-insertion strategy that converts azacy-
clic pyrrolidines into diazacyclic tetrahydropyridazines, using commer-
cially available O-diphenylphosphinyl hydroxylamine (DPPH) (44)
(Fig. 1C). This operationally simple transformation proceeds under
mild conditions and exhibits broad functional group compatibility. The
resulting tetrahydropyridazines, featuring both a nucleophilic amine
(NH) group and a reactive C=N bond, can be selectively reduced to
saturated piperidazines or oxidized to aromatic pyridazines, providing
access to versatile diazacyclohexanes across multiple redox states.
Although structurally related to well-established pharmacophores
such as piperazines and pyrimidines, tetrahydropyridazines and their
redox congeners remain underexplored because of synthetic inacces-
sibility and concerns regarding the potential genotoxicity of hydrazine
motifs. Nevertheless, recent advances—including the discovery of da-
raxonrasib, an orally active noncovalent rat sarcoma virus (RAS) (ON)
inhibitor, and lydiamycin A, a natural product antibiotic, both contain-
ing hydrazine motifs, as well as drugs such as ensartinib and relugolix,
which feature aromatic pyridazine scaffolds—underscore the emerging
medicinal relevance of these frameworks (Fig. 1D). This strategy thus
provides a concise and generalizable platform for diazacycle construc-
tion, enabling scaffold diversification and late-stage skeletal editing of
drug-like molecules.

Development of N-atom insertion

To enable the skeletal transformation of pyrrolidines into diazacyclo-
hexane motifs, we sought a suitable electrophilic nitrogen donor capable
of effecting direct N-atom insertion. We selected O-diphenylphosphinyl
hydroxylamine (DPPH) and its analogs for evaluation. Although we
previously used DPPH for N-atom deletion (39), this reagent has been
more broadly applied as an electrophilic amination reagent in
synthetic chemistry (45). Notably, Liu and co-workers recently dem-
onstrated its use as an N-atom source for interception of what
would be Suzuki-Miyaura coupling products, thereby forming C-N-C
bonds in place of C-C bonds (46). We selected cis-hexahydroisoindole
hydrochloride (1a) as a model substrate and subjected it to reaction
with DPPH under basic aqueous conditions [K,COs in tetrahydofuran
(THF)/H,0, 65°C, 12 hours; Condition I; Fig. 2A]. The desired 1,2-
diazacyclic product (Ib) was obtained in 68% yield on the basis of
nuclear magnetic resonance (NMR) integration (Fig. 2A, entry 1; see
table S1 for optimization details). By contrast, alternative hydroxylamine-
based electrophilic nitrogen donors—such as O-tosylhydroxylamine
and hydroxylamine-O-sulfonic acid—led to little or no formation of
1b (13 and 0% yield, respectively; Fig. 2A, entries 2 to 3). Replacing
K,CO3 with a stronger base (KOH) decreased the yield to 27% (Fig. 2A,
entry 4), indicating the sensitivity of the transformation to base strength.
We next explored the reaction by using proline derivative 2a as a
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Fig.1. N-atom insertion strategies in N-heterocycles. (A) US FDA-approved new small molecule drugs (2013 to 2023). (B) N-atom insertion into aromatic N-heterocycles
(from 29-33). (C) N-atom insertion into saturated pyrrolidines. (D) Natural products or drug molecules containing tetrahydropyridazine and its redox congeners.

substrate. Under the Condition II (1.0 equiv of NaOAc, DCM/MeOH, 45°C,
12 hours; Fig. 2A), the reaction proceeded smoothly to afford the
N-inserted product (2b) in 50% NMR yield (Fig. 2A, entry 6; see table S2
for optimization details). Omitting the base resulted in only trace prod-
uct formation (Fig. 2A, entry 7), whereas the use of pyridine completely
suppressed the reaction (Fig. 2A, entry 8). A stronger base, such as
NaOMe, modestly improved the yield to 37%, which was still inferior to
that obtained under optimized conditions. Cross-conditions—applying
Condition I to 2a or Condition II to 1a—were largely ineffective, lead-
ing to poor or negligible yields (Fig. 2A, entries 5 and 10), indicating the
substrate-specific nature of the optimized conditions.

To gain insight into the mechanism of this transformation, a series
of mechanistic experiments were conducted (Fig. 2B). High-resolution
mass spectrometry analysis of a low-temperature, short-time reaction
of 1a revealed a triazenium intermediate (1a') (Fig. 2B, Eq. 1). A hy-
drazine substrate (3a') also furnished the N-atom insertion product
(3b) in 72% yield (Fig. 2B, Eq. 2), suggesting that both hydrazine and
triazenium species participate as intermediates. Analysis of the crude
mixture from the reaction of 1a revealed a small amount of tet-
razene byproduct (1d) (Fig. 2B, Eq. 3). When the base was changed
from K,COj3 to the stronger base KOH, the yield of 1d increased
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to 45% (Fig. 2B, Eq. 4). This observation suggests the formation of an
isodiazene (1,1-diazene) intermediate, the fate of which is strongly in-
fluenced by the pH of the reaction medium—either inducing N-atom
insertion or formation of the tetrazene byproduct. The formation of an
isodiazene intermediate is proposed in Step 1 of Fig. 2C. The sequential
reactions of pyrrolidine a with two equivalents of DPPH generates a
triazenium species, which spontaneously rearranges to form inter-
mediate isodiazene (A) (39). Then, A may proceed via one of two
mechanistic pathways, as shown in Step 2 of Fig. 2C (47). In Path I, A
undergoes a 1,2-c migration to afford diazene intermediate B, followed
by a 1,3-hydrogen shift to deliver the N-atom inserted products (b and
b'"). Because the two nitrogen atoms in B are equivalent, the exogenous
nitrogen could be incorporated into either the C=N (b) or C-N (b")
bond of the products. To probe this possibility, a reaction using
15N-labeled DPPH was performed with 1a (Fig. 2D, Eq. 5). The resulting
product analysis revealed exclusive incorporation of the ’N-atom label
into the C=N bond (15N-1b), with no detectable formation of the
isomeric product bearing 5N in the C-N bond (15N-1b'), as confirmed by
NMR analysis (details provided in supplementary materials). This
result rules out Path I and the intermediacy of diazene (B). Alter-
natively, in Path II, A undergoes a 1,3-hydrogen shift to generate the
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A Optimization of reaction conditions
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Fig. 2. Optimization of reaction conditions and mechanistic studies. (A) Optimization of reaction conditions. (B) Experimental evidence of key intermediates. (C) Proposed
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1,3-dipolar intermediate C, which could follow one of three possible
routes. In Route 1, C undergoes direct 1,2-c migration to form b', which
would place the exogenous nitrogen in the C-N bond—contradicting
the ®N-labeling results (Fig. 2D, Eq. 5)—thus excluding this path-
way. In Route 2, C undergoes intramolecular cyclization to form a
diaziridine intermediate (D), which may rearrange to the final product
(b). To evaluate this possibility, we synthesized diaziridine (1e) and
subjected it to standard conditions (Fig. 2D, Eq. 6), in the presence
and absence of diphenyl phosphate (a major byproduct of the standard
reaction). In both cases, no N-atom insertion product (Ib) was ob-
served, ruling out Route 2. Thus, the most plausible mechanism is
Route 3, in which C undergoes ring opening to generate a hydrazine-
aldehyde species (E) (Condition I) or hydrazine-oxonium species (F)
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(Condition II), which rapidly cyclizes to form the N-atom insertion
product (b). This mechanism not only accounts for the observed in-
termediates but is also fully consistent with the exclusive incorpora-
tion of the DPPH-derived nitrogen atom into the C=N bond, as
demonstrated by the N-labeling experiment.

Reaction scope and applications

We explored the substrate scope by first evaluating the N-atom insertion
reaction of simple pyrrolidine (4a) under a slightly modified version
of Condition I [Standard Condition-A (S.C.-A), Fig. 3]. The resulting
tetrahydropyridazine exhibited high polarity and water solubility, render-
ing purification challenging. To circumvent this issue, the crude product
was subjected to benzoyl (Bz) protection, enabling the isolation of
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A Editing pyrrolidine skeleton
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protected tetrahydropyridazine (4€) in 51% overall yield over two
steps. For a-substituted pyrrolidines bearing diphenylmethyl or phenyl
groups, the corresponding insertion products (5¢ and 6¢) were iso-
lated in good yields. By contrast, -substituted pyrrolidines posed re-
gioselectivity challenges owing to the spatial separation between the
p-substituent and the reactive site, typically yielding mixtures of re-
gioisomers. For substrates bearing vinyl or methoxymethyl groups at
the p-position, regioisomeric ratios (.7.s) of 1:1 and 2:1, respectively,
were observed (7¢ and 8c). When electron-withdrawing groups such
as amide (9¢), Boc-protected amino (10b), or hydroxyl (11b) were
introduced, regioselectivity improved markedly (up to 7:1 7.7.), favoring
insertion at the more electron-deficient C-N bond. These observations
are consistent with a reaction pathway involving a 1,3-hydrogen shift
intermediate. In the presence of a vinyl group at the f-position, selec-
tive cleavage of the weaker allylic C-N bond afforded a conjugated
diene product (12c¢) in high yield. Furthermore, the method proved
highly efficient for sterically hindered substrates: Pyrrolidines bearing
tertiary a-substituents reacted smoothly to afford the corresponding
diazacycles, as exemplified by 13b, obtained in 95% yield. Proline-derived
compounds—representing a privileged class of pyrrolidine-based
scaffolds—also proved to be excellent substrates. Both proline esters
and their derivatives underwent N-atom insertion to generate pi-
perazic acid analogs (2b, 14b to 16b, and 17¢) in moderate yields.
Application of our N-insertion protocol to difluoro-substituted proline
and hydroxylated proline provided direct access to tetrahydropipera-
zine frameworks amenable to further derivatization (18b to 20b). The
method also demonstrated broad functional group compatibility with
respect to dipeptides containing proline residues with a variety of
amino acid partners, furnishing N-inserted products (21b to 25b) in
synthetically useful yields. Notably, even structurally simple analogs—
such as N-acylated-2-phenyl tetrahydropyridazines (6d to 6f), readily
accessed from 2-phenylpyrrolidines—have demonstrated promising
biological activity (48), further underscoring the potential of this scaf-
fold in medicinal chemistry.

Beyond monocyclic systems, polycyclic pyrrolidine scaffolds—
including fused, spirocyclic, and bridged architectures—are prevalent
in natural products and pharmaceuticals. Many of these structurally
complex pyrrolidines are commercially available and serve as valuable
building blocks in drug discovery, as exemplified by substrates 1a, 3a,
28a, 29a, 32a to 34a, 36a, 38a, and 40a to 42a in Fig. 3. Given their
structural rigidity and three-dimensional complexity, direct skeletal
editing of polycyclic frameworks provides a highly efficient strategy
for accessing novel chemical space, offering considerable advantages in
step economy and synthetic tractability. For example, 3-azabicyclo[3.3.0]
octane, a bicyclic structure formed by fusion of a pyrrolidine and a
five-membered carbocycle, serves as a core motif in the antidiabetic
drug gliclazide. Using this scaffold and its derivatives, our method
delivered N-atom inserted products (3b, 26b, and 2'7b), all bearing a
3,4-diazabicyclo[4.3.0]Jnonene core. Regioselectivity was dictated by
electronic and steric effects: Alkyl substitution favored insertion at the
less-hindered site (26b), whereas electron-withdrawing esters directed
insertion into the more electron-deficient C-N bond (27b), demon-
strating precise control over site selectivity. The transformation was
further extended to heteroatom-rich fused systems such as 7-oxa-3-
azabicyclo[3.3.0]octane (28a) and 3,7-azabicyclo[3.3.0]octane (29a),
which underwent smooth nitrogen-atom insertion. Six-membered
fused systems—both saturated and unsaturated—were also compat-
ible, affording products such as 1b, 30b, and 31b in moderate yields.
In scaffolds fused at the «o,p-position of pyrrolidine, including
2 7-azabicyclo[3.3.0]octane (32a) and 2-azabicyclo[3.3.0]octane (33a),
the reaction proceeded with high regioselectivity. In a complex system
where the fused ring contains a nitrogen atom positioned distal to the
reaction center (34b), regioselectivity was diminished. Tetracyclic
framework 35a, incorporating pyrrolidine core, also proved amenable
to skeletal editing, delivering new polycyclic architecture 35b through
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efficient N-atom insertion. Likewise, spirocyclic pyrrolidines (36a and
3'7a) underwent smooth conversion to nitrogen-enriched spiro prod-
ucts (36b and 37b). Bridged pyrrolidines represent a particularly chal-
lenging class of substrates as a result of inherent ring strain and the
difficulty of cleaving conformationally constrained C-N bonds. Nota-
bly, a variety of commercially available bridged systems (38a to 42a)
successfully underwent N-atom insertion. Even in the presence of ad-
ditional heteroatoms (39a, 41a, and 42a), the transformation pro-
ceeded efficiently, underscoring the robustness of the method. The
gram-scale reaction of 3a proceeded smoothly under standard condi-
tions, delivering the desired product (3b) in 63% yield, comparable to
the 65% yield obtained on the milligram scale, thereby highlighting
the practicality of the method. S.C.-B is particularly suitable for
proline-derived substrates, whereas S.C.-A is generally preferred for
other pyrrolidines, including monocyclic, fused, spirocyclic, and
bridged scaffolds. Collectively, these results demonstrate the excep-
tional versatility of this N-atom insertion strategy. Most substrates
examined—whether monocyclic, fused, spirocyclic, or bridged—are
readily available pharmaceutical fragments. The resulting products
unlock previously inaccessible structural motifs and offer a powerful
platform for the development of next-generation bioactive compounds.

To highlight the synthetic utility of this transformation, we investi-
gated downstream derivatizations of the tetrahydropyridazine products
into structurally privileged heterocycles (Fig. 3, B and C). Reduc-
tion of tetrahydropyridazines furnishes fully saturated piperidazines—
a class of 1,2-diazacycles that, despite their structural relevance,
remain largely underexplored in medicinal chemistry compared with
their 1,4-diazacyclic counterpart, piperazine. Both NaBH3;CN-mediated
reduction and Pd-catalyzed hydrogenation proceeded efficiently, af-
fording piperidazines (1h and 6g) and piperazine acid derivative
(24d) (Fig. 3B). In parallel, oxidative aromatization of tetrahydropyrid-
azines may offer direct access to pyridazines, electron-deficient aro-
matic heterocycles with emerging importance in drug discovery (49).
Marketed drugs featuring pyridazine cores, such as ensartinib and
relugolix (Fig. 1D), underscore their therapeutic potential. However,
synthetic challenges have limited their representation in commercial
libraries and pharmaceutical pipelines (14, 15). To address this issue,
we used mild oxidants such as DDQ or MnO, to achieve pyridazine
derivatives (6h and 16d) under operationally simple conditions
(Fig. 3C). These results provide a modular and operationally simple
route to access diverse diazacyclic frameworks.

To further highlight the versatility of this N-atom insertion strategy,
we applied it to the direct skeletal editing of complex natural products
and drug-like molecules (Fig. 4A). Representative substrates included
(£)-nornicotine (43a), a major metabolite of nicotine bearing a pyri-
dine ring; simpinicline (44-), a nicotinic acetylcholine receptor ago-
nist featuring both pyrimidine and alkene moieties; the endogenous
tripeptide MIF-1 (melanostatin, 45a), an allosteric modulator of do-
pamine receptors; and a key fragment of seltorexant (46a). Each
underwent smooth N-atom insertion to afford the corresponding tet-
rahydrodiazine derivatives in good yields (43b to 46b). Further oxida-
tive aromatization of a peptide-derived compound (45b) using MnO,
yielded a pyridazine-containing dipeptide (45d), showcasing the
method’s utility for constructing nitrogen-rich heteroarenes in peptide
settings. In addition, tetrahydroisoquinoline scaffold—common in
natural products—is compatible with the transformation (50). Application
to tetrahydropapaverine (47a) resulted in a seven-membered diazacy-
cle (47b), demonstrating that the strategy can accommodate diverse
ring systems (Fig. 4B). To explore the method’s adaptability to more
elaborate architectures, we synthesized hybrid molecules by conjugat-
ing fragments of natural products and drugs (Fig. 4C). Successful
examples included seltorexant-lithocholic acid (48a), danofloxacin-
indomethacin (49a), fosinopril-alogliptin (50a), and gliclazide-
fluvoxamine (51a) hybrids, all of which underwent N-atom insertion
smoothly (48b to 51b). The incorporation of stable isotopes into organic
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Fig. 4. Editing and labeling bioactive compounds. (A) Editing and labeling drug-like molecules containing pyrrolidine scaffold. (B) Editing tetrahydropapaverine containing
tetrahydroisoquinoline scaffold. (C) Editing other complex molecules.*Standard Condition-A (S.C.-A): amine (0.3 mmol), DPPH (2.2 equiv), K,CO3 (3.0 equiv), THF (0.3 ml), H,0
(0.3 ml), 65°C, 12 hours, isolated yield. t+Standard Condition-B (S.C.-B): amine (0.3 mmol), DPPH (2.2 equiv), DCM (3.0 ml), MeOH (60 pl), 45°C, 12 hours, isolated yield.
1Two-step yield of N-atom insertion and acyl protection. §Amine<HCI/K2C0O3(3.5 equiv) instead of amine/K,C03(3.0 equiv). JAmine+HCl instead of amine; NaOAc (1.0 equiv).

r.r. (regioselective ratio) based on isolated products. r.s.m., residual starting material.

frameworks is vital across scientific disciplines, particularly in phar-
maceutical and agrochemical research. Despite substantial progress,
efficient methods for late-stage isotopic labeling remain in high demand.
As shown in the supplementary materials, ’N-labeled DPPH was syn-
thesized from commercially available diphenylphosphinic chloride and
"NH,OH. Leveraging °’N-DPPH as an N-atom insertion reagent, we
accessed N-labeled analogs of MIF-1 (**N-45b) and a key seltorexant
fragment (**N-46c) (Fig. 4A), highlighting the broad utility of this
approach for synthesizing ’N-labeled bioactive compounds. These
results underscore the method’s broad functional group compatibility—
including hydroxyl, amide, ester, alkene, and heteroaromatic motifs—
establishing it as a powerful platform for late-stage skeletal editing
of structurally complex, bioactive molecules and for the synthesis of
N-labeled drug-like compounds.

Substrate scope evaluation reveals that our current method is lim-
ited to unsubstituted pyrrolidine scaffolds (Figs. 3 and 4). However, in
many bioactive molecules containing a pyrrolidine motif, the nitrogen
in pyrrolidine is substituted with a side chain. Given the accessibility
of C-N bond formation, pharmaceutical syntheses often rely on cou-
pling side-chain synthons with the unsubstituted pyrrolidine core. To
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overcome the limitation of this method in the editing of substituted
pyrrolidines, we converted the unsubstituted pyrrolidine cores into
tetrahydropyrazine-based synthons. These intermediates retain a nu-
cleophilic NH group, enabling subsequent coupling with side-chain
synthons to access N-atom inserted drug analogs (Fig. 5). For example,
in the synthesis of the analgesic octazamide, a key step involves direct
acylation of commercially available 7-oxa-3-azabicyclo[3.3.0]octane
(28a) (Fig. 5A). N-Atom insertion into synthon 28a, followed by ben-
zoylation, delivered an N-atom expanded analog of octazamide (28c¢).
A similar approach was used to modify the antidiabetic drug miti-
glinide (Fig. 5B). Notably, N-atom insertion disrupts the molecular
symmetry of the starting material (1a), and the presence of a stereo-
genic center in the side chain introduces challenges in both diastereo-
and regioselectivity. Nevertheless, we successfully isolated the major
diastereomer—an enantiomerically enriched mitiglinide analog (1j)—in
acceptable yield using column chromatography. The synthesis of gliclazide
was achieved through N-nitrosation followed by reduction of commer-
cially available bicyclic pyrrolidine (8a), furnishing a hydrazine interme-
diate that reacted with a urea derivative (Fig. 5C). Alternatively, direct
N-atom insertion into synthon 3a, followed by side-chain installation

17 JULY 2025  Science



A N-atom insertion of octazamide
BzCI )K©
H known /ﬁ

octazamlde

BzClI, Py

o] HCI 84%
28a <I:
S.C.-A

73%

B N-atom insertion of mitiglinide

(S)-3-benzyldihydrofuran H
-2,5-digne (52)
43—> o
s N
I:-1 known H \n/\isl)I\OH
NH — (e} Bn

! mitiglinide
z HCl S.C.-A*

H 5%
1a (i
OH

38%
1]T

C N-atom migration of gliclazide

NaNO/HCI TSNHCONH
<
. . > 47\
Zn/HCI NH O O
known

O\I|
H TsNCO
H 62% >—NH

CIow—1e—e - W
ifi HCI S.C.-A /N
3 65% -
a : 3c
H
o}
o o\\'s!—< >—
NH
— H N
NaBH,CN = NH
7% -
H 3d

Fig. 5. Indirect editing bioactive compounds. (A) N-atom insertion of octazamide. (B) N-atom insertion of mitiglinide. (C) N-atom migration of gliclazide. Standard
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1The absolute configuration was assessed with the DP4+ probabilistic tool (details provided in supplementary materials).

with p-toluenesulfonyl isocyanate (TSNCO), yielded N-atom-rearranged
gliclazide analogs (3¢) bearing a tetrahydropyrazine core. Incorpora-
tion of a reduction step furnished a hexahydropyrazine derivative (3d),
representing an N-atom migrated isomer of gliclazide. This N-atom
insertion platform enables access to structurally diverse drug analogs
without altering the overall synthetic route, offering a powerful strat-
egy for drug discovery and structure-activity relationship exploration.

By enabling atom-level skeletal remodeling without perturbing sub-
stitution patterns, the late-stage skeletal editing method presented
here offers a powerful platform for scaffold hopping and the diversi-
fication of drug-like molecules.
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Midline assembloids reveal
regulators of human
axon guidance

Massimo M. Onesto'%3, Neal D. Amin®3$, Chenjie Pan*,
Xiaoyu Chen?3, Ji-il Kim?3, Noah Reis?, Sabina Kanton??,
Alfredo M. Valencia®®, Zuzana Hudacova®3, James P. McQueen®?3,

Marc Tessier-Lavigne®, Sergiu P. Pagca®3*

Organizers orchestrate cell patterning and axon guidance in the
developing nervous system. Although nonhuman models have
led to fundamental discoveries about floor plate (FP)-mediated
midline organization, an experimental model of the human FP
would enable insights into human neurodevelopment and
midline connectivity. Here, we developed organoids resembling
human FP (hFpOs) and assembled them with human spinal
cord organoids (hSpOs) to generate midline assembloids
(hMAs). We demonstrate that hFpOs promote ventral patterning,
commissural axon guidance, and bilateral connectivity. To
investigate midline regulators, we profiled the hFpO secretome,
identifying 27 human-enriched genes compared with mouse.

In an arrayed CRISPR screen of hMAs, we discovered that loss of
GALNTZ2 and PLD3 impaired FP—mediated guidance of axons.
This platform holds promise for revealing aspects of human-
specific neurobiology and disease.

Organizers serve as neurodevelopmental guideposts that regulate the
spatial patterning of neural tissues and guide axons across long dis-
tances to their targets (7-4). The floor plate (FP) organizer, located ventrally
along the neural tube midline, comprises specialized neuroepithelial
cells that secrete morphogens and axon guidance cues in gradients
along the dorsoventral axis. This drives spinal cord patterning and
midline axon crossing to establish bilateral connectivity, which gov-
erns locomotive and sensory function (5-10).

Although nonhuman models have provided fundamental insights,
their organizer conservation and potential functional divergence in
human midline development remain less understood. Therefore, de-
veloping human models could uncover mechanisms of axon guidance
and pathways relevant to neurodevelopmental disorders.

Stem cell-derived neural organoids and assembloids can be used to
study complex cellular interactions, including cell migration and axo-
nal projections, in human brain development (17-13). Previous studies
have derived and analyzed human FP cells, but their contribution to
cell specification and axon guidance remains unexplored (74). FP for-
mation has been demonstrated in mouse neural tube organoids
(15, 16), but human models of midline organizers and axonal crossing
are lacking. Here, we developed a protocol to generate functional hu-
man FP organoids (hFpOs) and investigated their influence on pat-
terning and axon guidance using assembloids.

We separately generated hFpOs and human spinal cord organoids
(hSpOs) (17) and assembled them to form human midline assembloids
(hMAs). The integration of hFpOs with early-stage hSpOs induced ventral
progenitor patterning, whereas late-stage hSpO assembly enabled model-
ing of commissural axon guidance by the FP. We expanded this system
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to a three-part hMA to model midline exit and bilateral connectivity. We
comprehensively profiled the hFpO secretome through liquid chroma-
tography mass spectrometry (LC-MS) and the primary human FP tran-
scriptome with single-cell RNA sequencing (scRNA-seq), identifying
several human-enriched genes. Using an arrayed CRISPR screen in hMAs,
we identified which of these factors can regulate human FP-dependent axon
guidance. Together, these experiments introduce a human cellular model for
investigating the functions of the FP and its role in midline development.

Generation and characterization of hFpOs and hSpOs

To generate human FP cells from human induced pluripotent stem (hiPS)
cells, we exposed early neural organoids to a combination of growth
factors and small molecules, mimicking notochord-driven FP induction
(Fig. 1, A and B). We first enzymatically dissociated hiPS cells into single
cells and aggregated ~2000 cells in ultra-low-attachment, round-bottom
96-well plates. Neuralization was initiated with dual SMAD inhibitors,
dorsomorphin (DM) and SB-431542 (SB), followed by smoothened ago-
nist (SAG), FGF2, the WNT activator CHIR 99021, and retinoic acid
(fig. S1A). Immunocytochemistry of organoids at day 8 revealed a very
high proportion (~85%) of FOXA2" nuclei (Fig. 1, C and D). In parallel,
we generated early-stage hSpOs using an established approach (77) but
removing Sonic Hedgehog (SHH)-pathway activators to avoid ventraliza-
tion (Fig. 1B and fig. S1A). Our hFpOs displayed rosette-like structures
that were surrounded by the basement membrane protein collagen IV
(COL4A1/COL4A2) (fig. S1B). Reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) showed higher expression of the ven-
tral transcription factors FOXA2 and NKX2-2, the morphogen SHH, and
the guidance molecule NTNI in hFpOs compared with hSpOs (Fig. 1E).
Moreover, hSpOs showed no FOXA2 protein expression by immunocyto-
chemistry and had higher expression of the dorsal transcription factors
PAX6 and PAX3 (Fig. 1, D and E). We next examined secreted morphogens
and guidance molecules by collecting conditioned media (CM) from
hFpOs and hSpOs. Western blots detected SHH in hFpO cell lysates but
not CM, whereas NTN1 was present in both. (Fig. 1F and fig. S1C). f-Actin
was only detected in cell lysates, suggesting secretion rather than cell
lysis-related release (fig. S1D). To test CM bioactivity, we treated mouse
dorsal spinal explants embedded in collagen with hFpO or hSpO condi-
tioned media for 40 hours. Explants exposed to hFpO CM exhibited in-
creased axon outgrowth compared with hSpO CM (Fig. 1, G to I).

To study cell diversity in hFpOs, we performed droplet-based scRNA-seq
analysis at day 8 of differentiation (Fig. 1J). We found that cells were
generally homogeneous in their gene expression signature, with high
expression of the known caudal FP markers FOXA2, ALCAM, SPONI,
and NTNI (Fig. 1, K and L). Using Seurat label transfer to a developing
spinal cord atlas (CS12-CS19), we found that hFpO cells mapped pre-
dominantly (up to ~90%) to the ventral FP/p3 domains (Fig. 1, M and
N, and fig. S2, A and B). VoxHunt confirmed similarity to embryonic
day 11 (E11) mouse hindbrain FP (fig. S2C). These results suggest that
three-dimensional (3D) cultures resembling the early-stage human FP
can be reliably and efficiently generated from stem cells.

Generation of hMAs to model patterning

To model FP influence on ventral spinal cord patterning, we created
assembloids using hFpOs derived from a fluorescent hiPS cell line and
hSpOs from a nonfluorescent line of the same background. We placed
a day 8 hFpO and a day 8 hSpO in proximity in an ultra-low-attachment,
round-bottom well, where they assembled within 24 hours (Fig. 2A).
This time point was selected because hSpOs at this stage are largely
unpatterned, allowing hFpOs to drive ventralization. We collected as-
sembloids at 3 and 7 days after fusion (d.af.) and assessed ventral iden-
tity using immunocytochemistry. We observed graded expression of the
ventral transcription factors FOXA2, NKX2.2, and NKX6.1 at the hFpO-
hSpO boundary, which is suggestive of FP-induced ventral patterning
(Fig. 2, B and C, and fig. S3A). Cyclopamine treatment during fusion,
which inhibits SHH signaling, abolished ventral marker expression in
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hSpOs and reduced FOXA2 in hFpOs (Fig. 2, B and C, and fig. S3, A, D,
and E). To test whether SHH signaling was required in hSpO ventraliza-
tion independently of its effects on hFpOs, we used a multiguide
CRISPR approach to specifically target SMO in hSpOs only (fig. S4D).
We validated editing by Sanger sequencing, and subsequent Western
blot experiments confirmed a strong reduction in SMO protein in
edited hSpOs compared with controls (unedited hSpOs; fig. S4, A to C).
Edited hSpOs showed reduced NKX2.2, NKX6.1, and FOXA2 expression
(fig. S4, E, F, and I), whereas hFpO expression of FOXA2 remained
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unaffected (fig. S4J). These markers were absent in unassembled, stage-
matched controls (fig. S4, G to I). Fusion between two hSpOs had no
effect, further confirming the specific inductive role of hFpOs (fig. S3,
B to D). We next performed scRNA-seq on fluorescent hSpOs assembled
with hFpOs and on stage-matched unassembled hSpOs (Fig. 2D and
fig. S5A). Transcriptomic clustering showed separation of unassembled
hSpOs expressing dorsal transcription factors (LMXIA4, PAX7, and PAX3)
and assembled hSpOs expressing ventral transcription factors (NKX6.2,
OLIG2, NKX2.2, and FOXA2; Fig. 2, E and F). Differential gene expression
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Fig. 2. Generation and
characterization of hMAs for
assessing hFpO-dependent
ventral patterning.

(A) Schematic illustrating the
assembly of day 8 hFpOs
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(DMSO) (top) or with
cyclopamine (bottom) at
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hFpOs. Scale bar, 100 pm;
inset scale bar, 50 pm.

(C) Binned plot profiles of the
percentage of positive cells for
ventral transcription factors
from the hFpO-hSpO
boundary (dotted line) 3 to

7 d.af.in hMAs cultured in the
presence of DMSO or
cyclopamine. Data are
presented as mean + SEM. For
FOXA2 (dark blue),

NKX2.2 (medium blue), and
NKX6.1 (light blue),n=7to G
9 assembloids per condition

from three differentiation

experiments from one hiPS NKX2S
cell line. (D) Schematic
illustrating the process of
collecting either unassembled 1ORCT]
hSpOs or hFpO-assembled EN%E%;
hSpO cells for scRNA-seq
analysis. (E) UMAP
visualization of single-cell
gene expression of cells
collected from unassembled
hSpOs (purple) and hFpO-

A B

NKX2.2

Day 8 hFpO  Day 8 hSpO
o o
-

Midline
assembloid

NKX2.2
|
o~ G

hFpO-dependent
patterning

+Cyclopamine

hSpO
Assembled
Assembled
hSpO
L

.
l Dissociate l

Unassembled
hSpO

SothSpO <. . L.t
cells NS AN S

scRNAseq

hSpO cell mapping

Average Rayon et al. 2021

expression
. Max.

l Dorsal

Min.

Ventral

UMAP 2

Fl
SERPINI2-
LRRC71-

UMAP 1

FOXA2 GFP

FOXA2 GFP

® (Day 11/3d.af) ® (Day 11)

—FOXA2
—NKX2.2
NKX6.1

o

+DMSO
1004

oy —
S
& & 0

3daf 7daf

1004

a
<

=3

1
S
+Cyclopamine

1004

o
£2
0

3
F

a
b

50+

Percent transcription factor positive cells (%)

04 P T
RO

0% T T T
(190 Q/QQ ’\00 Q \DQ
Distance from hFpO boundary (um)

‘6’00

hiPS cell lines
KOLF2.1J

#3 LR

IRX3 PAX6 NKX6.2 Max.

.
A , !n v

Min.

LMX1A PAX7 PAX3

Unassembled

1205-4

»

8858-3 OLIG2 NKX2.2 FOXA2

y ¥

n= 20,863 cells

8

UMAP 2

UMAP 1

RP p0-p2
Unassembled ~ Assembled

F']

/- Alar Plate

pd1-pd3 pMN

¢

FP/p3

hSpO
@ Unassembled
® Assembled

50 50

pd4-pd6

o
o
s <
s
=]

Percentage of predicted cells

Basal plate
hiPS cell lin

@
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confirmed ventral identity in the assembled group (Fig. 2G and table
S1), with no shift in anterior-posterior markers (fig. S5E). GLII (ex-
pressed upon SHH pathway activation) was enriched in assembled
hSpOs, whereas GLI3 (repressed upon SHH pathway activation) was
enriched in unassembled hSpOs (fig. S5B). The expression of ventral
transcription factors correlated positively with GLII and inversely with
GLI3; the opposite pattern was observed for dorsal transcription factors
(fig. S5C). Mapping to a primary spinal cord atlas revealed that unas-
sembled hSpOs resembled dorsal spinal cord domains, whereas hFpO-
assembled hSpOs resembled ventral progenitors (Fig. 2, H to J, and
fig. S5D). The gene expression profile within these mapped cells strongly
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correlated with canonical regional markers (fig. S5, F to H). Overall,
these findings demonstrate that hFpOs have organizer-like properties
and induce ventral spinal cord fates in assembloids.

Generation of hMAs to model axon guidance

To model axon guidance in hMAs, we first verified the presence of spinal
commissural neurons in hSpOs. This required patterning hSpOs at a later
stage without SHH agonists to produce dorsal spinal interneurons
(fig. S6A) (17, 18). Single-cell profiling of hSpOs at day 35 revealed clusters
of cells expressing dI1, d12, dI3, dI4, and dI5 interneuron markers (Fig. 3,
B and C). One cluster showed enriched expression of ROBO3, CNTN2,
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Fig. 3. Generation and characterization of hMAs for assessing hFpO-dependent axon guidance. (A) Schematic illustrating the assembly of day 8 hFpOs (green) and

day 22 hSpOs (purple) to form hMAs for modeling hFpO-dependent axon guidance. (B) UMAP visualization of single-cell gene expression of cells collected from day 35 (d35)
hSpO0s (n = 17,574 cells from three hiPS cell lines). (C) Bar plots of the proportion of annotated d35 hSpO cell clusters across three hiPS cell lines. (D) UMAP visualization of
single-cell gene expression of markers enriched in spinal commissural neuron populations, ROBO3, EBF2, CNTNZ2, and NHLHI. Color scale indicates normalized gene expression.
(E) Representative z-projected immunocytochemistry images of cleared hSpOs showing expression of ROBO3 and TUBB3 with RedDot2 nuclear stain from days 20 to 30 of
differentiation. Scale bar, 200 pm. (F) Quantification of fold-change in ROBO3, TUBB3, and Reddot?2 fluorescence relative to day 20 of differentiation (n = 22 to 32 organoids per
time point from three hiPS cell lines). Individual organoids are shown as gray points, and the averages per hiPS cell lines are shown as colored points. Line indicates overall
mean, and shaded area represents SEM. Data are plotted on a log,-scaled axis. For ROBO3: F(5161)=39.26, P < 0.0001; ***P = 0.0003, ****P < 0.0001. For TUBB3: F(5161=
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Scale bar, 200 pm; inset scale bar, 100 um. (H) Quantification of the proportion of ROBO3* axon coverage normalized to the area of assembled hFpOs (green) or hSpOs (purple)
over time. Bar plots indicate individual assembloids at 1 d.a.f. (light gray), 2 d.a.f. (medium gray), and 3 d.a.f. (dark gray) (n =14 to 17 assembloids per condition/day from three
hiPS cell lines), and larger points indicate individual hiPS cell lines. Comparison of the effects across time points in each condition: Fp 91y = 27.92, P < 0.0001; ****P < 0.0001,
two-way ANOVA and Tukey's test for multiple comparisons. (I) Directionality quantification of ROBO3* axons in hSpOs relative to either an assembled hSpO or hFpO at 2 d.a.f.

(n =17 assembloids per condition from three hiPS cell lines). Zero degrees indicates projection directly toward, and +90° indicates away from the assembled hFpO/hSpO.
The analyzed region of interest is indicated by the dotted box on the hMA schematic. F(g9 2830y = 6.398, P < 0.0001, two-way ANOVA. (J) Bar plot representing the proportion of
ROBO3™ axons oriented directly at 0° from (I). Data are presented as mean + SEM. Bar plots indicate individual assembloids, and larger points indicate individual hiPS cell lines.
#xxkP < (0,0001, Mann-Whitney test.

EBF2, and NHLH]1, which are markers of projecting commissural inter-
neurons (Fig. 3, B and D, and fig. S6, B and C) (19-22). Additionally,
this cluster showed enriched expression of the major Netrin receptor
DCC (fig. S6, D and E). Immunocytochemistry for ROBO3 showed tempo-
rally regulated expression consistent with prior reports (23). By contrast,
TUBB3 showed a steady increase across this period (Fig. 3, E and F). To
assess whether hiPS cell-derived commissural neurons project from
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hSpOs to hFpOs, we assembled hSpOs at day 22 with day 8 hFpOs (Fig. 3,
A and G). We observed progressive and directed axonal projections and
fasiculations invading the hFpOs (Fig. 3, G and H). To determine whether
these projections depended on hFpOs, we assembled hSpOs (at day 22)
with day 8 hSpOs, which lack FP cells, and found only rare projecting
ROBO3" commissural axons with a defasciculated appearance (Fig. 3, G
and H). Quantification of hSpO axon projection directionality showed
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more ROBO3* axons oriented toward hFpOs, confirming hFpO-
dependent commissural axon guidance (Fig. 3, I and J).

Generation of three-part hMAs to model bilateral connectivity
To investigate midline crossing and FP exiting of commissural axons
in hMAs, we developed an in vitro midline-like structure by assembling
multiple hFpOs. We then generated three-part assembloids by incorporat-
ing this hFpO between two hSpOs at day 22 (Fig. 4, A and B). The assembly
rate was 95.65% (fig. S7, A and B). As a control, we also derived three-part
assembloids without FP cells by creating a midline-like structure out of
day 8 hSpOs (Fig. 4C). To track axons, we transduced one hSpO with
LV-hSYN1::eYFP before assembly (movie S1). Imaging over 5 days revealed
axonal crossing and contralateral exiting, which was minimal without
hFpOs (Fig. 4D). Immunostaining for ROBO3 and FOXA2 revealed that
hFpOs in hMAs maintained abundant FOXA2™" cells and bilateral fascicu-
lated ROBO3" axons, which colocalized with hSYN1::eYFP-labeled projec-
tions (Fig. 4E). These results indicate that hFpOs promote axon crossing
and contralateral projection and therefore model aspects of midline en-
try and exit.

To assess bilateral connectivity, we expressed hSYN1::GCaMP8s (24)
in both hSpO before assembly. Seven days after fusion, confocal imaging
revealed synchronous calcium bursts in bilateral hSpOs. Scaled correla-
tion analysis confirmed substantial synchrony (movie S2), whereas unas-
sembled hSpOs exhibited asynchronous activity (Fig. 4, F to H, and movie
S3). To manipulate this activity, we expressed channelrhodopsin 2 fused
to enhanced yellow fluorescent protein (eYFP) under the hSYN1 pro-
moter (hSYN1::ChR2-eYFP) in one hSpO and performed extracellular
recordings (fig. S8, A and B). Ten days after fusion, axonal projections
were evident in hFpO-containing assembloids but nearly absent in hSpO-
midline controls (Fig. 4I). Optogenetic stimulation with 480-nm light
induced robust contralateral activation in hMAs with hFpOs, whereas
responses were reduced in hMAs lacking FP cells (Fig. 4, J and K). This
reduction was specific to the receiving hSpOs, with no difference in the
ChR2-expressing hSpOs, indicating consistent stimulation (fig. S8, C and
D). Incubation with NBQX and APV (50 uM each) abolished responses
in the receiving hSpO (fig. S8, E and F). Activity also decreased in the
ChR2-expressing hSpO, suggesting reciprocal connectivity (fig. S8, G and
H). These results demonstrate that three-part hMAs can be used to model
FP entry, crossing, exit, and early bilateral connectivity.

Identification of human-enriched FP genes

We leveraged our hFpO system to generate large quantities of FP cells
for proteomic analysis of membrane and secreted proteins enriched
in the human FP compared with mouse. We collected CM from hFpOs
(~30 million cells) and performed LC-MS, capturing 1876 proteins
(table S2). To identify which of these proteins were selectively en-
riched in FP cells, we selected genes detected in primary human FP.
We retained genes enriched in FP versus other spinal progenitors and
present in at least 30% of primary FP cells, yielding 415 FP-enriched genes
(table S2). Of these, 326 encoded membrane and secreted proteins, and
of which 68 were essential for cell survival (fig. SOA and table S2).

We next investigated whether homologous genes are differentially
expressed between species. We analyzed conservation and divergence of
expression in human versus mouse FP using prior cross-species analysis
methods (table S3) (25). We found that 10.5% of nonessential genes dis-
played a >10-fold divergence in expression (Fig. 5A, fig. SOB, and table S4,).
Three of these genes showed human-specific FP expression: EFEMPI,
TTR, and CLSTN3 (Fig. 5A and fig. S9C). Overall, these proteomic and
transcriptomic experiments identified membrane and secreted proteins
that were enriched in or specific to the human FP compared with mouse.

Arrayed CRISPR screen of membrane and secreted factors
reveals regulators of human FP-dependent axon guidance

To investigate the role of human-enriched membrane and secreted
proteins in commissural axon guidance to the FP, we designed an
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arrayed CRISPR screen leveraging the accessibility of hMAs for genetic
manipulation and multiple functional readouts of FP-dependent
axon guidance (Fig. 5B). We used guides targeting 27 human FP genes
with the highest divergence in expression compared with mouse FP,
three conserved genes (NTN1, SPONI, and NRP2) implicated in FP-
dependent axon guidance (26-28), and nontargeting controls (NTCs)
(table S5). We individually screened knockout (KO) hiPS cell pools for
editing efficiency using ICE analysis and KO score, with ~90% showing
>75% efficiency (fig. S10, A and B) (29). We generated hFpOs from
these KO pools and assembled them at day 8 with unedited day 22
hSpOs. Three days after fusion, we fixed, immunostained for ROBO3
and FOXA2, and cleared assembloids to assess commissural axon pro-
jections (Fig. 5B). We imaged the hFpO region and quantified ROBO3
fluorescence within 150 pm of the FOXA2 boundary, normalized to
pre-hFpO ROBOS3 intensity (Fig. 5, C to E, and fig. S10F). Assembly
and processing were reliable, with a 93.75% success rate (fig. S10G).
Loss of NTN1 and SPONI reduced ROBO3" axon projection into hFpOs,
consistent with their known roles in commissural axon guidance in
nonhuman models (Fig. 5, C to E, and fig. S10F) (20, 26, 27). In contrast
to rodent studies (28), NRP2 loss had no detectable effect on human
commissural axon guidance (Fig. 5, C to E, and fig. S10, C and F).

‘We identified two human-enriched FP genes that reduced commis-
sural axon projection: GALNT2 and PLD3 (Fig. 5, C to E, and fig. S10F).
GALNT?2 encodes an enzyme that initiates O-linked glycosylation by
transferring N-acetylgalactosamine, and PLD3 encodes a lysosomal
protein that hydrolyzes phospholipids. GALNT2 KO reduced FOXA2
expression at the transcript and protein levels, suggesting a role in FP
specification (fig. S10, D and E), whereas PLD3 did not affect FP identity.
For validation, we generated isogenic NTN1, SPON1, PLD3, and GALNT2
homozygous KO hiPS cell lines and generated hMAs (Fig. 5F and
fig. S11A). Isogenic KO was confirmed by Sanger sequencing and Western
blot for target proteins in lysates and CM from hFpOs (fig. S11, A to C).
Isogenic KO hFpOs showed reduced ROBO3* commissural axon projec-
tion in hMAs compared with NTCs (Fig. 5, G and H). To validate con-
sistent ROBO3 expression, we measured ROBO3 fluorescence intensity
in the hSpO portion of the hMAs and found no effect in hMAs contain-
ing isogenic KO hFpO (fig. S12B). Next, we assessed whether reduced
projection reflected loss of ROBO3 postentry into mutant hFpOs. We
expressed hSYN1::eYFP in hSpOs before hMA assembly to track axons
crossing into hFpOs. We found reduced eYFP* axon outgrowth into
hFpOs across CRISPR mutants compared with NTCs (fig. S12, C and
D). To determine whether these eYFP* axons were also ROBO3*, we
counterstained for ROBO3 and observed colocalization and correlated
fluorescence in axons extending beyond the hFpO boundary (fig. S12,
E and F). These findings suggest that axon guidance defects are likely
due to reduced outgrowth, and that most projecting axons are ROBO3™*.

GALNT?2 homozygous KO reduced FOXA2*, NKX2.2", and NKX6.1+
cells while not affecting SOX2* cell numbers in hFpOs (fig. S13, A to
H). We also observed decreased FOXA2 and increased PAX6 expres-
sion; however, NKX2.2 transcript abundance was not affected (fig.
S13I). These results suggest that hMAs can be used to identify func-
tionally important human-enriched FP genes.

Discussion

Neural organoids can recapitulate cellular diversity across regions of the
nervous system. The integration of multiple organoids in assembloids can
model cell-cell interactions essential to circuit assembly. Our previous work,
along with studies from other groups, modeled migration and long-range
projections with assembloids (17, 30-39). Here, we used assembloids to
explore organizer patterning and axon guidance at the midline.

‘We developed hMAs that model commissural axon guidance to the FP,
an essential step for bilateral neural connectivity. First, we generated
hFpOs and defined their transcriptome and secretome profiles. Second,
we developed a modular assembloid system to capture distinct phases
of midline development. Integrating hFpOs with early-stage, unpatterned
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Fig. 4. Generation and characterization of three-part hMAs for modeling midline crossing and circuitry. (A) Schematic illustrating the generation of hFpO midline and
three-part hMAs to model bilateral circuit formation. (B) Bright-field images of hFpO assembly to form the hFpO midline component of the hMAs. (C) Bright-field images of
three-part hMA overlayed with z-projections of hSYN1::eYFP expression in one hSpO (left; scale bar, 200 um) and time-lapse imaging of eYFP* axons crossing the midline (right;
scale bar, 100 um). Dotted green line represents hFpO-midline boundary, and dotted purple line represents the hSpO-midline boundary. (D) Quantification of hSYN1::eYFP
fluorescence within (top) or 100 um beyond (bottom) the hFpO (green symbols, n = 15 assembloids) or hSpO (purple symbols, n = 14 assembloids) midline in three-part hMA at 1 to
5d.af.inthree hiPS cell lines. Bar plots indicate individual assembloids, and larger points indicate individual hiPS cell lines at each time point. Data are presented as mean + SEM.
For within midline: two-way ANOVA, F(1 135 = 217.9, P < 0.0001, after Sidak's multiple-comparisons test, **+*P < 0.0001. For exiting midline: two-way ANOVA, F(1135) = 5740, P <
0.0001, after Sidak's multiple-comparison tests, **##P < 0.0001. (E) Representative z-projected immunocytochemistry images of eYFP, ROBO3, and FOXA2 expression in cleared
three-part hMAs from (C) at 5 d.a.f. Scale bar, 200 um; inset scale bar, 100 pm. (F) Representative images of jGCaMP8s expression in assembled (hMA; top) and unassembled hSpO
(bottom). Scale bar, 200 pm. (G) Example AF/Fpase traces of jGCaMP8s in right (R) and left (L) assembled (hMA; top) and unassembled (bottom) hSpO in three hiPS cell lines.
Spontaneous activity was monitored for 10 min. (H) Scaled correlation values averaged per cell for assembled (hMA; green) and unassembled (gray) hSpO (assembled, n =150
cells from 15 hMAs; unassembled, n = 70 cells from seven nonassembled organoid pairs, three hiPS cell lines in one differentiation; *#+*P < 0.0001, two-tailed Mann-Whitney test).
Bars indicate individual cells, and larger points indicate individual assembloids. (I) Representative z-projected images of hSYN1::hChR2-eYFP expression in cleared hMAs containing
hFpO- (top) or hSpO- (bottom) midline at 10 d.a.f.. Scale bar, 200 pm; inset scale bar, 100 um. (J) Representative heatmaps of extracellular recording from projection-receiving
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rate (in hertz). (K) Quantification of unit frequency from extracellular recordings in (J) before and after 480-nm light stimulation (hFpO-midline, n = 141 units; hSpO-midline, n = 136
units; six assembloids per condition, two hiPS cell lines in one differentiation; *##*P < 0.0001, two-tailed Mann-Whitney test).
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Fig. 5. hFpO-based screen for
human-enriched axon guidance
regulators. (A) Comparison of
gene expression abundance of
14,852 orthologous genes (gray
points) between mouse (E9 to E14)
and human (CS12-19) FP cells.
Black dotted line indicates 1:1 gene
expression, and the blue dotted
lines indicate 2- and 10-fold human
enrichment. Colored points
indicate membrane and secreted
FP-enriched genes and indicate
degree of gene expression
divergence between human and
mouse as indicated. Data are
plotted on a log,-scaled axis.

(B) Schematic of workflow for
generating hFpOs from KO hiPS
cell pools and subsequently
assembling with day 22 hSpOs to
form hMAs in an arrayed format. At
3d.af, the assembloids were
cleared and confocal imaged to
visualize commissural axons
guiding toward hFpOs. (C) Heatmap
displaying min/max scaled fold-
change ROBO3 fluorescence
intensity of hSpO axons 150 pm
pre- and 150 pm postcrossing into
the hFpO, relative to the precrossing
mean (n = 2 to 3 assembloids per
gene). Two-way ANOVA was
performed on measurements in
the most distal 50 um of heatmap;
F(31,1972) =10.05,P < 0.0001, after
Dunnett's multiple-comparisons
test comparing Control 1 with all
other conditions: *###*P < 0.0001
for Control 1 versus GALNTZ,
xii#P < 0,0001 for Control 1
versus PLD3, ####P < 0.0001 for
Control 1 versus NTN1, and

##P = (0,0025 for Control 1 versus
SPONL. (D) Representative
z-projected immunocytochemistry
images of control and pooled KO
hMAs expressing ROBO3 and
FOXA2 to visualize ROBO3* axons
projecting across the hFpO
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boundary. Scale bar, 100 um. (E) Plot profiles of min/max scaled fold-change ROBO3 fluorescence intensity of KO pool hFpO hMA 150 pm pre- and 150 pm postcrossing into hFpOs from
(C). Dotted lines indicate the nontargeting control groups, and solid lines indicate the target gene group. Data are presented as mean + SEM. Gray-shaded region indicates the 50-um
bin where ROBO3 expression as a measure of axon guidance was assessed for statistical significance. (F) Schematic outlining the method for generating isogenic KO hiPS cell lines from

the axon guidance screen candidates and subsequent isogenic validation of phenotypes identified in the axon guidance screen. (G) Representative z-projected immunocytochemistry
images of control and isogenic KO hMAs expressing ROBO3 and FOXA2 at 3 d.a.f. Scale bar, 200 pm. (H) Bar plot showing the proportion of ROBO3* coverage relative to the area hFpOs
from1to 3 d.af. (shades of gray; n =7 to 29 assembloids per condition/d.a.f.). Two-way ANOVA, F(4.213) = 134.8, P < 0.0001, after Tukey's multiple-comparisons test, **+#P < 0.0001.

hSpOs captured SHH-dependent progenitor ventralization. Prior studies
relied on ectopic overexpression of a single morphogen, missing the
full complement of factors governing midline development (40, 41).
Integrating hFpOs with hSpOs containing ROBO3" commissural neurons
enabled modeling of midline axon guidance, recapitulating contributions
of NTN1 and SPONT1. Three-part hMAs further modeled midline exit and
bilateral connectivity. Third, we used hMAs to identify genes controlling
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midline axon guidance in human. We identified 27 nonessential human
FP-enriched genes and performed an arrayed CRISPR KO screen.

Our results revealed an important role for GALNT2 in FP generation
and commissural axon guidance, which may be related to changes in ven-
tral specification. This may be mediated by GALNT2-dependent glycosyl-
ation of SHH components, a mechanism suggested for GALNTI (42).
Whereas patient phenotypes and animal models highlight the broader
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impact of GALNT2 on cognitive, behavioral, and neurodevelopmental out-
comes, our model captures early pathway-specific disruptions, including
midline crossing, that may underlie some of these phenotypes (43).

We observed that PLD3 KO disrupts FP-dependent axon guidance
in hMAs. Unlike GALNT2 KO, PLD3 KO does not alter FP specifica-
tion. Given its role in vesicle trafficking and lysosomal localization,
PLD3 may regulate secretory processes in FP cells (44, 45). Future
studies could investigate this mechanism and determine whether
mis-secretion of certain factors perturbs midline axon guidance.

The human cellular model presented here holds potential for ad-
ditional applications. hFpOs and hMAs can be used to investigate se-
creted versus cell-contact-dependent mechanisms in ventral patterning
(46) and axon guidance (2, 47, 48). The system’s modularity could
clarify ventricular zone versus FP-derived Netrin-1 in midline axon
guidance and allow investigation of growth cone responsivity at inter-
mediate targets (2, 4). Future studies should explore whether hFpOs
can trigger receptor switches after crossing. Finally, comparing primate
and human FpOs may further reveal conserved and divergent mecha-
nisms underlying midline development.

There are several limitations to this model. The current assembloid
does not capture postcrossing axonal events such as rostrocaudal turn-
ing. This could be addressed by adding another organizer-like organoid
to establish a Wnt gradient, thus guiding anterior-posterior axon ex-
tension. Such a system could model spinal commissural projections to
the thalamus. Studies of later hMA stages are limited by the shift to
neurogenesis-promoting medium, which may deplete FP cells. Future
work should optimize hMA media to promote hSpO neurogenesis with-
out altering hFpO fate, enabling longer culture and facilitating studies
of midline circuit maturation.

Expanding beyond the spinal cord, assembloids can model midline
function in other brain regions such as the corpus callosum, which are
often disrupted in neurodevelopmental disorders (49). This is impor-
tant because current models lack glial wedge -generated guidance cues
(50). Organoids mimicking roof plate and isthmic organizers could
enable studies of dorsal and anterior-posterior patterning. Ultimately,
organizer organoids offer a versatile toolset to advance our knowledge
of human cell specification, axon guidance, and evolution, which are
crucial to understanding human neurodevelopment and the impact of
neurodevelopmental disorders.
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Dome-celled aerogels with
ultrahigh-temperature
superelasticity over 2273 K

Kai Pang't, Yuxing Xia't, Xiaoting Liut, Wenhao Tong?t,

Xiaotong Lit, Chenyang Li', Wenbo Zhao', Yan Chen?, Huasong Qin?,
Wenzhang Fang, Li Peng?, Yilun Liu?, Weiwei Gao', Zhen Xu'*,
Yingjun Liu'*, Chao Gao™*

Aerogels are known for their high porosity and very low density
and can be made from a range of materials, but are limited by
structural instability under extreme thermomechanical
conditions. We report on 194 types of dome-celled ultralight
aerogels that maintain superior elasticity spanning from

4.2 kelvin (K) to 2273 K, realized by a two-dimensional
channel-confined chemistry method. Such aerogels exhibit
superelasticity under 99% strain for 20,000 cycles and thermal
shock resistance at 2273 K over 100 cycles. The high-

entropy carbide aerogel achieves a thermal conductivity of
534 mW-m~ K™ at 1273 K and 171.1 mW-m~K™ at 2273 K. The
combination of temperature-invariant elasticity and chemical
diversity makes such aerogels highly promising for extreme
thermomechanics, from heat-insulated industries to deep
space exploration.

Aerogels have emerged as an important family of materials that
feature high porosity and low density, which enables a wide range of
applications in space exploration, sensing, thermal management, and
chemical catalysis (I-4). Various aerogels have been progressively syn-
thesized using the conventional sol-gel method, spanning metals,
oxides, chalcogenides, carbides, carbons, organics, and multinary com-
pounds (4-13) (table S1). However, most sol-gel aerogels tend to exhibit
mechanical brittleness and poor elasticity due to their intrinsic weak
zero-dimensional granular connections (4, 5).

To overcome the intrinsic weakness of aerogels, a geometrical design
of structures has been developed to achieve outstanding mechanical
elasticity at high porosity, typically through intertwining one-
dimensional fibers or nanotubes (14-20), and assembling two-
dimensional (2D) nanosheets to honeycomb and arched cell structures,
as well as the formation of macroscopic hyperbolic meta-patterns
(21-26) (table S2). Despite these advances, aerogels still face challenges
in maintaining thermomechanical stability under extreme thermal
and mechanical conditions due to unstable crystalline structure at
high temperatures and the structural fragility under large mechanical
deformation (4, 27).

The flexible amorphous domain is a crucial component for main-
taining the elasticity of ceramic aerogels at normal conditions, but its
presence considerably lowers their thermal stability compared with
bulk crystalline ceramics. Previous efforts to improve thermal stability
of elastic ceramic aerogels have primarily focused on restricting the
migration of amorphous domains, which achieved a maximum
working temperature of 1973 K (27). Although graphene materials
exhibit melting points exceeding 3000 K, their mechanical softening
temperature is limited to below 2273 K (28), precluding stable ther-
momechanical performance under such extreme conditions.

Aerogel fabrication

We report a general 2D channel-confined chemistry method to syn-
thesize a series of ultralight dome-celled aerogels across hundreds
material species, covering 121 oxide, 38 carbide, and 35 metal species,
with compositions tunable to high-entropy states containing up to 30
elements. We propose a dome microstructure with two nonzero prin-
cipal curvatures (k; and x», fig. S1) as basic cells, introducing curvature
as an alternative structural parameter for aerogel design. The dome
structure, commonly found in biology and architectural engineering,
is well known for its excellent load-bearing capacity and mechanical
stability (fig. S2). Finite element analysis reveals that a dome exhibits
a capability for storing elastic strain energy that is at least 10 times
greater than that of conventional honeycomb and arch structures
(fig. S3). This becomes more pronounced for aerogels with thinner cell
walls, as it generates richly recoverable wrinkles to store elastic energy
(fig. S4), due to its undevelopable surface characteristics. This com-
parative analysis demonstrates that the dome structure is a preferable
geometric design for ultralight aerogels, potentially enabling superior
elasticity under large deformation.

Experimentally, we used a general 2D channel-confined chemistry
method to prepare dome-celled aerogels, starting from macroscopic
assembled graphene oxide (GO) films. The method is continuously
processed by three steps: ion capturing, bubbling, and heat conversion
(Fig. 1A). GO was chosen as a 2D channel precursor because of its
abundant chemical moieties, atomic thickness, and large-scale com-
mercial availability (29), exhibiting high compatibility for fabricating
dome-celled aerogels. Water easily penetrates into GO interlayer chan-
nels, forming a 2D confined nanospace with distance (d) from 0.97 to
2.14 nm (fig. S6A). When immersed in salt solutions (single or multiple
ion species up to 30 kinds), the diffused ions are captured into GO
interlayer channels by chelation interaction with oxygen functional
groups (29) and the 2D barrier effect allows avoidance leakage of ions
(30), forming confined precursor hybrids. The GO-ion hybrid exhibited
an atomic uniformity in hybridization, as shown by x-ray diffraction
(XRD) (single peak at 6.2°; fig. S6B) and homogeneous elemental
distribution in interlamination, whether single or multiple ions
(figs. S7 and S8).

Decomposing gas from the foaming reagent generates bubbles in
the GO interlayer gallery (31), forming cells with a dome shape that
contribute to the flexibility of GO-ion laminates. The dome cells inherit
the non-Euclidean curvature of spherical bubbles, distinct from the regu-
lar polyhedral cell formed by the conventional ice templating method
(16, 23-26). By controlling the pressure by bubbling time, the average
curvature (K;) of dome cells is tuned from 0.045 to 0.122 pm"l (fig. S9).
Our hybrid aerogels were prepared by direct drying in air, avoiding
the complex and costly freeze or supercritical drying methods (4).

We thermally treated the hybrid aerogels at 600°C for 4 hours with
air to remove GO and yield neat oxide aerogels with dome-celled mi-
crostructures, extending from unary to high-entropy constituents. We
used XRD, x-ray photoelectron spectroscopy, energy dispersive spec-
troscopy, special aberration correlated transmission electron micros-
copy (AC-TEM), and atomic mapping to demonstrate the confined
formation mechanism that preserves the dome shape (figs. S6 to S8).
Taking the Al,O3 aerogel as an example, atomically dispersed Al** jons
in 2D confined channels gradually transform into polycrystalline oxide
lamella by forming interconnected nanocrystals (fig. S10), instead of
large-sized crystallite aggregates without confinement (32). For com-
plex combinations of elements, local confined ions (such as Al, Ti, Cr,
Co, and Ni) form polycrystalline oxide lamellae with high mixing homo-
geneity across a micrometer scale at minimum (fig. S11). By con-
trast, annealing ions only absorbed on GO surface forms coarse oxide
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Precursor hybrid
2D channel precursor A

Capturing
s

Fig. 1. Graphene-based 2D channel-confined chemistry for dome-celled aerogels. (A) Preparation of aerogels from
the 2D channel precursor in three steps: (i) Salt ions are captured by the tunable GO channels; (ii) the solvent bubbling
with foaming agent is adopted to fabricate a dome-celled hybrid; and (iii) the heat conversion process is conducted at
600°C in air for 4 hours, 2000°C in an argon atmosphere for 2 hours, or 450°C in a hydrogen atmosphere for 1 hour, to
fabricate oxide, carbide, or metal aerogels, respectively. (B and C) Digital photos of as-prepared carbide plate and oxide
roll aerogels. (D) 3D optical image of a dome cell model made by bubbling an ultrathin GO film (~500-nm thickness).

(E and F) SEM analysis of dome-celled aerogel from slicing images in three directions (the X-Z, Y-Z, and X-Y planes).

crystallites, leading to the collapse of dome cells (fig. S12). By pairing
species and controlling proportion of captured ions, we obtained high-
entropy oxide aerogels (fig. S13 and table S3). Subsequently, the oxide
aerogels were thermally reduced into metal ones by hydrogen at 450°C
for 2 hours. Additionally, thermal annealing of second-step hybrid
aerogels at 2000°C for 2 hours in argon activated the reaction between
oxide and graphene, resulting in carbide aerogels. Alternatively, the
graphene framework can be retained in these aforementioned aerogels
by controlling the GO/ion ratio and heating atmosphere.

Based on the GO films, we prepared aerogel bricks of oxide, carbide,
and metal members. To meet more practical application demands,
other macroscopic aerogel forms of large-scale plates (~50x20x0.5 cm®)
and continuous rolls (>2 m) (Fig. 1, B and C, and fig. S14),
were obtained.

We performed 3D optical profilometer and x-ray nano-computed
tomography (nano-CT) to validate the dome shape of the cells. A
representative cell unit was extracted to illustrate the geometrical
nature of the dome shape. The dome vertex has two orthometric
positive Gaussian curvatures, interconnected by saddle-shaped edges
(Fig. 1D, fig. S15, and movie S1). After heat treatment, the dome-celled
aerogels maintained seamless contact between structural cells
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Dome-celled aerogel (fig. S16), ensuring their structural sta-
bility and integrity. When extended to
the macroscale (Fig. 1, E and F), vertical
(X-Z and Y-Z planes) and horizontal
(X-Y plane) slicing of aerogel using both
scanning electron microscope (SEM)
and nano-CT confirmed the dome shape
of cells. Dome cell sizes range from tens
to hundreds of microns. Layer-by-
layer nano-CT slicing further reveals
that the interconnected dome cells are
homogeneous across the millimeter
scale (movie S2).

Broad chemical diversity
We synthesized hundreds of dome-
celled aerogels (194 types) with broad
chemical diversity, encompassing oxide,
metal and carbide components, and in-
volving more than 30 elements (Fig. 2A).
The aerogels are sufficiently diverse to
form a comprehensive library, including
20 unary, 30 binary, 30 ternary, and 41
high-entropy oxides; 8 unary, 10 binary,
10 ternary, and 10 high-entropy car-
bides; and 5 unary, 10 binary, 10 ternary,
and 10 high-entropy metals (figs. S17
to S22). These aerogels feature ultra-
low density (p), ranging from 0.35 to
13.78 mg-cm 2, irrespective of elemental
composition. In the density spectrum, most
of our aerogels fall within the extralight
(p <1.29 mg-cm’?’ of air) and ultralight
(p < 10 mg-cm ™) ranges (fig. S23).
Figure 2, B to F shows representative
oxide, carbide, metal, and high-entropy
aerogels with hydrolytic stability (fig.
S24), which can float on flower buds as
a result of their lightness. All aerogels
possess dome-celled structures, compris-
ing 2D curved walls and micro-sized
pores (70 to 140 pm; fig. S25), as ob-
served in SEM vertical sections. The thin
walls are composed of planar intercon-
nected nanosized crystal grains (AC-TEM) and have a thickness <10 nm
(fig. S26) resulting from the confined growth of the crystals (33). The
ultrathin wall thickness contributes to the ultralow density of our
aerogels. Detailed examinations reveal that oxide, carbide, and metal
aerogels generally exhibit structural and compositional uniformity
(figs. S27 to S34). To confirm the atomic-scale homogeneity in high-
entropy cases, we used high-angle annular dark-field (HAADF) imag-
ing and atomic mapping, finding that up to 30 arbitrary elements
were thoroughly mixed at the atomic scale (figs. S21, S22, and S35 to
S37). In these high-entropy aerogels (figs. S38 to S40), three similar
elements at minimum were preferentially chosen to minimize the
mixing enthalpy, and other additional elements were incorporated to
further increase the mixing entropy (34, 35).

Extreme thermomechanics

All aerogels in the library exhibited exceptional elasticity, regardless
of chemical species, elemental compositions, and density. We first
investigated the mechanical elasticity of our aerogels under quasistatic
compression. Intuitively, a stack of oxide, carbide, and metal aerogels
with ~30% retained graphene —ranging from unary to high-entropy
components—was compressed at an extreme strain of 99% and fully
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A Dpome-Celled Aerogel Library (Unary, Binary, Ternary and High-Entropy Species)

121 Oxides 38 Carbides
8 12 13 14 20 . 22 24 25
g Mg Al Si Ca Ti Cr Mn
% 30 31 38 39 40 41 47
('5 Zn Ga Sr Y Zr Nb Ag
57 58 60 62 63 64 66
La Ce Nd Sm Eu Gd Dy

Fig. 2. Chemical diversity of dome-celled aerogels and their multiscale structures. (A) Elemental overview of the
aerogel library for oxides (highlighted in yellow, except for Ag and Pt), carbides (highlighted in blue), and metals
(highlighted in red). (B to E) Optical images of unary aluminum oxide (Al,03), tantalum carbide (TaC), copper (Cu), and
high-entropy denary AITiCrCuZnNdSmDyHfTa oxide aerogels (from left), and their corresponding structure characteriza-

tions by SEM, AC-TEM, and HAADF atomic elemental mapping.

recovered to the original height after the pressure was released (Fig. 3A
and movie S3). These aerogels could be repeatedly compressed at 99%
strain for 20,000 cycles with nearly unchanged sample height (residual
strain <3%) and minimal stress degradation (<20%). Extralight oxide
aerogels (p of 0.35 to 1.24 mg-cm_?’) with compositions (Y,03 and InSn,
AlCrYLaCe, and MgAICrMnFeCoNiCuSrYIn oxides) exhibiting stable
elasticity and little strain degradation (<8%) at 80% strain up to 10,000
cycles (figs. S41 and S42 and movie S4), indicating excellent fatigue
resistance.

We investigated the deformation behavior of the dome cell by in situ
compression experiments. Under a 3D optical profilometer, the dome
cell underwent doubly curved deformation in two principal directions
(fig. S43), demonstrating the typical undevelopable surface nature of
dome structures (fig. S1). In situ SEM observation shows that mas-
sive fine wrinkles emerged at higher strain (80%), which avoids the
smooth and compact contact between nanowalls and favors the elastic
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recovery (Fig. 3B and movie S5). These
experimental results validate the design
rationale behind the dome cell as the

35 Metals expected aerogel structure for achieving

2 27 28 29 high elasticity at ultralow density. By
Co Ni Cu contrast, the flat walls of the honeycomb

48 49 50 51 aerogel control sample were deformed
In Sn Sb along the longitudinal direction to form a

70 Hf (2 Ta ® Pt " smooth compact contact, resulting in its

limited resilience (fig. S44, A to D). When
scaled up, these dome cells became in-
terconnected through a surface contact
(Fig. 1 and fig. S15), efficiently transfer-
ring the load across the network (31) and
enhancing the macroscopic elasticity of
our aerogels, regardless of material com-
ponents or heat treatment processes (fig.
S44, E and F). By controlling cell curvature,
we detected that larger curvature gen-
erates better mechanical resilience (fig. S45).
When plotted on the elasticity-density
map of aerogels (Fig. 3C and table S2),
our aerogels not only exhibit exceptional
mechanical recoverability under large
strains (99%) but also break through the
limits of elasticity at extreme lightness
(4, 16-19, 22-26, 36-43).

We investigated the crystalline struc-
ture of dome-celled carbide aerogels. On
the dome wall, the carbide sheet nano-
grains are tightly inserted into graphene
planar sheets in a mosaic pattern, (figs.
S46 and S47). Below a carbide content of
88 weight percent (wt%), the carbide mo-
saic grains maintain a planar shape with
lateral size increasing from the nano-
scale (~5 nm) to the microscale (~50 nm),
exhibiting confinement by graphene.

1A% by

o Further mechanical tests (fig. S48, A to
Al Ti Cul zn D) demonstrated dome-celled carbide
Nd|[Sm{Dy | Hf aerogel with a carbide content <88 wt%

displayed excellent mechanical recover-
ability under compressive strain of 90%
in the vertical direction, surpassing its
performance in the horizontal direc-
tion (fig. S49). By contrast, the freeze-
dried honeycomb carbide aerogel (63 wt%
carbide content) failed to recover to its origi-
nal height at 90% strain after 10 cycles
(fig. S48E), further highlighting the mechanical superiority of the
dome-celled structure.

Under extreme thermomechanical working conditions, the carbide
dome-celled aerogel demonstrated superelasticity across an ultrawide
temperature range, spanning from 4.2 to 2273 K. We stacked six car-
bide aerogel plates (average density p, 9.24 mg-cm"g) and tested their
compressive elasticity at 99% strain under liquid helium (4.2 K)
(Fig. 3D and movie S6). The stack exhibited nearly identical compres-
sive curves at both the 1st and 100th cycles, with no change in height.
To explore the elasticity under extreme heat conditions, we transferred
the same aerogel stack to an ultrahigh-temperature furnace and per-
formed cycling compression tests in a vacuum. At 2273 K, the stack—
compressed to 99% strain—recovered to its original state for 100 cycles
(~2 hours). The coincident stress-strain curves at the 1st and 100th
cycles confirmed the superior recoverability of our aerogels at ultra-
high temperature (Fig. 3E and movie S7) and excellent structural
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stability (fig. S50). By contrast, neat graphene aerogels exhibited Thermal superinsulation at ultrahigh temperatures
substantial plastic deformation at 2273 K (fig. S48F) due to the soften-  The chemical diversity of our aerogels also imparts a broad spectrum
ing effect of graphene sheets at such high temperatures (28). of functions (figs. S52 to S56). With their excellent high-temperature
Our carbide aerogels demonstrate superelasticity at both extremely  stability, our carbide aerogels offer attractive thermal superinsulation
high temperatures and ultralow densities (<10 mg-cm’?’). We further under extreme conditions. A peak anisotropic ratio (Ahorizontal/ Mvertical)
evaluated the elasticity of these aerogels by exposing them to bilateral — of thermal conductivity (A) was found at ~70% carbide content, en-
butane blowtorch flames in air (over 1573 K) and observed no apparent  abling the lowest A in the vertical direction (fig. S57). This trend can
structural collapse (movie S8). The nearly coincident compressive be attributed to the anisotropy of 2D topology of ultrathin walls, which
curves at different strains (20 to 99%) and 100 repeated cycles (99%  facilitates the heat transport along the vertical direction and retards
strain) confirm their excellent ablative-resisting and superelasticity = the thermal transport in the other horizontal direction. Our carbide

(Fig. 3F and fig. S51). aerogels presented the low A from 173 to 2273 K (Fig. 4A) due to the
Fig. 3 Mechanical properties of A = C

dome-celled aerogels. (A) Compressive N 100 X ko= ke

stress-strain curves of a stack of representa- This ® = ® Carbon

tive dome-celled aerogels subjected to 99% = . <_ 9 80{xWOrke = = ==

strain for 20,000 cycles at room temperature & 41 ! . < . . mm

(298 K). The stacked aerogels include Al,03, % ~298 K % oo o . - - °
TaC, Cu, (TiZr)C, (AITiCrCoNi)0, and 7] N z

(AITiCrCuZnNdSmDyHfTa)O (from top), each — gycle 1 ] Oxidﬂe - _” - °
containing ~30% graphene. (B) Insitu SEM Ol 20000 40 - Carbide .. Metal
observations showing the vertical section of 0 . .
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a dome cell during compression. (C) Plot of
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the maximum recoverable strain versus
apparent density of dome-celled aerogels, D ~42 K
compared with previously reported aerogels. 1
(D and E) Compressive stress-strain curves
of a stack of carbide aerogels subjected to
99% strain for 100 cycles at 4.2 K and 2273 K. p— )

(F) Compressive stress-strain curves of a stack I

of carbide aerogels subjected to 99% strain 1
for 100 cycles in the bilateral flame of a butane — ‘2
blowtorch. (Inset) Experimental snapshots 6 04

taken during the cycles. All stacked carbide 0 50 100
aerogels include ZrC, TaC, TiC, (TiZr)C, (TiCrTa) Strain (%)
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Fig. 4. Thermal superinsulation of carbide

aerogels. (A) Thermal conductivity of TaC and
high-entropy (ZrTaNbTiHf)C aerogels measured 1001
from 173 to 2273 K. (B) Room-temperature
thermal conductivity of TaC and high-entropy
(ZrTaNbTiHf)C aerogels during compression at
99% strain for 10,000 cycles. (C) Thermal
conductivity variation of TaC aerogel during
thermal shock at 2273 K (500 K s below 1773 K —-TaC

and 100 K s~ from 1773 to 2273 K) for 100 —0— (ZrTaNbTiHAC
cycles. (Inset) Structure and elemental 1

A (MW-m™"-K T
S

distribution of TaC aerogels. (D) Photographs 0 500 1000 1500 2000
Temperature (K)

illustrating the thermal protection provided by
TaC aerogels and the corresponding thermal D
imaging map. (E) Comparative diagram of
maximum working temperature versus
room-temperature (RT) thermal conductivity
(Agr) for typical insulators and our carbide
aerogels (including TaC, ZrC, and high-entropy
ZrTaNbTiHf carbide aerogels). (F) High-
temperature (HT) thermal conductivity (Ayr) at
1273 K and 2273 K for our carbide aerogel
compared with previously reported representa-
tive ceramics.
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diluted solid transport (ultralow density and nanograin boundaries),
restrained gas transport with nanopores (~30 nm), and 2D anisotropy
effect (figs. S58 and S59). Additionally, we found that the high-entropy
(ZrTaNbTiHf)C aerogel possessed a lower A than that of unary, binary,
and ternary carbide aerogel (fig. $58D), with values of 534 mW-m K
at 1273 K and 171.1 mW-m™"-K ™' at 2273 K. This high-entropy ef-
fect (44-46) was also shown by dome-celled oxide aerogels, which
exhibited ultralow thermal conductivity (A~13.4 mW-m~'K™") of
(YTiLaCeNdSmGdDyEuHf oxide) in the vertical direction (fig. S52, C
and D), surpassing benchmark silica aerogel and most reported insulat-
ing aerogels (4, 16, 38, 39, 47).

We further demonstrated that our carbide aerogels exhibit high
mechanical and thermal stability. Even after mechanical fatigue tests
for 10,000 cycles at room temperature and 100 cycles at 2273 K, the
A of these insulating aerogels remained stable at the ultralow level
(Fig. 4B and fig. S60A), demonstrating the excellent structural stabil-
ity and resistance to deformation. At 1573 K, our aerogel showed a
much smaller thermal expansion coefficient (TEC) of ~1.8 x 107¢ K
compared with a neat ceramic bulk (TEC~12.4 x 10~% K1) (fig. S60B),
further indicating the high-temperature structural stability. We then
measured its thermal stability under rapid thermal shocks at an
ultrahigh temperature (2273 K) using a pulse-heating furnace. The
sample retained its original morphology after 100 thermal shock
cycles, with nearly unchanged thermal conductivity (Fig. 4C). As a
demonstration, an 8-mm-thick plate of carbide aerogel effectively
protected a fresh rose when exposed to butane blowtorch flames for
5 min at temperatures exceeding 1573 K (Fig. 4D and movie S9). The
mass retention ratio of carbide aerogels was ~97% after exposure to
air for four hours (fig. S60C). Compared with reported high-
temperature ceramic aerogels (25, 42, 48), our synthesized aerogels
present a much lower A at elevated operating temperatures up to
2273 K (Fig. 4E). The A of carbide aerogel at high temperature is far
below other aerogels and conventional insulators (Fig. 4F) (18, 49, 50),
demonstrating exceptional high-temperature thermal insulating per-
formance and reliability in extreme service environments.

In conclusion, a general graphene-based 2D channel-confined
chemistry is demonstrated to fabricate a library of ultralight super-
elastic aerogels (194 species) with diverse materials, 35 elements, and
arbitrary elemental combinations. The dome-celled microstructure
imparts superelasticity even at apparent densities lower than that of
air, allowing the aerogels to withstand more than 20,000 fatigue
cycles at 99% strain. This ultralight aerogel library achieves both
superior mechanical elasticity and ultralow thermal conductivity in
a wide temperature range from 4.2 to 2273 K, considerably extending
space of aerogels for extreme thermomechanics. The broad chemical
diversity enables substantial design flexibility, facilitating the inte-
gration of optical, thermal, electrical, and magnetic properties.
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Bridging the pyridine-pyridazine synthesis gap by skeletal editing

Mikus Purin$, Hikaru Nakahara, Mark D. Levin*

Pairs of heterocycles differing by a single constitutive ring atom can exhibit stark differences in the retrosynthetic disconnections available
for their preparation. Such a synthesis gap is exemplified by pyridine and pyridazine. Pyridine (a six-membered CsN ring) has risen to
prominence in discovery chemistry, its ease of assembly spurring further synthetic development. Despite a host of favorable properties,
pyridazine (an analogous C4N; ring) has comparatively lagged behind—a discrepancy attributable to its often-challenging preparation,
which arises from an electronically dissonant heteroatom arrangement. In this work, we achieve a single-atom skeletal edit that produces
pyridazines from pyridines by direct carbon-to-nitrogen atom replacement: Azide introduction at the ortho position enables a photoinitiated
rearrangement of N-amino-2-azidopyridinium cations. This transformation links the two heterocycles such that the richness of pyridine
retrosynthesis becomes available to pyridazines.

Functional molecules, including medicines, are optimized through itera-
tive synthesis campaigns (I), wherein subtle changes to the lead structure,
such as skeletal C-to-N replacement (2), can markedly affect the physio-
chemical properties of a drug candidate. However, such campaigns do not
sample chemical space (3) uniformly in every direction because each new
structure requires a new, often disparate synthesis. Chemists will natu-
rally be biased toward compound families with well-established syn-
theses and functionalization protocols (Fig. 1A); other, less-studied
compound classes consequently are at risk of being overlooked owing
to this synthesis gap, which could result in missed opportunities during

lead optimization (4). Skeletal editing reactions (5) offer an opportu-

nity to address synthesis gaps by leveraging well-trodden synthetic
routes of easily assembled compounds with an appropriate modi-

fication to provide access to orphaned
core structures. By linking the different
scaffolds retrosynthetically with a single
chemical transformation, syntheses of
the former become applicable to the lat-
ter scaffold. This study discusses such a
transformation—linking privileged pyri-
dines to underutilized pyridazines.
Pyridazine is a sixmembered aromatic
heterocycle with two adjacent nitrogen
atoms that lead to specific properties (6-9).
Chemically, it will exhibit similar hydrogen-
bonding affinity to that of pyridine (pKpyx,
1.7 versus 1.9), but its lower basicity (pKggy,
2.0 versus 5.2) extends this capacity to more
acidic environments. In addition, the pyr-
idazine ring has substantially decreased
lipophilicity (cLogP, —0.51 versus 0.84)) and
increased dipole [p(D), 4.2 versus 2.2],
which imparts increased water solubility
to pyridazine-containing drugs. It is there-
fore surprising that although pyridine is
the most popular heterocycle in Food and
Drug Administration (FDA)-approved
drugs in the past decade (10, II), pyridazine
is present in only six such therapeutics (Fig.
1B). Some recent examples of approved
medicines containing pyridazines include
glutaminase ALK/MET inhibitor ensar-
tinib (approved in 2024) (72) and TYK2 in-
hibitor deucravacitinib (approved in 2022)
(13). On the basis of the above analysis,
we posit that this discrepancy between
the two heterocycles is due to a synthesis
gap. Whereas pyridine syntheses have
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been the subject of several books (14-16), pyridazine synthesis is far
less well developed. Pyridine can be traced to consonant (17) starting
materials, such as 1,3- or 1,5-dicarbonyl compounds. By contrast,
pyridazines are usually synthesized from dissonant starting materi-
als, such as 1,4-dicarbonyls/hydrazine (I8) or 1,2,4,5-tetrazines (19).
In the retrosynthetic sense, atom transmutation can flip the polarity
of one of the nitrogen atoms and thus is the most simplifying skeletal
edit. Considering the wide availability of pyridines, a synthetic method
that achieves the direct pyridine C(2)-to-N replacement would facili-
tate the evaluation of pyridazines in discovery chemistry settings.

Email: marklevin@uchicago.edu

Department of Chemistry, University of Chicago, Chicago, IL, USA. *Corresponding author.
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Fig. 1. Rationale and reaction conception. (A) Synthesis gap between pyridine and pyridazine. Filled atoms
represent nucleophilic centers, and faded atoms represent electrophilic centers. Library composition was reproduced
from the literature (49). (B) Examples of recently approved pyridazine pharmaceuticals. (C) Pyridine C(2)-to-N atom
replacement reported in this work. (D) Relevant precedents of thermal and photochemical rearrangements of
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The toolbox of available C-to-N transmutations is limited in ways
that prevent application to the pyridine C(2) position. For example,
quinoline C(2)-to-N(2) (20) and C(3)-to-N(3) (21) transmutation re-
lies heavily on the photochemistry of quinoline N-oxides through
benzoxazepine intermediates; the analogous photorearrangements of
pyridine N-oxides do not afford isolable oxazepines owing to
parasitic secondary photo-processes (22). The recently reported ben-
zenoid to pyridine nitrene internalization (23) is not applicable to
2-azidopyridines owing to the azide-tetrazole tautomerism, which
necessitates the use of high-energy light for photochemical activation
(24). Moreover, putative diazepines formed by this method would
require a challenging N-N bond-forming C(2) deletion to form pyridazines.
Pyridine-to-pyridazine reactivity has only previously been observed in
trace amounts by oxidization of N-aminopyridines (25) or of tetraaryl
substituted N-aminopyridones (26).

‘We were drawn to a study indicating that

First, the combination of PPTS buffer and sodium azide has the potential
to produce toxic and explosive hydrazoic acid (though this is somewhat
alleviated by pyridine’s higher basicity compared with azide) (36).
Second, the C(2) is extruded in the form of cyanide, which requires
effective ventilation and quenching procedures. Finally, both reagent
2 and intermediate 3 have the potential for exothermic decomposition,
which limits the scale at which the reaction can be conducted. Nevertheless,
by taking appropriate precautions, the reaction is practicable on the
small scales typically used in discovery chemistry.

The reaction proceeds in synthetically useful yields when at least
one electron-withdrawing group is present on the starting pyridine
(Fig. 2A). For example, a pyridine bearing a trifluoromethyl group in the
4-position gives 4-trifluoromethyl pyridazine (4a), which was assayed
by nuclear magnetic resonance (NMR) because of its volatility. Notably,

2-azidopyridine N-oxides generate cyano- A i 2 (1.5 equiv) Nal (1.5 squiv) Ph,CO (20 mol%) i
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cyanide elimination to form the desired pyr- &Me ] j ] E
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The key 2-azido-N-aminopyridinium inter- R R=Me M E8%
meqiates cannot be accessed by electrophilic | = : ” : :Ir‘n.qﬁt:; :
an.nnatlon of a21d9pyr}d1nes because the MeO,C NtN R=ct-1'?c:~'|,ccpEr;5
azide-tetrazole equilibrium (30) masks the 40, B0 % ;
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tentially nucleophilic nitrogen sites. To cir- B o
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perform an electrophilic amination directly - I W ] ——
on 2-chloropyridines 1. 2-Halopyridines 49 % :
are notoriously weak nucleophiles (37-33),
but the desired N-amination could be achieved ?
with the use of our recently disclosed hydrox- Ar Ph
ylamine reagent 2 (34), which serves as a E1Q,C = = MeQ.C = EW:CIJ%rMe
highly reactive in situ generated source of ! . | .
*NH,. The installation of the N-amino moi- Me 1':" ~cl E0.C 1';' ~cl Ph :‘: ~ci Me 11' ~cl
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3 with 390-nm light-emitting diodes (LEDs) o ”
delivers the corresponding pyridazines 4, fet2eiey Havd e iz

and this process is accelerated by the addi-
tion of benzophenone as a triplet sensitizer
(vide infra). Critically, this whole protocol
can be telescoped into a sequence that re-
quires no purification of the intermediates.

Several aspects of the optimized procedure
merit discussion from a safety perspective.
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Fig. 2. Scope addressing the synthesis gap. (A) Functional group and substitution pattern tolerance. (B) Examples of
pyridine syntheses mapping onto pyridazines; shaded box below the precursors represents the disconnection pattern
used in ring synthesis. Isolated yields unless otherwise noted, 0.3-mmol scale. Amination, 16 hours; azidation,

2 hours; photolysis, 20 hours; temperature, 22°C unless otherwise noted. See the supplementary materials for
detailed conditions. *NMR yield. TFA, trifluoroacetic acid; TFE, 2,2,2-trifluoroethanol; PPTS, pyridinium para-
toluenesulfonate; Cy, cyclohexyl; Pr, propyl; Et, ethyl; Bn, benzyl; Cbz, benzyloxycarbonyl; Ar, 4-tert-butyl-CeHa.

17 JULY 2025  Science



the sequence could be also performed without solvent
exchanges (see the supplementary materials) to give pyr-
idazine 4a with only a slight decrease in yield. Other
electron-withdrawing groups, such as esters and amides,
were also compatible to give products 4b to 4e. In addition,
morpholine sulfonamide and substituted piperazinyl am-
ide could also be placed in the 5- or 6-position to give 4f
and 4g, respectively; however, substrates bearing an ester
in the 3-position did not provide pyridazine upon irradia-
tion (for other scope limitations, see fig. S2). Our subse-
quent investigations determined that this requirement
for electron-withdrawing substituents could be offset by
electron-donating substituents to a substantial extent. Alkyl
substituents could be introduced at each remaining po-
sition, notably giving pyridazines bearing a 3-alkyl sub-
stituent (4h), an isoxazole (4i), a Weinreb amide (4gj),
and a functionalized benzyl ester (4K). 3,6-Disubstitution
proved to be the most effective, giving the correspond-
ing pyridazine 41 in 66% yield. Further investigation of
the 3,6-disusbtitution pattern revealed that phenyl, ben-
zyl, and propanoate substituents as well as, notably, a
carbamate-protected nitrogen were all compatible, af-
fording products 4m to 4p. This latter amino pyridazine
product is a particularly important substance class in me-
dicinal chemistry (compare ensartinib and deucravacitinib,
above). In addition, other di- and trisubstituted pyridazines
4.q to 4s could be obtained, each requiring only a single
electron-withdrawing group.

To explicitly demonstrate the bridging of the pyridine-
pyridazine synthesis gap addressed by our method, we
performed several classic pyridine syntheses, each of which
represents a distinct ring disconnection pattern (Fig. 2B).
These were followed by installation of the 2-chloro substitu-
ent and then the title method. For example, using Meldrum’s
acid and ethyl acetoacetate, a [2+1+2+1] cyclization (37)
could be used to access chloropyridine 1t, which was con-
verted to the trisubstituted pyridazine 4t in 49% yield.
Alternatively, Ru-catalyzed [2+2+2] of a bis-alkyne and
ethyl cyanoformate provides pyridine 1u bearing a fused
ring (38), which, after atom replacement, gave the pyrida-
zine 4u in 57% yield. Pd-catalyzed [4+2] cycloaddition of
an alkynoate and bromo-tert-butylimine (39) provided
pyridine 1v, which could be converted to tetrasubstituted
pyridazine 4v in 55% yield. Finally, we performed a [3+2+1]
condensation of ethyl trifluoroacetoacetate, NH,OAc, and
a substituted cinnamaldehyde (40) to afford fully substi-
tuted pyridine Iw, which then could be converted into the
tetrasubstituted pyridazine 4w in 59% yield.

Mechanism

Our mechanistic evidence is most consistent with a pro-
posed sequence from 2-azido-N-aminopyridinium 3 to
pyridazine 4 consisting of five key steps: (i) formation of a
triplet nitrene, (ii) C-C bond cleavage forming a diazatriene
concomitant with intersystem crossing back to the singlet
surface, (iii) proton transfer, (iv) electrocyclization, and
(v) cyanide extrusion (retro-Reissert reaction) (41). The in-
termediacy of triplet states is supported by observable lu-
minescence of isolable intermediate 3a, which is quenched
by exposure to air. In addition, benzophenone, a known
triplet sensitizer (42), accelerates the reaction, and com-
parison of the phosphorescence energies of the two species
suggests that an energy-matched sensitization is possible.
Alternative mechanisms of photocatalysis (electron trans-
fer or hydrogen atom transfer) are unlikely given that the
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reaction proceeds in the absence of a photocatalyst, and the observed
product distributions (side-products originating from reduction of the
azide and oxidation of IV) are similar in the catalyzed and uncatalyzed
processes (see the supplementary materials for details).

Computationally (Fig. 3), we have found that the ground-state surface
has a prohibitively high barrier (TS1%) for N, extrusion, which is sub-
stantially reduced in the triplet excited state (TSI?’). However, subsequent
ring opening of the triplet nitrene I? is similarly prohibitive; by contrast,
the corresponding singlet species (I'*) is not bound, exhibiting barrierless
ring opening. This indicates that the triplet nitrene may undergo inter-
system crossing to the singlet surface to give ring-opened diazatriene
intermediate IT". This cationic intermediate cannot energetically proceed
with electrocyclization (TS4"); however, the electrocyclization is ener-
getically accessible for the neutral species, through TS4. Thus, we posit
that a proton transfer between the cationic species and a sulfonate anion
(either from the aminating reagent or PPTS buffer) is necessary. Finally,
a cyanide elimination provides the final pyridazine. This final step is
experimentally supported by a cyanide trapping experiment, where treat-
ment of the crude photolysate with N-benzylidene aniline provides an
isolable Strecker adduct 5 (43).

Synthetic applications

Several further demonstrations of the application of this protocol were
undertaken (Fig. 4). First, we performed the pyridine C(2)-to-N reaction
on a 1I-mmol scale to provide pyridazine 4t in 50% yield (Fig. 4A). A
Boger-type nitrogen deletion reaction (44) afforded pyrrole 6 in 53%
yield, resulting in a net C(2) deletion starting from pyridine 1t. Next,
we examined the title reaction’s use in a nitrogen scan. Previously, our
group has reported the C-to-N conversion of benzene to pyridine (23),
which, when combined with C-H azidation, enabled a prototypical di-
rect nitrogen scan of a simple benzene substrate 7 to give pyridines 8
and 9 (Fig. 4B). This sequence was extended using AgF,-mediated
pyridine fluorination chemistry (45), affording two separable iso-
meric 2-fluoropyridines 1x and 1y. Each of these was converted regio-
specifically into the corresponding pyridazines 4x and 4y using our
developed reaction conditions. This sequence highlights the synergy of
our method both with advances in C-H functionalization and with
other skeletal editing methods; continued developments in each will
extend and improve the ability for such direct nitrogen-scan trees
to be conducted. Next, we capitalized on the differing symmetry and
selectivity of pyridine and pyridazine in C-H functionalization. By
changing the order of functionalization and atom replacement steps,
we can access multiple isomers of a disubstituted pyridazine selectively
(Fig. 4C). Specifically, Minisci reactions proceed preferably at the
2-position for pyridines and at the 3-position for pyridazines (46).
Therefore, starting from methyl isonicotinate, a Minisci reaction pro-
vides pyridine 10 (47), and 2-chlorination, followed by atom replace-
ment, gives pyridazine 4z with the added radical in the 6-position.
Alternatively, by conducting the chlorination and atom replacement
first, followed by Minisci alkylation, the alkyl radical is incorporated
into the 5-position of pyridazine 11. Finally, our method differs criti-
cally from classical hydrazine-based pyridazine syntheses in the dif-
ferentiated origin of the two ring nitrogens. By using a labeled
aminating reagent, preparation of nonsymmetrically >N-monolabeled
pyridazine ’N(2)-4r is possible (Fig. 4D). By contrast, an °N-labeled
starting material and nonlabeled reagent afford the other °N-
isotopomer °N(1)-4r with full control of the selectivity. These results
are notable because even if a selectively monolabeled hydrazine were
prepared (48), control of regioselectivity in a condensation reaction
(not to mention separation) would likely be impossible.
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Two-dimensional indium selenide
wafers for integrated electronics

Biao Qin'%t, Jianfeng Jiang®*1, Lu Wang*, Quanlin Guo'®,
Chenxi Zhang®, Lin Xu®, Xing Ni*, Peng Yin?, Lian-Mao Peng?,
Enge Wang®’, Feng Ding®, Chenguang Qiu®*,

Can Liu®*, Kaihui Liu"%*

Two-dimensional (2D) indium selenide, with its low effective
mass, high thermal velocity, and exceptional electronic
mobility, is a promising semiconductor for surpassing silicon
electronics, but grown films have not achieved performance
comparable with that of exfoliated micrometer-scale flakes.
We report a solid-liquid-solid strategy that converts
amorphous indium selenide films into pure-phase, high-
crystallinity indium selenide wafers by creating an indium-rich
liquid interface and maintaining a strict 1:1 stoichiometric ratio
of indium to selenium. The as-obtained indium selenide films
exhibit exceptional uniformity, a pure phase, and a high
crystallinity across an entire ~5-centimeter wafer. Transistor
arrays based on the produced indium selenide wafers
demonstrate outstanding electronic performance surpassing
that of all 2D film-based devices, including an extremely

high mobility (averaging as high as 287 square centimeters
per volt-second) and a near-Boltzmann-limit subthreshold
swing (averaging as low as 67 millivolts per decade) at

room temperature.

Advancements in artificial intelligence and Internet of Things technolo-
gies have imposed substantial demands on computational power (7).
However, silicon-based transistor technology is approaching its intrinsic
physical limits at sub-10-nm nodes, restricting further improvements
in the chip performance, power efficiency, and integration density (2, 3).
New semiconductor channel materials that can overcome the limita-
tions of silicon, thereby sustaining further growth in the transistor den-
sity for future integrated circuit nodes, are needed (4-7).
Two-dimensional (2D) atomically thin semiconductors—such as molyb-
denum disulfide (MoS,), tungsten disulfide (WS,), tungsten diselenide
(WSe,), black phosphorus, bismuth oxyselenide (Bi;O,Se), and indium
selenide (InSe)—are candidates for sub-3-nm technology nodes (8-17).
Among them, InSe is a 2D semiconductor that theoretically could surpass
silicon limits because of its low effective mass [0.14m(, compared with
0.19m for silicon and 0.3 to 0.6my, for transition-metal dichalcogenides
(TMDs), where my is the electron mass], high thermal velocity (>1.3 cm/s,
compared with 1.2 cm/s for silicon and <0.8 cm/s for TMDs), theoretically
high mobility (1000 cm2/V -s at room temperature ), and appropriate band-
gap (>1.26 eV, compared with 1.12 eV for silicon) (17, 18). This exceptional
performance has recently been demonstrated for exfoliated microscale InSe
flakes (19), but the scalability of integrated electronics based on a vast num-
ber of devices ultimately relies on large-scale, high-quality InSe wafers.
Currently, wafer-scale InSe films are primarily produced through vari-
ous thin-film deposition techniques, such as metal-organic chemical
vapor deposition and molecular beam epitaxy, but the performance of

the grown films is decreased so that they underperform compared with
2D TMD semiconductors (20-23). The main challenge in high-quality
InSe film growth arises for two main reasons. First, the phase diversity
within the In-Se system is complex because there are at least four stable
phases (InSe, In,Ses, InsSes, and IngSe;). Even slight compositional varia-
tions can trigger unwanted phase transitions that lead to considerable
performance deviation and degradation (22). Second, the crystallinity of
InSe films is poor because of the difficulty in maintaining a stoichiomet-
ric balance between In and Se because the vapor pressure of Se is ap-
proximately seven orders of magnitude greater than that of In at a growth
temperature of ~500°C (24). Achieving a pure-phase, high-crystallinity
film is a critical prerequisite for unlocking the full potential of InSe
wafers in large-scale integrated electronics.

Design and growth

To prevent the formation of other phases, we maintained a strict 1:1
stoichiometric ratio of In to Se by sealing a predeposited amorphous
InSe wafer. A high-purity InSe target was used in magnetron sputtering
to uniformly deposit the amorphous InSe film onto a ~5-cm sapphire
substrate (Fig. 1A and fig. S1). This amorphous InSe wafer was placed
into a custom steel groove, covered with fused silica, and sealed at the
edges with liquid In (with a melting point of ~157°C). This configura-
tion created a sealed space that prevented atomic loss during growth
at a high temperature of ~550°C and maintained the stoichiometric
ratio of In to Se in the InSe film [Fig. 1B and supplementary materials
(SM) materials and methods].

High crystallinity was achieved with a solid-liquid—solid (SLS)
growth mechanism, in which recrystallization of amorphous InSe oc-
curred at an In-rich liquid interface. Trace amounts of additional In
atoms were introduced by the surrounding liquid In and the saturated
In vapor in the reactor to facilitate the formation of a liquid In-rich
interface (Fig. 1C and fig. S2) (25). Our density functional theory cal-
culations showed that the formation energy of amorphous InSe was
~0.38 eV/atom greater than that of the crystalline InSe, so the trans-
formation from amorphous to crystalline InSe would be energetically
preferred (fig. S3). With a liquid In-rich interface, the In and Se atoms
of the amorphous InSe quickly dissolved into the liquid interface and
then precipitated out on the crystalline InSe side, which Kinetically
promoted the structural transformation (Fig. 1D and fig. S4). To verify
the SLS mechanism, we carefully examined the interface between
amorphous and crystalline InSe. The In-rich interface was clearly vi-
sualized in the cross-sectional scanning transmission electron micros-
copy (STEM) images and further confirmed with corresponding fast
Fourier transform (FFT) patterns (Fig. 1E).

High crystallinity of InSe wafers

We experimentally prepared ~5-cm high-quality InSe wafers on sapphire
substrates through the proposed strategy (Fig. 2A). The thickness of the
InSe films was nearly linearly dependent on the sputtering time, with
a slope of ~0.28 layers per second (fig. S5). In our current experimental
configuration, the minimum achievable thickness was ~2.5 nm (three
layers), which was mainly constrained by the limitations of the magne-
tron sputtering technique (fig. S6). When the film thickness reaches
>30 nm, the vertical penetration of liquid In becomes insufficient to
achieve full crystallization of the InSe layers (fig. S7). The crystallization
of the InSe film was evident from the reduction in the surface roughness
from ~415 pm in the amorphous state to only ~37 pm in the crystalline
state (Fig. 2B and fig. S8). In addition, the uniform contrast in the optical

IState Key Laboratory for Mesoscopic Physics, Frontiers Science Centre for Nano-optoelectronics, School of Physics, Peking University, Beijing, China. Key Laboratory of Quantum State
Construction and Manipulation (Ministry of Education), School of Physics, Renmin University of China, Beijing, China. *Key Laboratory for the Physics and Chemistry of Nanodevices and Center
for Carbon-based Electronics, School of Electronics, Peking University, Beijing, China. “Institute of Functional Nano & Soft Materials (FUNSOM) and Jiangsu Key Laboratory of Advanced
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Fig. 1. Design of the SLS strategy for InSe wafer growth. (A) Amorphous InSe films are deposited on a single-crystal sapphire substrate
by means of magnetron sputtering. (B) Schematic of the annealing device designed to hold a ~5-cm wafer. In the main structure, the
central groove in the steel base holds the wafer, whereas the surrounding groove (1 mm deep) contains liquid In. A fused silica plate was
placed on top of the steel base. Liquid In was used to seal InSe wafers. (C) Zoomed-in diagram of the SLS growth in (B). Liquid In evaporated
to create an In-rich interface between amorphous and crystalline InSe. At this interface, the amorphous solid continuously transformed into
acrystalline InSe film. (D) Schematic of SLS evolution. At the experimental temperature (Tex, ~ 550°C), only the In-rich interface is in liquid
state, promoting recrystallization by enhancing atomic diffusion and lowering the formation energy. (E) Cross-sectional STEM image and
corresponding FFT patterns, showing the presence of the In-rich interface between amorphous and crystalline InSe regions.
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Fig. 2. Characterizations of InSe films. (A) Photograph of an as-grown 10-nm-thick InSe film on a ~5-cm sapphire substrate
positioned in the steel base. (B) Atomic force microscopy roughness (standard deviation of the height, h) images of (top)
amorphous and (bottom) crystalline InSe. (C) Optical images of an as-grown InSe film collected from 12 representative areas
on a ~5-cm wafer. All the images are of the same size (150 by 150 pm). (D) Raman spectra of InSe collected at the
corresponding areas in (C), indicating the uniformity of the as-grown InSe film. (E) Optical images of InSe films after H,
etching. The etched holes all had triangular shapes and the same orientation. (F) Polarization-dependent SHG patterns of InSe
in the corresponding areas marked in (E). (G) SHG mapping of the InSe film. (H) LXD patterns of an InSe film at four different
positions. The size of the x-ray spot was ~0.2 mm. (I) SAED patterns of the InSe film. (J) HAADF-STEM image of the InSe film.
(K) Cross-sectional HAADF-STEM image of as-grown InSe on sapphire substrate, revealing the ABC stacking order.

images and nearly identical Raman spectra collected from 12 represen-
tative areas evenly distributed across the ~5-cm InSe wafer consistently
demonstrated its large-area uniformity (Fig. 2, C and D). Our methodol-
ogy is fundamentally scalable for the production of large InSe wafers,
as demonstrated by the highly uniform ~10-cm wafer (fig. S9).

300

To evaluate the crystallinity of the
grown InSe film, we used H, etching to
visualize its crystallographic orienta-
tion. Because of the threefold symme-
try (Csy) of InSe, triangular holes with
a uniform orientation consistently ap-
peared, providing strong evidence
of the single-crystal structure of the
film across a large area (Fig. 2E and
fig. S10). Additionally, the highly con-
sistent polarization-dependent second-
harmonic generation (SHG) patterns,
along with the uniform intensity distri-
bution in the SHG mapping, further
validated the monocrystalline nature
of the InSe film (Fig. 2, F and G). Fur-
thermore, Laue x-ray diffraction (LXD)
patterns (x-ray spot of ~0.2 mm) mea-
sured at four different positions across
a 1- by 1-cm region revealed sharp
and consistently arranged spots, con-
firming the high crystallinity on a
large scale (Fig. 2H).

The detailed atomic structures of
the InSe films were characterized by
using selected-area electron diffrac-
tion (SAED) and high-angle annular
dark-field STEM (HAADF-STEM). The
SAED pattern with an incident zone
axis of (001) clearly showed the in-
tensities of representative diffraction
spots (Fig. 21), revealing the high crys-
tallinity of the InSe lattice. Specifically,
the lattice spacings of InSe are 0.34 and
0.21 nm, corresponding to the (100)
and (110) planes, respectively, as re-
ported in a previous study of single-
crystal flakes (26). The triangular
lattice of InSe was clearly visualized
through the in-plane HAADF-STEM
image, in which each atomic column
represents a series of stacked In, +
Se, (Fig. 2J and fig. S11). The out-of-
plane view revealed a well-defined
atomic structure with a layer spacing
of 0.83 nm, in which each InSe layer
is aligned in the same direction and
followed a rhombohedral (ABC) stack-
ing order (Fig. 2K and fig. S12). These
results demonstrate that the InSe film
had high crystallinity and quality.

Electronic performance of

wafer-scale InSe transistor arrays
To further evaluate the crystalline
quality of the InSe films, we fabricated
large-scale integrated arrays of field-
effect transistors (FETs) directly on
sapphire substrates using the as-
obtained 5-nm-thick InSe wafers for

reliable statistical analysis of the electrical performance. A schematic
of the devices is shown in Fig. 3A. To avoid the Fermi-level pinning
effect, we used rare-earth yttrium (Y) doping in the contact metalliza-
tion layer to achieve robust ohmic contact in wafer-scale InSe device
arrays (19). Additionally, ultrathin 2.6-nm hafnium oxide (HfO,) was
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Fig. 3. Wafer-scale fabrication and statistics of the electrical performance of 2D InSe FETs. (A) Schematic diagram of
wafer-scale InSe FETs with Y-doping—induced contact metallization. The purple, green, and blue spheres indicate In, Se, and Y atoms,
respectively. (B) (Top) False-color SEM image and (bottom) typical cross-sectional STEM image of the top-gate InSe FET arrays on
sapphire. (C) Typical output characteristic curve of the InSe FET with gate length Lg of 480 nm. (D) Transfer characteristics of 100
individual fabricated 2D InSe FET devices. (E) Statistical histogram of the field-effect mobility values from 100 individual 2D InSe FET
devices. (F to H) Statistical distributions of the (F) SS, (G) threshold voltage V4, and (H) electric conductance o of 100 individual 2D
InSe FETs, revealing mean values of 67.3 mV per decade, 0.31V, and 369 pS/pm, respectively. The dashed lines are Gaussian fitting

Ballistic transport performance
of 10-nm InSe transistors

The ballistic transport performance
in ultrashort-channel 2D devices of-
fers another robust assessment mea-
sure beyond the mobility to evaluate
the wafer quality in advanced tech-
nology nodes below 10 nm. We fabri-
cated ballistic InSe transistors with a
channel length of 10 nm (Fig. 4A) us-
ing Y-doping contacts and a dual-gate
structure to enhance gate efficiency
by transferring the films from sap-
phire to Si substrates (fig. S15 and SM
materials and methods). The cross-
sectional structure and elemental
distribution of the devices were deter-
mined by using STEM and electron
energy-loss spectroscopy (EELS) (Fig.
4B). The back-gate length was 10 nm,
whereas the top-gate length was 5 nm,
with the channel comprising three
layers of InSe. Both the top- and back-
gate dielectrics were composed of
~2.6-nm-thick HfO,.

The transfer characteristics of a
representative ballistic InSe transis-
tor are shown in Fig. 4C, demonstrat-
ing nearly ideal switching behavior,
with an SS as low as 79 mV per de-
cade and a switching current ratio
exceeding 107, which meets the strin-
gent requirements for advanced logic
circuits. Additionally, the device oper-
ates at an ultralow voltage of 0.5V,
with its off-state current satisfying
the IRDS requirements for high-
performance and high-density ap-

curves. (I) Comparison of the mobility versus SS plots of our wafer-scale 2D InSe FETs (red star) with those of other reported
film-based 2D counterparts (open symbols) (SM materials and methods, sectionS1.5, and references therein).

used as the top dielectric layer (SM materials and methods). In Fig. 3B,
we show a false-colored scanning electron microscopy (SEM) image
of the 2D InSe FET integrated array and a cross-sectional STEM im-
age of a typical top-gate device with a gate length of 480 nm. Under a
source-drain voltage (Vpg) of 3 V, with a gate-source voltage (Vgs) of
1.2V, the corresponding saturation current density reached 892 pA/pm,
which far exceeds that of any reported similarly sized 2D semiconduc-
tor devices for grown films (Fig. 3C).

The transfer characteristics of 100 individual InSe transistors at
Vps of 0.1 V are shown in Fig. 3D, and the field-effect mobility dis-
tribution is illustrated in Fig. 3E. The average field-effect mobility
was 287 cm?/V-s, with a peak mobility as high as 347 cm?/Vs, which
is higher than those of all other reported film-based 2D devices (figs.
S13 and S14) (27, 28). Additionally, these values meet the Inter-
national Roadmap for Devices and Systems (IRDS) requirements
for channel mobility in very-large-scale integration (2). Statistical
histograms of the subthreshold swing, threshold voltage (Vry), and
electrical conductance (o) are presented in Fig. 3, F to H, showing
that the mean values of SS, Vry, and ¢ are 67.3 mV per decade, 0.31V,
and 369 pS/pm, respectively. In Fig. 31, the benchmark plot of the
mobility versus the SS demonstrates the advantage of our InSe
devices in both the switching speed and mobility compared with
those of other reported devices.

Science 17 JULY 2025

plications. The on/off ratio versus
the drain current (Ip) illustrates that
the comprehensive switching char-
acteristics of our device surpassed
those of other 2D counterparts by at least two orders of magnitude
(Fig. 4D) (29-31).

The output characteristics of a representative 10-nm InSe transistor
are presented in Fig. 4E, which displays a saturation current density
of up to 1.2 mA/pm at 0.8-V Vpg and 1.0-V Vs, and a standard current
density of 1 mA/pm was achieved at an ultralow V'pg of 0.46 V. Because
of the high-quality InSe channel material, Y-doped metallic ohmic
contacts, and efficient dual-gate architecture, our ballistic InSe device
exhibited superior comprehensive electrical characteristics across six
key parameters—operating voltage, gate length, drain-induced barrier
lowering (DIBL), effective mass, on/off ratio, and ballistic ratio—
compared with Intel 3 technology nodes and state-of-the-art film-
based 2D transistors (Fig. 4F) (32-35). Its overlap-free intrinsic gate
delay was as low as 0.39 ps, and its energy-delay product (EDP)
reached a particularly low value of 5.27 x 1072 J.s/ pm, exceeding the
predicted limits for silicon-based technologies outlined in the IRDS
until 2037 (Fig. 4G) (2).

Discussion and outlook

We have developed a SLS strategy to produce high-quality InSe films
at the wafer scale. These films exhibit exceptional uniformity and
crystallinity, which enables outstanding transistor array perfor-
mance, including a record high mobility and a near-Boltzmann-limit

301



RESEARCH ARTICLES

Fig. 4. Short-channel electrical perfor-

mance and benchmarking of InSe FETs.
(A) Top-view SEM image of a typical
fabricated ballistic 2D trilayer InSe FET with a
10-nm gate length. (B) (Top) Cross-sectional
STEM image of a ballistic trilayer InSe FET
featuring a highly efficient dual-gate
structure. (Bottom) The EELS maps illustrate
the spatial distributions of gold (Au), Y,
titanium (Ti), hafnium (Hf), and In,
confirming the locations of the 2D InSe
channel, electrode, and gate stack.

(C) Transfer characteristics of a typical
ballistic double-gate InSe FET with a 10-nm
gate length. (D) Comparison of the on-state
current (Ip) versus the on/off ratio of our
typical ballistic trilayer double-gate InSe FETs
(red stars) with that of other short-channel
(Lg < 50nm) 2D counterparts (light blue
shaded area). The Ip and corresponding
on/off ratio are defined within a 0.5-V window 00 02 04 0B
along each transfer curve. (E) Output Vs (V)
characteristic curves of the ballistic 2D InSe
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FET with Lg of 10 nm. (F) Radar plot of the electrical performance of our InSe FETs versus other reported short-channel FETs, including key parameters such as Vps (reaching a
standard saturation current density of >1 mA/um), Lg, DIBL, effective mass, on/off ratio, and ballistic ratio (Bsat). TSMC, Taiwan Semiconductor Manufacturing Company.
(G) Scaling trends of (left) intrinsic gate delay and (right) EDP of our ballistic 2D InSe FETs with an overlap-free architecture compared with those of silicon.

SS for large-scale 2D devices. Ultrashort-channel (10-nm) InSe tran-
sistors demonstrate key parameters—including the operating voltage,
gate length, DIBL, effective mass, on/off ratio, and ballistic ratio—
that exceed those of the current state-of-the-art Intel 3-nm-node
technology. The delay and EDP of the device fall below the 2037 IRDS
predicted limits for silicon technology. We anticipate that integrated
electronics produced from 2D InSe wafers will drive the development
of advanced transistors, offering a more flexible, low-power, high-
performance solution for next-generation computing and communi-
cation technologies.
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MICROBIOTA

Controlled colonization of the
human gut with a genetically

engineered microbial therapeutic

Weston R. Whitaker?*, Zachary N. Russ?,

Elizabeth Stanley Shepherd't, Lauren M. Popov!, Alexander Louie®,
Kathy Lam, David M. Zong?, Clare C. C. Gill', Jeanette L. Gehrig',
Harneet S. Rishi!, Jessica A. Tan!, Areta Buness', Janeth Godoy’,
Domenique Banta, Sonia Jaidka’, Katheryne Wilson?, Jake Flood,
Polina Bukshpun', Richard Yocum®, David N. Cook’, Tariq Warsi',
Lachy McLean't, Justin L. Sonnenburg?>#, William C. DeLoache'

Precision microbiome programming for therapeutic
applications is limited by challenges in achieving reproducible
colonic colonization. Previously, we created an exclusive

niche that we used to engraft engineered bacteria into

diverse microbiota in mice by using a porphyran prebiotic.
Building on this approach, we have now engineered conditional
attenuation into a porphyran-utilizing strain of Phocaeicola
vulgatus by replacing native essential gene regulation with a
porphyran-inducible promoter to allow reversible engraftment.
Engineering a five-gene oxalate degradation pathway into the
reversibly engrafting strain resulted in a therapeutic candidate
that reduced hyperoxaluria, a cause of kidney stones, in
preclinical models. Our phase 1/2a clinical trial demonstrated
porphyran dose—dependent abundance and reversible
engraftment in humans, reduction of oxalate in the urine,

and characterized genetic stability challenges to achievinglong-
term treatment.

The lower gastrointestinal tract has evolved to harness diverse func-
tions from its resident microbiota, thereby providing a compartmen-
talized yet biologically meaningful site to target engineered cell
therapies. Pioneering efforts have tended to take a direct approach by
delivering the maximally tolerated dose of auxotrophic bacteria engi-
neered to express therapeutic activities while transiently inhabiting
the gut (7-8). Despite showing efficacy in animals and a good safety
profile in humans, these therapeutics have struggled to show clinical
efficacy. A colonizing strategy may enable therapeutic concentrations
high enough to drive the activity necessary for efficacy.

‘We approached the challenge of stably colonizing the gut with bac-
teria engineered to robustly perform a therapeutic function by focus-
ing on Phocaeicola vulgatus, a Bacteroidaceae family member
abundant in the gut microbiota of industrialized peoples (9-14).
Previously, our group engineered a Bacteroidaceae strain by adding
genes that encode utilization of the seaweed-derived polysaccharide
porphyran to enable colonization levels that are tunable with porphy-
ran concentration (15). We chose porphyran as a candidate for creating
an exclusive niche for our engineered bacteria because only 2% of
Western individuals appear to harbor a native porphyran-utilizing
microbe (16). In mice, our engineered Bacteroidaceae overcomes colo-
nization resistance, even from established isogenic strains lacking the
capacity for porphyran consumption (15, 17). Although a robust

Novome Biotechnologies, South San Francisco, CA, USA. “Department of Microbiology and
Immunology, Stanford University School of Medicine, Stanford, CA, USA. 3Chan Zuckerberg
Biohub, San Francisco, CA, USA. “Center for Human Microbiome Studies, Stanford University
School of Medicine, Stanford, CA, USA. *Corresponding author. Email: wrw@stanford.edu
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engraftment technology is necessary, for therapeutic purposes, it must
be reversible, and we have addressed this in the present work.

We applied our strategy to developing a therapeutic for addressing
enteric hyperoxaluria (EH), a disease with unmet clinical need and
mechanistic links to the gastrointestinal tract, by engineering a high-
flux oxalate degradation pathway in P. vulgatus. We developed a can-
didate microbial therapeutic and showed controlled colonization of
healthy human volunteers in phase 1. However, phase 2a clinical trials
revealed that horizontal gene transfer (HGT) occurred specifically in
the microbiota of EH patients, which we characterized.

Results

Engineered microbe reduces rat urine oxalate

EH is a disease caused by pathological overabsorption of dietary oxa-
late, often leading to recurrent calcium oxalate kidney stones (I8).
Reduced prevalence of colonic oxalate-degrading bacteria due to an-
tibiotic use has been associated with EH (19). No natural oxalate-
consuming Bacteroidaceae have been described previously. To engineer
oxalate consumption into P. vulgatus, we introduced an oxalate:formate
transporter, as well as a pathway for the conversion of oxalate to for-
mate (Fig. 1A). We screened 92 enzymes in permutated combinations
for optimized expression of several five- to seven-gene metabolic path-
ways using an iterative approach (see the supplementary materials)
to create strains able to rapidly degrade oxalate into formate. We
achieved conversion rates of up to 15 mM per hour at bacterial densi-
ties of 10'° colony-forming units (CFUs)/g expected in the gut (fig. S1,
A to C). We observed a trade-off between oxalate degradation and
bacterial growth rates in vitro, which we did not observe in growth
conditions lacking oxalate. We selected a pathway to advance (SZR0310)
with a 9 mM per hour conversion rate and modest oxalate-dependent
fitness defect (fig. S1, C and D).

In a dietary EH rat model, high-density engraftment (7.2 x 108 to
2.6 x 10'° CFUs/ml) with porphyran-utilizing P. vulgatus containing
the oxalate-degradation pathway reduced urine oxalate by 47% com-
pared with the control strain lacking the pathway (Fig. 1B). Separately,
when porphyran concentration was gradually increased, the corre-
sponding colonization level and urine oxalate reduction both increased
(fig. S2). Gastric bypass surgery is clinically associated with EH onset
in humans (I8), and we further showed that our therapeutic strain
reduced urine oxalate in a rat Roux-en-Y gastric bypass (RYGB) surgical
model. RYGB surgery resulted in a 51% increase in the urine oxalate
in rats colonized by the control strain, an increase that was completely
eliminated in animals harboring the oxalate-degrading strain (Fig. 1C).

Essential gene regulation enables reversible engraftment

If microbial cell therapies are to be widely adopted, then reversible
engraftment is essential (2, 5, 20, 21). Dietary porphyran can create an
exclusive niche for porphyran-utilizing strains to enable predictable
colonization of diverse microbiotas (15, 17). However, the persistence
of porphyran-utilizing strains after porphyran removal is difficult to
predict because of the complexity of the ecosystem and the broad range
of nutrients that Bacteroidaceae can consume.

To improve strain clearance without complicating treatment dosing,
we engineered our strain to have additional dependence upon porphy-
ran by replacing the native regulation of the essential gene arginyl-
tRNA synthetase (argS) with a porphyran-inducible promoter (Fig. 2A).
A 115-nucleotide sequence from the porphyran polysaccharide utiliza-
tion locus (PUL) (22) with a 500-fold induction was identified and used
to replace the argS promoter (fig. S3A). Replacing the promoter and
tuning the ribosome-binding site of essential genes ensures that
growth becomes dependent on the presence of porphyran even in rich
media, where other carbon sources are available (fig. S3). This condi-
tional attenuation resists complementation by cross-feeding, because
charged transfer RNAs (tRNAs) are not readily imported. It also resists
simple loss-of-function mutations, because inactivation of the porphyran

303



RESEARCH ARTICLES

Ac-CoA acetate 35
A B/_\ = NOo induction cﬁ 40
Periplasm | Cytoplasm & 30|| = control strain < 35
Qq — therapeutic strain Q
S 25 <
CoA  AMP g 2 30
—— +ATP  +PP, = 20 325
- H
oxalate oxalate \/voxalyl CoA\/ + % s % 20
oxIT FRC oXC T ©
A AN 3 3 1
formate formate formyl-CoA COo2 ps 10 S 10
L £ 5 £
1 2,000 4,000 6,000 7,569 = | I 5 5
0 L 1 0
i i i 2 4 6 8 10 12 Sham RYGB RYGB
|E( FRC of_oxIT | Sc_OXS Day control  + control + therapeutic
P_BfP1E6 Of_OXC strain strain

Fig. 1. Bacteroidaceae with engineered oxalate degradation reduce urine oxalate in rat EH models. (A) Oxalate degradation was engineered into a P. vulgatus strain by
introducing genes encoding oxalate transport (Ox/T) and four enzymatic activities (OXS, ACOCT, FRC, and OXC). (B) High urine oxalate was induced (first vertical dashed red
line) in rats by incorporating spinach into their diet on day 3 (blue and purple). Strains with (blue) or without (purple) an oxalate-degrading pathway were gavaged on day 7
(second vertical dashed red line). After 24 hours, urine was collected for each rat and the average total urine oxalate (umol/24 h) and 95% confidence interval (shaded area)
were plotted. (C) Urine oxalate (mean per animal, days 6 to 10 after gavage) was elevated in rats that underwent RYGB and were colonized with the control strain (purple)
compared with sham-operated rats (gray). Colonization with the oxalate-degrading strain (blue) abrogated this RYGB-induced increase. Data are shown as mean + 95%
confidence interval for days 6 to 10. P < 0.05, two-tailed unpaired Student's t test.
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Fig. 2. Combining porphyran utilization and essential gene regulation enables
reversible engraftment. (A) Conditional attenuation strategy uses a porphyran-sensing
HTCS to drive an essential gene. (B) Diagram of the NB1000S therapeutic strain containing
conditional attenuation, an oxalate-degradation pathway, and a porphyran PUL.

(C) Gnotobiotic mice harboring one of four human donor microbiotas were gavaged on

day 1 with NB144, a strain containing a porphyran PUL (left), or NB1000S, a therapeutic
strain bearing a porphyran PUL and porphyran-dependent expression of argS (right).
Porphyran was supplied in the diet for the first 28 days (green). Copies of the porphyran
PUL per gram of feces are plotted for individual mice. Colonization dropped to the

LOD, 10* copies/g, in five of the eight NB1000S-gavaged mice after porphyran

was removed.

304

sensor, promoter, or essential gene prevents growth.
Additionally, this strategy imposes a minimal fitness
burden and uses a rare, nonabsorbable, and safe dietary
control molecule.

‘We added this conditional attenuation module to our
oxalate-degrading, porphyran-utilizing P. vulgatus
strain to make the therapeutic strain NB1000S (Fig. 2B).
We administered NB1000S or a control strain carrying
the porphyran polysaccharide utilization locus (PUL")
alone but lacking conditional attenuation and the oxa-
late pathway (NB144) to formerly germ-free mice har-
boring different healthy human donor gut microbiotas
and fed a porphyran-containing diet. After 4 weeks,
removing dietary porphyran resulted in variable colo-
nization levels of unattenuated PUL™ P, vulgatus (10° to
10™ copies/g; Fig. 2C, left panel). Porphyran removal
from the NB1000S-colonized mice resulted in clearance
to below the limit of detection (LOD) of the strain from
five of eight mice (Fig. 2C, right panel). The remaining
three mice in which NB1000S persisted showed reduced
abundance when porphyran was removed before sub-
sequently rebounding. Sequencing NB1000S isolates
from donor D mice, both of which exhibited rebounding
colonization (Fig. 2C, right panel), revealed a single
point mutation (S811L) in the porphyran hybrid two-
component system (HTCS), likely driving constitutive
essential gene expression.

To test the long-term genetic stability of NB1000S in
the presence of porphyran, we colonized conventional
mice and periodically phenotyped bacterial isolates for
oxalate degradation and growth restriction in rich me-
dia lacking porphyran. After 421 days, 52% of isolates
lost oxalate degradation, but no conditional attenuation
escapes occurred (fig. S6).

Because human microbiomes reconstituted in gnoto-
biotic mice are likely to contain less diversity than the
original human community, we sought to test whether
this conditional attenuation, which did not fully prevent
persistence in humanized mice, would be sufficient for
clearance in a native human gut. Despite the possibility
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of mutational escape, testing NB1000S in humans carries minimal risk
because oxalate is not required for human physiological function, and
the natural oxalate-degrading bacteria and the genes used here often
exist in the gut microbiome of healthy individuals.

Engineered microbe controllably colonizes healthy volunteers

To test the safety, tolerability, and colonization performance of
NB1000S in humans, we designed and ran study NOV-001-CLO1, an
adaptive phase 1/2a clinical trial conducted in the US and Canada
(figs. S7 to S10 and tables S3 and S4) (23). In phase 1, a total of 39
healthy volunteer subjects were randomized to seven study arms. On
day 1, participants received the antacid Alka Seltzer Gold and NB1000S
(one or two doses of 10° CFUs as frozen glycerol stocks) or placebo
administered orally. Individuals received 0 to 20 g of porphyran daily
for 14 days upon strain or placebo dosing, with groups receiving dif-
ferent daily porphyran doses: Group 1 received 0.5 g, group 2 received
10 g, group 3 received 2.5 g, and group 2X received two 10-g doses.
NB1000S abundance in the fecal samples of individuals was measured
regularly through quantitative polymerase chain reaction (qPCR) of
the porphyran PUL and oxalate-degradation sequences immediately
before, during, and for at least 8 weeks after cessation of porphyran
dosing (Fig. 3A).

In the first two groups dosed with NB1000S (groups 1 and 2), colo-
nization was variable, with engraftment failing in half of the individu-
als (engraftment was defined by NB1000S being detected in the stool
at a level of >107 copies/g in the last sample collected during porphy-
ran dosing) (fig. S11B). To enhance bacterial survival through the stom-
ach, a 40-mg dose of extended-release omeprazole (a proton pump
inhibitor) was administered before dosing NB1000S (fig. S11C). With
this intervention, colonization improved, with seven of eight individu-
als becoming engrafted in group 3 (Fig. 3B) and four of four individuals
becoming engrafted in group 2X (fig. S11). When comparing engrafted

individuals across all groups, strain colonization density showed dose
responsiveness to porphyran, with an ~10-fold increase in NB1000S
for each fivefold increase in porphyran (Fig. 3C).

Upon cessation of porphyran administration, NB1000S fecal abun-
dance dropped below the LOD in 15 of 19 engrafted subjects in the
four groups dosed with NB1000S (fig. S11). To test whether the strain
could rebound upon porphyran reintroduction, we readministered
NB1000OP or porphyran in amounts that might be encountered in the
diet and monitored NB1000S levels in the stool. Six subjects who
showed NB1000S measurements below the LOD participated in a por-
phyran rechallenge after 56 to 98 days of no porphyran (“washout”)
by consuming either 10 g of porphyran or 5.2 g of seaweed snacks
(which contain porphyran) daily for 7 days. In all six subjects, the levels
of NB100OS in the stool remained undetectable on porphyran rechal-
lenge, indicating that clearance of the strain was achieved.

NB1000S remained detectable in the stool of four subjects 56 days
after cessation of porphyran administration. These individuals were
treated with a 7-day course of oral antibiotics, which failed to clear
NB1000S in most patients (fig. S13) despite the strain’s sensitivity to
the antibiotics in vitro (table S2).

In the four persistently colonized subjects, genomic sequencing of
fecal NB100O0S isolates revealed distinct genomic mutations disrupting
porphyran responsiveness. In two cases, the HTCS contained point
mutations that resulted in constitutive HTCS activity, consistent with
the escape mechanisms observed in our humanized mouse study. In
the other two subjects, genome rearrangements were present that
placed other promoters immediately upstream of the essential gene.

Adverse events (AEs) were mostly mild and transient, with a pre-
dominance of gastrointestinal AEs such as diarrhea and flatulence
(tables S5 and S6). There were no severe or serious AEs attributable
to NB1000S. There was also no apparent relationship between product
dose, engraftment, or persistent fecal shedding by NB1000S and the

incidence or severity of AEs. Consistent with the syn-
thetic metabolic niche engraftment approach in mice
(15, 17), metagenomic profiling of human subject feces
Subject=102-147

before, during, and after treatment revealed no discern-
I'-' ible change in the diversity of the native microbiota

\ (fig. S12).
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Fig. 3. Porphyran-dose—dependent colonization of healthy volunteers by therapeutic strain
NB1000S. (A) Volunteers were administered a single dose of NB1000S on day 1 and administered
porphyran daily for 2 weeks, with periodic sampling to assess colonization. (B) Copies of NB100OS per
gram of feces for all eight individuals in the 2.5-g porphyran cohort. The period of porphyran dosing is
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copies/g on the last collected sample during porphyran dosing (all data are shown in fig. S11), mean
NB100OS copies per gram of feces for all collected samples are shown for the four cohorts given

different daily doses of porphyran.
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’\'\ 95% were driven by point mutations resulting in con-
’-" \‘\. . stitutive activation of the HTCS (fig. S14A). The remain-
7] ing 5% of mutants revealed genomic rearrangements or
0123456 transposon insertion immediately upstream of args,
Week

likely inserting an alternative promoter to drive this
gene. These escape mechanisms were consistent with
those observed in humanized mice and humans.
Because all observed escape strains appear to be the
result of rare gain-of-activity mutations to the HTCS or
rearrangements specific to the essential gene promoter,
we attempted to improve our conditional attenuation
strategy such that multiple independent rare mutations
would be required for escape. We hypothesized that
engineering the porphyran sensor domain to drive three
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Fig. 4. Additional layers of conditional attenuation through chimeric porphyran sensors improve attenuation. (A) Chemostats initially containing porphyran were
inoculated with a strain with either no conditional attenuation (black) or one layer of conditional attenuation (green) and then continuously diluted by media lacking porphyran.
The mean CFUs per chemostat on porphyran-containing (solid line) or porphyran-lacking (dashed line), associated with conditional attenuation escape, plates are shown.

(B) Heterologous regulator domains and corresponding promoters were used to create chimera HTCSs capable of independently driving porphyran-dependent expression of three
essential genes. (C) The wild type (WT) and a chimeric HTCSporreg17150-v2 Show more than a 100-fold induction in response to porphyran (green) only in their corresponding
promoter, with no observed cross-talk. (D) Chemostats were switched from dilution with porphyran-containing media (green background) to media without porphyran on day 3,
and average CFUs on porphyran containing plates are plotted for nonattenuated (black) or three-layered conditional attenuation (orange) strains. (E) Strain abundance was
monitored for conventionally raised mice colonized with porphyran PUL-containing strains without attenuation (left) or after three-layered conditional attenuation (right).
Abundance in individual mice is plotted. Porphyran was supplied in the diet in the periods highlighted in green.

different essential genes with three unrelated orthogonal promoters
(Fig. 4B) would provide a system requiring three independent rare
mutations to achieve escape, resulting in a vanishingly small probabil-
ity of mutational escape. We generated chimeric HTCSs (24) using
porphyran sensors (16, 22) and regulatory domain and promoter pairs
from the PULDB database (25) that were rarely found in other
Bacteroidaceae, yielding functional but weak (two- to 15-fold)
porphyran-activated chimeras (fig. S14C). Additional tuning of the
HTCS expression and mutagenesis of the chimeric HTCS at the fusion
point resulted in the orthogonal chimeras HTCSporregi7150-v3 and
HTCSporregi7106v2 With 100-fold porphyran induction (Fig. 4C and
fig. S14). These chimeras were used to create a strain bearing three
conditional attenuation mechanisms, which were cleared from a che-
mostat upon porphyran depletion and showed no rebound in growth,
as shown by optical density (ODgoonm) Upon reintroduction of porphy-
ran for an additional week (Fig. 4D).

‘We tested the three-layered conditional attenuation strain for clear-
ance in conventionally raised mice, and when porphyran was removed,
a strain lacking conditional attenuation decreased in density by ~1 to
2 logs, whereas the strains containing three conditional attenuation
mechanisms decreased 4 logs to the LOD (Fig. 4E). After 3 porphyran-
free weeks, the numbers of conditionally attenuated strains in the feces
were undetectable in most mice, but five of six mice rebounded upon
porphyran reintroduction (Fig. 4E). The conditionally attenuated
strains isolated from the persistently colonized animals showed no
mutations by WGS, and phenotypically behaved as if there were no
escapes in vitro (fig. S15A). In mice colonized with permissive human-
derived microbiotas, removal of porphyran led to a greater reduction
in the strain when bearing three-layered conditional attenuation com-
pared with a single layer, but neither strain was fully cleared (fig. S15B).
Recreating and testing two-layered conditional attenuation in three
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other Bacteroidaceae species also resulted in persistence without muta-
tion (fig. S15C). We ran >100 experiments to determine the non-
mutational means of persistence in the absence of porphyran,
including RNA sequencing in gnotobiotic mice and transposon-
sequencing screens (fig. S15, D and E), but genetic escapes were not
evident, and the mechanism of in vivo persistence of the strains bear-
ing three-layered conditional attenuation remains undetermined.

Genetic exchange was evident in phase 2

In parallel to our efforts to improve conditional attenuation, and after
demonstrating successful and safe engraftment in healthy human vol-
unteers, in phase 2 of the study, NB1000S was tested in individuals
with EH secondary to RYGB or to biliopancreatic diversion with duo-
denal switch (BPD-DS) bariatric surgical procedures. Nine EH indi-
viduals received omeprazole followed by NB1000S (two doses of 10°
CFUs orally) and 10 g of porphyran daily for 28 days; three individuals
received placebo (Fig. 5A and fig. S7). NB1000S engraftment was less
consistent and reached a lower density in individuals compared with
healthy volunteers (fig. S16), possibly related to the strain’s fitness
defect observed only in the presence of high oxalate in vitro (fig. S1D)
or, in the case of individual 103-203, due to prior colonization with a
porphyran-utilizing strain (fig. S17A).

As with healthy volunteers, NB1000S abundance was tracked in
patients using qPCR of both unique porphyran PUL and oxalate path-
way sequences. However, unlike healthy volunteers, in whom the oxa-
late pathway and porphyran PUL sequences were very closely
correlated, many phase 2 human samples showed substantially higher
PUL copy number than the oxalate pathway (Fig. 5B). This discrepancy
appeared before strain dosing (individual 103-203), during porphyran
treatment (individual 125-202) or shortly after porphyran was removed
(individuals 121-212, 110-204, 117-201, and 125-204) (Fig. 5C and
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Fig. 5. Large HGT events are found in EH patients but not in healthy volunteers. (A) In phase 2, EH patients that had prior RYBG or BPD-DS treatment and exhibited high
levels of urine oxalate were administered NB100OS on day 1 and porphyran daily. Once per week fecal and 24-hour urine samples were taken. (B) Copies of the porphyran PUL
and the oxalate degradation pathway per gram of feces plotted for the healthy volunteers in phase 1 (blue) and the EH patients in phase 2 (orange) who were negative for
porphyranase during screening. Dashed line indicates equal abundance. (C) Copies of the oxalate pathway (orange) and porphyran PUL (green) are plotted for representative
patients. Daily porphyran dosing period is highlighted in light green. Red arrows indicate point of strain isolation. (D) Genomes of strains isolated from phase 2 patients
compared with the original NB100OS strain (matches are shown in blue). Genetically modified regions of NB100OS are highlighted in green. Regions with elevated levels of
single-nucleotide polymorphisms and deletions relative to NB1000S, suggesting origin from another strain, are shown in gray. (E) Percentage change in baseline urine oxalate to
creatinine ratio (OCR) is shown for placebo (gray), nonengrafted patients falling below 107 oxalate pathway copies/g on last porphyran day (light green), and the remaining

engrafted patients (dark green). P = 0.08 versus placebo, two-tailed Welch's t test.

fig. S17A). Two individuals (103-201 and 121-216) showed no discrep-
ancy. To determine the reason for this discrepancy, six strains bearing
the porphyran PUL were isolated from five different individuals (time
points are indicated in fig. S17) and underwent WGS. Comparative
sequence analysis revealed that two NB1000S strains had incoming
667- and 724-kb HGT that fully replaced the oxalate pathway and
conditional attenuation module (Fig. 5D). The other three strains were
native Phocaeicola (table S9) that took up the porphyran PUL from
NB1000S through HGT events ranging from 216 to 561 kb. We also
isolated the native Phocaeicola strains before they acquired the por-
phyran PUL. Comparative analysis (fig. S17) revealed DNA sequences
in the post-HGT strain that were absent from both its original parent
strain and NB1000S. Among these was an integrative and conjugative
element (ICE) that may have promoted outgoing HGT (26). We experi-
mentally introduced an ICE element into NB1000S, which significantly
increased the rate of outgoing HGT in vitro (fig. S18A). Using this
strain in vitro, we showed that splitting two essential porphyran-
utilization genes, a glycoside hydrolase and a sulfatase, by 200 kb on
the chromosome reduced HGT frequency by >10,000-fold compared
with when they were adjacent (fig. S18B).

All predefined urine oxalate analyses (table S1) showed small, sta-
tistically insignificant improvements over placebo. Post hoc analysis
of the urine oxalate-to-creatinine ratio showed a 27% reduction com-
paring all treated individuals with placebo (P = 0.13; fig. S19D) or
comparing engrafted individuals with placebo or nonengrafted indi-
viduals (P = 0.03; fig. SI9H). In both phases of trial NOV-001-CLO1,
there were no serious product-related adverse events, and no individu-
als left the study or required dose adjustment because of safety or
tolerability issues (tables S5 to S8).
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Discussion

In this study of the effectiveness of controllably colonizing therapeutic
bacteria in humans, we tested an oxalate-degrading clinical candidate
strain coupled with porphyran polysaccharide ingestion in healthy
subjects and individuals with EH. We showed that it is possible to
colonize humans with an engineered gut commensal for a sustained
period at high levels. A single dose of the strain was sufficient for colo-
nization if the subject was provided proper gastric protection, and
even at high doses of porphyran, the treatment was safe and well
tolerated.

Because the human gut is a highly competitive environment, it was
unclear whether conditional attenuation would be required for strain
clearance. Our data showed that although NB1000S cleared from most
subjects, a single conditional attenuation layer was not sufficient to
prevent persistent colonization in healthy volunteers through muta-
tions of the HTCS or the essential gene promoter seen in preclinical
models. Adding two additional layers of conditional attenuation suc-
cessfully prevented the emergence of escape mutations, but for un-
known reasons, although attenuated, the strain bearing three-layered
conditional attenuation could persist in vivo.

Unlike healthy volunteers, in individuals diagnosed with EH, our
strain colonized at more variable levels. We observed large HGT events
in five of the seven patients in whom NB1000S lost its oxalate degrada-
tion pathway and conditional attenuation or other gut bacteria ac-
quired the porphyran PUL. Without exclusive access to porphyran,
NB1000S may be outcompeted by more fit strains, reducing treatment
durability (27). Individuals with EH were selected based on high urine
oxalate and RYGB history as a proxy for elevated intestinal oxalate,
which imposes a fitness burden on NB1000S and may explain the
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observed HGT prevalence, although the altered gut environment as-
sociated with RYGB could also play a role.

Despite conditional attenuation escape and genetic stability issues
limiting the potential effectiveness of NB1000S, we saw promising,
although inconclusive, directional reductions in urine oxalate levels.
Reducing the oxalate-associated fitness burden in a future probiotic
strain may improve colonization and genetic stability. Additionally,
although clearance is currently imperfect, we did not observe escape
using the single-layer conditional attenuation of NB1000S in colonized
mice after 421 days on a porphyran diet. An improved conditional
attenuation could be used to periodically clear and replace any strains
with defective therapeutic activity. Moving beyond porphyran, an even
more exclusive synthetic polysaccharide could enable greater control,
which may be particularly important in populations with higher por-
phyran consumption and associated porphyran-utilizing microbes, as
seen in parts of Asia (16).

Limitations of this study highlight key challenges for clinical imple-
mentation. Enhancing biosafety will require further improvements in
conditional attenuation and HGT prevention, as well as strategies to
reduce the fitness burden of therapeutic activity, which may improve
colonization in the target population. Although our approach appeared
safe and did not broadly disrupt microbiome diversity, specific eco-
logical and metabolic impacts, including potential consequences of
P. vulgatus expansion (28) and oxalate-to-formate conversion (29, 30),
merit further study.

As causal molecular mechanisms underlying associations between
the gut microbiota and human disease become clearer, our platform
and data offer a tool to deliver defined therapeutic activities to the
human colon. Combining multiple activities into a single therapeutic
strain to better treat complex diseases may be possible without sub-
stantially increasing the complexity of manufacturing, trial design,
and other downstream activities.
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ASBT7 s a negative regulator of
H3K9me3 homeostasis

Liwen Zhou'*1, Zhenxuan Chen't, Yezi Zou?t, Xia Zhang?,

Zifeng Wang, Hongwen Zhu®, Jiahui Lin®, Ziyao Huang’, Lisi Zheng,
Jiali Chenl, Miner Xie4, Meifang Zhang?, Ruhua Zhang?,

Minglu Zhu®, Ziwen Wang?, Hu ZhouS, Song Gao', Yuxin Yin®,
Yuanzhong Wu'*, Tiebang Kang!*

The maintenance of histone H3 lysine 9 trimethylation
(H3K9me3) involves the recognition of preexisting
modifications by heterochromatin protein 1 (HP1), which
recruits the methyltransferase suppressor of variegation 3-9
homolog 1 (SUV39HL1) to methylate the adjacent newly
incorporated histones, establishing a positive feedback loop.
However, how this positive feedback is restricted to maintain
H3K9me3 homeostasis remains largely unknown. We
performed an unbiased genome-scale CRISPR-Cas9 screen and
identified CUL5*B” E3 ubiquitin ligase as a negative regulator of
H3K9me3. ASB7 is recruited to heterochromatin by HP1 and
promotes SUV39H]1 degradation. During mitosis, cyclin-
dependent kinase 1 (CDK1) phosphorylates ASB7, preventing its
interaction with SUV39H1, leading to SUV39H]1 stabilization and
H3K9me3 restoration. Our findings reveal a dynamic circuit
involving HP1, SUV39H]1, and ASB7 that governs H3K9me3
homeostasis, ensuring faithful epigenetic inheritance and
preventing excessive heterochromatin formation.

Heterochromatin plays a fundamental role in transcription repression
and genome stability (1-4). Histone modifications are essential for het-
erochromatin formation, with histone H3 lysine 9 trimethylation
(H3K9me3) being one of the key modifications (4-8). After DNA replica-
tion, histone marks are diluted owing to the newly incorporated un-
modified histones (9-1I). Heterochromatin protein 1 (HP1) recognizes
the preexisting H3K9me3 and serves as a platform to recruit H3K9me3-
writer suppressor of variegation 3-9 homolog 1 (SUV39H1) to modify
the adjacent newly incorporated histones, thus forming a positive feed-
back loop (7, 12-16). This mechanism ensures the propagation and res-
toration of H3K9me3 to the parental level. However, this positive
feedback must be tightly regulated to prevent excessive H3K9me3 modi-
fication and deleterious over-heterochromatinization. In fission yeast
Schizosaccharomyces pombe, autoinhibition of Clr4 (the ortholog of
human SUV39H1/2) serves to restrain its methyltransferase activity (17).
However, the precise regulation of H3K9me3 homeostasis in mamma-
lian cells remains unclear.

CUL5"S®7 restricts H3K9me3 modification

The KDM4 demethylase family has been reported to remove H3K9me3
modification (18-22). However, after triple depletion of KDM4A/B/C
followed by multiple rounds of cell division, H3K9me3 levels failed to
increase (fig. S1, A and B). This result suggests the existence of unknown
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mechanisms beyond KDM4 that precisely restrict H3K9me3 during the
cell cycle. To identify the potential regulators, we performed a genome-
scale CRISPR-Cas9 knockout screen and used fluorescence-activated cell
sorting (FACS) to quantitatively assess H3K9me3 immunostaining in-
tensity as a readout (Fig. 1A). H3K9me3 levels oscillate throughout the
cell cycle. After the incorporation of unmodified new histones in the S
phase, H3K9me3 levels are reduced by half and gradually return to the
parental levels by the next G; phase (9, 11, 23). To mitigate bias resulting
from gene deletion-induced cell cycle disruptions, we conducted two
independent screens, one in untreated cells and one in cells treated with
hydroxyurea, which arrests the cell cycle at the S phase checkpoint. The
results of these two screens showed strong correlation (Fig. 1B; fig. S1,
C and D; and table S1). Among the depleted single guide RNA (sgRNA)
hits, we found known H3K9 methyltransferases, including the
H3K9mel/2 methyltransferases EHMTI and -2, the H3K9me2/3 meth-
yltransferases SUV39H1I and -2, SETDBI, and the SETDB1 nuclear cofac-
tor ATF7IP (Fig. 1B and fig. S1C) (I, 4, 24-28), which validated our
approach. Consistent with the data in fig. S1B, the screens showed that
deletion of the KDM4 family members had a marginal effect on H3K9me3
levels (Fig. 1B and fig. S1C). ASB7, which is encoded by ankyrin repeat
and SOCS box containing 7, was among the enriched sgRNA hits (Fig. 1B
and fig. S1C). ASB7 is a substrate adaptor for the CUL5-Elongin B (en-
coded by TCEB2)-Elongin C (encoded by TCEBI) E3 ubiquitin ligase
(Fig. 1C) (29, 30), indicating that CUL5*®" E3 ubiquitin ligase may play
a critical role in restricting H3K9me3 levels.

We sought to validate the effects of ASB7 on H3K9me3. In cells with
ASB?7 deletion, CUT&RUN (cleavage under targets and release using
nuclease) sequencing revealed a substantial increase in H3K9me3 sig-
nals across the genome, including strengthened, spread, and de novo
regions (Fig. 1, D to F). The elevated H3K9me3 signals were enriched in
both repetitive elements (71.72%) and nonrepetitive elements (28.28%)
(Fig. 1G), such as long interspersed nuclear elements (LINEs), satellite
repeats, and imprinted genes (fig. S1, E to G). Western blot and immuno-
fluorescent staining further confirmed that ASB7 deletion up-regulated
H3K9me3 levels (Fig. 1, H to J). By contrast, ASB7 overexpression (OE)
resulted in a substantial reduction in H3K9me3 levels (fig. S1, H to M).
According to the Genotype Tissue Expression (GTEx) database, ASB7 is
widely expressed across various tissues (fig. S2A). We observed elevated
H3K9me3 levels after ASB7 depletion in multiple cell lines of different
tissue origins (fig. S2B). These findings collectively underscore the gen-
eral role of ASB7 in restricting H3K9me3 levels.

HP1 recruits ASB7 to heterochromatin
Next, we examined the intracellular distribution of ASB7. Cell fraction-
ation revealed that ASB7 was enriched in chromatin and colocalized with
H3K9me3 (Fig. 2, A and B), indicating that ASB7 is a heterochromatin-
associated protein. To investigate how ASB7 is recruited to heterochro-
matin, we used a TurboID-based proximity labeling assay to biotinylate
ASB7-interacting proteins (31), followed by streptavidin pull-down and
mass spectrometry analysis (fig. S3A). The enriched hits included compo-
nents of the CUL5*?" E3 ubiquitin ligase complex, such as CUL5 and
Elongin B/C, validating our assay (Fig. 2C and table S2). Furthermore, we
identified several well-established heterochromatin-associated proteins,
including H3K9 methyltransferases SUV39H1, EHMT1 and -2, and SETDB1
(Fig. 2C). Members of the HP1 family—HP1a, HP1p, and HP1y—were also
enriched (Fig. 2C). HP1, a heterochromatin scaffold protein, binds to
H3K9me2/3 through its amino-terminal chromodomain (CD) and forms
dimers through the carboxy-terminal chromo shadow domain (CSD)
(fig. S3B) (12, 32). The intrinsically disordered middle region of HP1 con-
tributes to low-affinity, multivalent interactions (33, 34). By combining
stoichiometric and nonstoichiometric interactions, HP1 acts as a platform
to recruit various heterochromatin regulators, including SUV39H1, HDACs,
and the nucleosome remodeling and deacetylase (NuRD) complex (35-38).
To determine whether HP1 facilitates the recruitment of ASB7 to het-
erochromatin, we performed a series of assays. Fluorescence imaging
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Fig. 1. CUL5* 7 restricts H3K9me3 levels. (A) Schematic of the genome-scale CRISPR-Cas9 screen. (B) Plot of the screen results using RNA interference gene enrichment ranking
(RIGER) analysis. (C) Schematic of CUL5*®” E3 ubiquitin ligase complex. (D) Genome browser views of H3K9me3 CUT&RUN distribution in control (sgNC) and ASB7-depleting
(sgASB7) Hela cells. (E) Heatmap of the H3K9me3 signal in sgNC and sgASB7 HelLa cells (n = 2 independent experiments). (F) Heatmap of the spread H3K9me3 region in sgASB7
compared with sgNC (n = 2 independent experiments). (G) Annotation of gained H3K9me3 regions categorized by chromosome features. (H) Immunoblot of the two independent
lentiCRISPR sgRNAs (sgl and sg2) targeting ASB7 in HeLa cells (n = 3 independent experiments). (I) Immunostaining of H3K9me3 in ASB7-depleted Hela cells. (J) Quantification of
the immunofluorescence intensity in (1). n = 69 cells in sgNC group, n = 67 cells in ASB7 sgl group, and n = 69 cells in ASB7 sg2 group; P values were calculated by using two-tailed
Student's t test.

and TurboID-based proximity labeling revealed that ASB7 colocalized confirmed that ASB7 interacts with the CSD of HP1 (fig. S3, F and G),
with HP1 within heterochromatic regions (Fig. 2D and fig. S3, Cto E), and deletion of this domain inhibited ASB7 recruitment to heterochro-
and HP1 silencing impaired the heterochromatin localization of ASB7 matin (fig. S3H). Given that the valine at position 22 (V22) in the CD of
(Fig. 2E). CUT&RUN sequencing demonstrated co-occupancy of ASB7  HPla is essential for binding H3K9me3 (35, 39), we found that either
and HP1 across the genome (Fig. 2, F and G), and HP1 depletion reduced = the HP1la V22M mutant (in which methionine replaced valine at posi-
chromatin-bound ASB7 (Fig. 2, H and I). Coimmunoprecipitation assays  tion 22) or deletion of the CD disrupted the localization of both HP1a
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Fig. 2. HP1 recruits ASB7 to heterochromatin. (A) Cell fractionation and immunoblot of HeLa cells. (B) HeLa cells transfected with monomeric enhanced green fluorescent
protein (MEGFP)-ASB7 were immunostained with H3K9me3. The relative fluorescence intensity of the indicated line scan is shown. Scale bar, 5 pm. (C) V5-TurbolD-ASB7
identified interacting proteins in human embryonic kidney (HEK) 293T cells. The fold change represents the ratio of V5-TurbolD-ASB7-identified proteins to those identified by
the V5-TurbolD empty vector using mass spectrometry. (D) Immunostaining of HeLa cells transfected with indicated plasmids and the relative intensity along the indicated
line. (E) HeLa cells were transfected with scramble or HP1o/p/y—-targeting siRNAs and mEGFP-ASB7 construct then underwent immunostaining. The fluorescence intensity
along the indicated lines are plotted on the right. (F) CUT&RUN sequencing and heatmap of the distribution of ASB7 and HP1a in HelLa cells (n = 2 independent experi-
ments). (G) Genome browser views of ASB7 and HP1a CUT&RUN distribution. (H) Heatmap of the ASB7 CUT&RUN distribution in HPI WT and TKO (HP1«, HP1B, and
HP1y triple knockout) cells (I) Genome browser views of ASB7 CUT&RUN distribution in HP1I WT and TKO cells (n = 2 independent experiments). (J) Sequence of the three
potential PxVxL motifs and related mutants (Mut) of ASB7. (K) Immunostaining of HeLa cells transfected with indicated plasmids. The relative intensity along the indicated

lines are plotted on the right.
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and ASB7 to heterochromatin (fig. S3H). Together, these findings un-
derscore the critical role of the ASB7-HP1 interaction in mediating ASB7
recruitment to heterochromatin.

We next mapped the interaction domain of ASB7 responsible for
binding HP1. Coimmunoprecipitation revealed that the ankyrin (ANK)
domain of ASB7 mediates its interaction with HP1 (fig. S4, A and B).
Because the HP1 CSD dimer provides a docking platform for effector
proteins that harbor a PxVxL motif (40-42), and ASB7 contains three
candidate PxVxL motifs, we hypothesized that the interaction between
HP1 and ASB7 is mediated by the CSD-PxVxL interface. To test this,
we generated mutants for each of the three PxVxL motifs (designated
PxVxL1 to PxVxL3) (Fig. 2J). Mutation of the PxVxL1 site severely
impaired the ASB7-HP1 interaction and disrupted ASB7 heterochro-
matin localization (Fig. 2K and fig. S4, C to F). A synthetic peptide cor-
responding to the PxVxL1 motif directly interacted with HP1a in vitro
(fig. S4G). PxVxL1 resides within the ankyrin repeat 2 (ANK2) of ASB7.
Deletion of ANK2 reduced HPla binding, whereas ANK2 alone was
sufficient to interact with HPla and to localize to heterochromatin
(fig. S4, H and I). Further mutational analysis of the PxVxL1 motif re-
vealed that leucine 67 (1L67) was more critical than V65 for HP1 inter-
action (fig. S4, J and K). Mutation of PxVxL1 or substitution of leucine
at position 67 with alanine (L67A) markedly attenuated the ability
of ASB7 to restrict H3K9me3 levels (fig. S4, L and M). Together, these
results illustrate that HP1 recruits ASB7 to heterochromatin through a
CSD-PxVxLI interaction, which is critical for limiting H3K9me3 levels.

ASB?7 interacts with and reduces SUV39H1

Given that CUL5*®" functions as an E3 ubiquitin ligase responsible
for substrate degradation, we hypothesized that ASB7 might restrict
H3K9me3 levels by degrading key H3K9me3 regulators. To identify
potential substrates, we performed quantitative mass spectrometry on
stable cell lines with ASB7 OE compared with control (Vector) and
observed a marked reduction in the abundance of H3K9me3 methyl-
transferase SUV39H1 (Fig. 3A). ASB7 or CUL5 depletion specifically
increased the SUV39HI1 protein levels, whereas other H3K9 methyl-
transferases—including SUV39H2, SETDB1, and EHMT1/2—remained
unchanged (Fig. 3B and fig. S5, A to C). The increase of SUV39H1 after
ASB7 depletion was validated in multiple cell lines (fig. S5D). Gene
effect scores from the Cancer Dependence Map (DepMap) database
revealed a strong inverse correlation between ASB7 and SUV39H1
(fig. S5E), with each being the top inverse correlated gene for the other
(Fig. 3C), highlighting a functional relationship.

The above findings suggest that SUV39H1 might be a physiological
substrate of ASB7. We also found that ASB7 OE not only reduced
SUV39H1 levels but also partially decreased SUV39H2 and SETDB1
levels (fig. S5F). Because these three proteins are known H3K9me3
methyltransferases (fig. S5G), this likely explains the substantial reduc-
tion in global H3K9me3 levels observed after ASB7 OE (fig. S1, H to M).
Nonetheless, SUV39H1 appears to be the primary physiological target.
In support of this, ASB7 deletion failed to elevate H3K9me3 levels in
SUV39HI1-deficient cells (fig. S5H). Considering that HP1 contributes to
ASB7 localization to heterochromatin (Fig. 2), we generated HPI triple-
knockout (TKO) cells. ASB7 deletion in HPI TKO cells led to only a
modest increase in SUV39H1 and H3K9me3 compared with that in HPI
wild-type cells (fig. S51), suggesting that HP1 facilitates ASB7-mediated
degradation of SUV39H1 in the heterochromatin compartment.

We next explored the interaction between ASB7 and SUV39H1. En-
dogenous ASB7 and SUV39H1 colocalized with HP1a (Fig. 3D). CUT&RUN
profiling demonstrated co-occupancy of ASB7 and SUV39H1 on chromatin,
and ASB7 deletion resulted in elevated chromatin-bound SUV39H1 and
H3K9me3 levels (Fig. 3, E to G). In vitro pull-down assays confirmed a
direct interaction between ASB7 and SUV39HL1 (fig. S5J). Multiple regions
of SUV39H1—including the CD, Disorder region, and SET domain—were
capable of binding ASB7 (fig. S5, K and L), whereas the ANK domain of
ASB7 mediated the interaction with SUV39H1 (fig. S5M). Collectively,
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these findings establish that ASB7 interacts with SUV39H1 and nega-
tively regulates SUV39H]1 protein abundance, consequently restricting
H3K9me3 levels.

CUL5"S® ubiquitinates and degrades SUV39H1

The proteasome inhibitor bortezomib, but not the lysosome inhibitor
bafilomycin Al, stabilized SUV39H1 (fig. S6A), indicating that ASB7 regu-
lates SUV39H1 through the ubiquitin-proteasome degradation pathway.
ASB7 deletion markedly extended the half-life of SUV39HI1 and reduced
its ubiquitylation (Fig. 3, H to J), whereas ASB7 OE enhanced SUV39H1
ubiquitylation (fig. S6B). In vitro ubiquitination assay further demon-
strated that CUL5*Y directly ubiquitinates SUV39H1 (Fig. 3K and fig.
S6C). Mass spectrometry, site-directed mutagenesis, and ubiquitination
assays identified lysine 138 as the predominant site of SUV39H1 ubiquitina-
tion mediated by CUL5*" (fig. $6, D and E). Furthermore, ASB7, SUV39HI,
and CULS5 were found to colocalize on heterochromatin (fig. S6F). Given
that neddylation is essential for the activation of Cullin-RING E3 ligases,
treatment with the neddylation inhibitor MLLN4924 increased SUV39H1
abundance in control [negative-control sgRNA (sgNC)] cells but not in
cells with ASB7 deletion (fig. S6, G and H). MLN4924 also prevented
the ASB7 OE-induced ubiquitylation and degradation of SUV39H1 (fig.
S6, I and J). In addition, MLN4924 increased ASB7 protein levels (fig.
S6G), suggesting that ASB7 itself may also be a Cullin E3 ligase sub-
strate. An in vitro ubiquitination assay revealed that ASB7 undergoes auto-
ubiquitination (fig. S6K), a common feature among E3 ubiquitin ligases
(43). Moreover, we found that ASB7 forms oligomers, primarily through its
C-terminal suppressor of cytokine signaling (SOCS) box domain (fig. S6, L.
to N). These ASB7 oligomers appear to enhance SUV39H1 ubiquitination,
as shown by chemically and optogenetically inducible oligomerization
systems (fig. S6, O and P). Together, these results establish that CUL5AS%7
promotes SUV39HI1 degradation through the ubiquitin-proteasome pathway.

ASB7 represses SUV39H1 protein levels invivo

Next, we sought to validate the role of ASB7 in regulating SUV39H1 deg-
radation in vivo. Analysis of The Cancer Genome Atlas (TCGA) dataset
revealed a recurrent R287X nonsense mutation within the SOCS domain
of ASB7 (fig. S7TA), leading to a premature stop and abolished its ability
to degrade SUV39H1 (fig. S7B). Substitution of arginine at position 287
(R287) with a stop codon (ASB7R287X/ R287X) substantially increased
SUV39HI1 and H3K9me3 levels and extended the half-life of SUV39H1 in
cells (fig. S7, C to E). Furthermore, we generatedAsb?’Q85X/ 285X hice using
sgRNA to target the vicinity of the R287 codon (fig. S7, F and G). In these
mutant mice, both Suv39h1 and H3K9me3 levels were markedly elevated
(Fig. 3L and fig. STH). CUT&RUN sequencing further confirmed increased
H3K9me3 occupancy across the genome in Asb75X/EX mjce (fig. S7, 1
to K). Collectively, these findings establish the in vivo role of ASB7 in
promoting SUV39H1 degradation and restriction of H3K9me3 levels.

CDK1 phosphorylates and inactivates ASB7

H3K9me3 undergoes a twofold dilution after DNA replication because
of the incorporation of newly synthesized histones. The HP1- and
SUV39H1-mediated positive feedback loop ensures the propagation and
reestablishment of H3K9me3 in the subsequent cell cycle (4, 9-11). We
hypothesized that ASB7 might be regulated to secure the restoration of
H3K9me3 during the cell cycle. Using double thymidine and nocodazole
block-release assays, we observed that ASB7 protein levels exhibited mini-
mal changes throughout the cell cycle, whereas SUV39H1 protein levels
gradually increased from S phase to M phase and dropped upon Gy entry
(Fig. 4, A to D, and fig. S8, A and B), suggesting that SUV39H1 degrada-
tion by ASB7 may be temporally regulated.

Previous studies have reported that SUV39H1 is phosphorylated
at serine 391 (S391) by cyclin-dependent Kinase 2 (CDK2) (44). How-
ever, both S391A (serine to alanine, mimicking the unphosphorylated
state) and S391D/E (serine to aspartate or glutamate, mimicking the
phosphorylated state) mutants had little effect on its interaction with
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Fig. 3. CUL5"S®7 targets SUV39HL1 for ubiquitin-proteasome degradation. (A) Quantitative proteomics of HeLa cells with ASB7 OE or empty vector (V) stable expression.

(B) Immunoblot of indicated markers in sgNC and sgASB7 HeLa cells. (C) The top 100 23Q2 precomputed associated genes for SUV39HI and ASB7 in DepMap. (D) Immunostaining
of endogenous ASB7 and SUV39HL1 in HeLa cells, and plot of the relative fluorescence intensity along the indicated line. (E) Genome browser views of ASB7, SUV39H1, and H3K9me3
in sgNC and sgASB7 Hela cells. (F) Heatmap of ASB7 and SUV39H1 CUT&RUN distribution in sgNC and sgASB7 Hela cells (n = 2 independent experiments). (G) Heatmap of the
spread SUV39H1 CUT&RUN distribution in sgNC and sgASB7 Hela cells (n = 2 independent experiments). (H and 1) Half-life and quantification of SUV39H1 in sgNC and sgASB7
Hela cells treated with cycloheximide (CHX) (n = 3 independent experiments). P values were calculated by using two-tailed Student's t test. (J) Endogenous SUV39H1 ubiquitina-
tion assay in ASB7-deleted cells transfected with His-ub. Cell lysates were pulled down by using nickel-nitrilotriacetic acid (Ni-NTA) (n = 3 independent experiments). (K) In vitro

ubiquitination assay of SUV39H1 (n = 3 independent experiments). (L) H3K9me3 immunostaining of lung tissues from Asb7"""T and Ash7/?85%/K285X

ASB7 or its protein stability (fig. S8, C to E). By contrast, we detected
threonine phosphorylation in ASB7, which was strongly enhanced by
the M phase -activated CDK1-Cyclin B1 complex (Fig. 4E). Inhibition
of CDKI1 by roscovitine led to destabilization of SUV39H1 (Fig. 4F),
implying that CDK1-mediated phosphorylation may inactivate ASB7.

Sequence analysis revealed four potential CDK1 consensus motifs
[threonine-proline (TP) sites] within the linkers of ASB7 ankyrin re-
peats (Fig. 4G). Among them, threonine 119 (T119), T152, and T216 were
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identified as phosphorylation sites by means of mutagenesis and mass
spectrometry (Fig. 4H and fig. S8F). Simultaneous alanine substitu-
tion of these sites (T119A, T152A, and T216A, referred to as T3A) abol-
ished ASB7 phosphorylation (Fig. 41). To confirm endogenous ASB7
phosphorylation, we generated a phospho-specific antibody against
ASB7 T216 phosphorylation (pT216) (Fig. 4J). Using this antibody, we
found that pT216 fluctuated in synchrony with CDK1-Cyclin B1 activity
and SUV39H1 levels during the cell cycle (Fig. 4, K and L).
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Fig. 4. CDK1 phosphorylates and inhibits ASB7 to prevent SUV39H1 degradation. (A to D) Immunoblots of cell lysates from HeLa cells synchronized in (A) Gi/S
boundary or (C) M phase by means of double thymidine or nocodazole block and release. The SUV39HL1 relative levels are quantified in (C) and (D) (n=3 independent experi-
ments). (E) HEK293T cells were transfected with indicated constructs and were lysed and pulled down for immunoblot. (F) Treatment of roscovitine for 24 hours at indicated
concentrations in HeLa and HEK293T cells, then cell lysates were analyzed by means of immunoblot. (G) Amino acid sequences of the potential CDK1 substrates motif TP in ASB7
protein. (H) HEK293T cells were transfected with ASB7 mutants and subjected to streptavidin pull-down and immunoblot. (I) ASB7 phosphorylation detection with or without A
protein phosphatase (A PPase) treatment. T3A means T119, T152, and T216 triply mutated to alanine. (J) Transfection and validation of ASB7 T216 phosphorylation-specific
antibody. (K and L) HeLa cells were synchronized by using (K) double thymidine or (L) nocodazole then released to detect ASB7 T216 phosphorylation. (M) HeLa cells with stable
expression of the indicated constructs were lysed and analyzed for SUV39H1 proteins expression. T3E means T119, T152, and T216 triply mutated to glutamate. (N) Quantification
of the SUV39H1 relative intensity in (M) (n=3 independent experiments). P values were calculated by using two-tailed Student’s t test. (O) HeLa cells were transfected with
indicated plasmids to detect the ubiquitination. (P) Immunoprecipitation analysis of the interactions between ASB7 WT, T3A, T3E, and SUV39H1 in HEK293T cells.
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Functionally, the phosphomimetic T3E mutant (T119E, T152E, T216E)
almost abolished the ability of ASB7 to ubiquitinate and degrade
SUV39H1, whereas individual T-to-E mutations had only modest effects.
By contrast, T-to-A mutations, whether individual or combined, had no
impact on ASB7 function (Fig. 4, M to O, and fig. S8G). Mechanistically,
the T3E showed reduced localization to heterochromatin (fig. SSH), likely
owing to impaired interaction with SUV39H1 (Fig. 4P and fig. S8I),
whereas its interactions with HP1 and the CUL5 complex remained
unchanged (fig. S8, I and J). Taken together, these results illustrate that
ASB7 is phosphorylated by CDK1-Cyclin B1 during M phase, which sup-
presses its interaction with SUV39H1 and thereby inhibits SUV39H1
degradation. This regulatory mechanism ensures effective H3K9me3
restoration during the cell cycle.

Repression of H3K9me3 by ASB7 sensitizes cancer cells

to PARP inhibitors

Loss of H3K9me3 disrupts chromatin compaction, leading to increased
susceptibility to DNA damage and genome instability (7, 45-47). During
DNA double-strand break (DSB) repair, transient induction of H3K9me3
at the break site is required for the recruitment of TIP60 and subsequent
activation of ataxia-telangiectasia mutated (ATM) signaling (48, 49).
Analysis of TCGA showed that ASB7 is frequently amplified in multiple
cancer types, including sarcoma, ovarian, stomach, and esophageal car-
cinomas (Fig. 5A). We hypothesized that elevated ASB7 expression,
through repression of H3K9me3, may impair DNA repair and promote
genomic instability. Doxycycline-induced expression of ASB7 reduced
homologous recombination (HR), whereas nonhomologous end joining
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Fig. 5. High ASB7 expression sensitizes cancer cells to PARP inhibitor. (A) Alteration frequency of ASB7 in cancer patient samples from TCGA. (B) Schematic of HR:DRGFP
and NHEJ:EJ5GFP reporters. (C and D) Doxycycline (Dox)—-inducible TetOn-ASB7 stable HEK293T cells were transfected with (C) HR:DRGFP or (D) NHEJ: EJ5GFP reporters
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(Hand 1) Stable143B cells with ASB7 WT or T3E ectopic expression were subcutaneously injected into nude mice and treated with Olaparib at 50 mg/kg/day. (H) Tumor
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induces SUV39H1 degradation and hypo H3K9me3, which would decrease HR ability and induce genome instability, conferring the vulnerability for cancer cells to PARP
inhibitors. P values in (C) to (E) and (G) to (I) were calculated by using two-tailed Student’s t test.
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(NHEJ) remained unaffected (Fig. 5, B to D). Because HR deficiency is
known to sensitize tumor cells to poly(ADP-ribose ) polymerase (PARP)
inhibitors such as Olaparib, we assessed the response to Olaparib in
ASBT7-overexpressing cells. We found that ectopic expression of wild-type
(WT) ASB7, but not T3E mutant, increased the sensitivity to Olaparib
(Fig. 5E). ASB7 OE also led to increased formation of yH2AX-positive
micronuclei, a marker of genomic instability, which was rescued by
coexpression of SUV39H1 (Fig. 5, F and G). In a xenograft mouse model,
tumors overexpressing WT ASB7 exhibited slower growth, likely reflect-
ing increased genomic stress, and displayed enhanced sensitivity to
Olaparib compared with that of control (Vector) or T3E-expressing tu-
mors (Fig. 5, H and I). Collectively, these findings suggest that ASB7 OE
impairs HR through H3K9me3 repression, rendering cancer cells more
vulnerable to PARP inhibitors. Therefore, patients with elevated ASB7
expression may represent a therapeutically responsive subgroup for
PARP inhibitor-based treatment (Fig. 5J).

Discussion

This study identifies the CUL5*®"E3 ubiquitin ligase as a potent negative
regulator of H3K9me3 homeostasis (fig. S9). We demonstrate that
H3K9me3 reader HP1 recruits ASB7 to heterochromatin, where ASB7 in-
teracts with SUV39H1 and facilitates its ubiquitin-proteasome -mediated
degradation. Given that the reestablishment of H3K9me3 after chromatin
replication relies on a positive feedback loop involving HP1 and SUV39H1
(4, 12, 13, 23), we propose the existence of a dynamic HP1-SUV39H1-ASB7
regulatory circuit. In this model, ASB7 serves as a counteracting factor
that restricts excessive H3K9me3 accumulation and prevents aberrant
or deleterious over-heterochromatinization. This circuit is further modu-
lated by CDK1 activity. Specifically, during mitosis, CDK1-mediated phos-
phorylation of ASB7 weakens its interaction with SUV39H]1, stabilizing
SUV39HI1 and promoting its accumulation on chromatin. This mecha-
nism facilitates the spread of SUV39H1 and H3K9me3 on chromatin,
which is in line with findings that the local concentration of chromatin-
bound Clr4 is critical for heterochromatin propagation (50). Through
this cell cycle -coupled regulation, the HP1-SUV39H1-ASB7 axis ensures
accurate restoration of H3K9me3 after DNA replication and contributes
to the faithful epigenetic inheritance of heterochromatin structure.

H3K9me3 is a dynamic histone modification that can be demethylated
by the KDM4 family, including the somatically expressed KDM4A,
KDM4B, and KDM4C, as well as the testis-specific KDM4.D and KDM4E
(19-22, 51). Traditionally, HP1 was believed to recruit KDM4 to hetero-
chromatin to antagonize H3K9me3 accumulation, establishing a “read-
write-erase” regulatory loop (52). However, we found that triple deletion
of KDM4A/B/C failed to increase H3K9me3 levels, even after multiple
cell divisions (fig. S1B). This suggests that demethylation by KDM4 plays
only a minor role in H3K9me3 regulation during the cell cycle, which aligns
with prior observations that showed minimal turnover of H3K9me3 in
mammalian cells (9, 10, 53). Therefore, regulation of SUV39H1 protein
stability, rather than active demethylation, serves as the predominant
mechanism to restrain H3K9me3 levels during cell proliferation.

Our study establishes the CUL5"¥" E3 ubiquitin ligase as a key
negative regulator of H3K9me3 homeostasis, a process that is essential
for epigenetic fidelity and genome integrity. Pathologically, elevated
ASB7 expression in tumor cells reduces H3K9me3 levels, impairs ho-
mologous recombination, and promotes genome instability. As a result,
tumors with ASB7 OE may exhibit increased sensitivity to PARP inhibi-
tors, providing a potential therapeutic strategy for precision oncology.
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Stigma did not kill my dream

Juan Carlos Cambronero-Heinrichs

was less than a year into my Ph.D. when I learned my scholarship had been canceled. I was
heartbroken. Studying in Germany was meant to be a fresh start, a chance to escape the
stigma I'd faced back home in Costa Rica since testing positive for HIV. After years of struggle,
I finally felt my dream of a scientific career was back on track. But securing medical insurance
for my treatment had proved difficult, which eventually led the scholarship organization to
cancel my funding. I was forced to return home.

I’'d always wanted to be a scientist. As a child, I spent hours
catching insects in the garden and watching nature docu-
mentaries. I made it into a prestigious science-focused high
school in the capital, and then into an undergraduate micro-
biology program.

But something else was unfolding beneath the surface. I'd
long known I was gay, and at university I found a community
and came out. I dated and explored my identity. But in my final
year, I started to lose weight and developed a swollen lymph
node. My doctor told me it could be cancer or HIV. I was terri-
fied. A part of me even hoped it was cancer, because society
tends to view cancer survivors as brave, whereas HIV-positive
people are still heavily stigmatized.

Eventually, the diagnosis came: I was HIV positive.

The response from many of my colleagues was deeply hurt-
ful. Some said that, as a microbiologist, I should have known
how HIV spreads and been more careful. At the time, I was a
student in a bacteriology lab located in the same hospital
where I was receiving treatment. The infectious disease doctor
managing my case regularly visited the lab, and to see him in
that context was unsettling. One day, a colleague casually
mentioned they had processed my laboratory samples. I felt
exposed, unsafe, and overwhelmed.

Telling my family was excruciating. My relationship with my
father fell apart. Some friends disappeared, too. One said I was a
burden on the health care system; another called me a bad per-
son. The stress led to a mental health crisis and a psychotic epi-
sode, and I had to take time off from my studies to recover.

But I didn’t give up. I completed my degree and began work-
ing as a research assistant, even as my mental health struggles
continued. I was hospitalized again and eventually diagnosed
with schizoaffective disorder. The stigma only deepened. Now, I
wasn't just HIV positive, I was “crazy,” too.

Eventually, I decided I needed to get away. In Costa Rica, most
microbiologists work in hospitals, places I could no longer bear
to be in. After years of trying, I was awarded the scholarship in
Germany. It felt like a new beginning: It was a relief to simply
exist, without having to talk about my diagnoses. But the private
health insurance provided by the scholarship organization ex-
cluded HIV treatment—and I couldn’t get public insurance with-
out a job, which was incompatible with my study program. The
organization said it could not fund me without coverage. I was
devastated. I thought I'd lost everything I had worked so hard
for. I felt ashamed: ashamed to explain to my supervisor why my
scholarship had ended, ashamed to tell others what had hap-
pened, ashamed of having to return home. At some point, I be-
gan to believe I was simply a failure.

Fortunately, I still had people to support me. My former
supervisor connected me with researchers in Italy, who of-
fered me a Ph.D. position—this time with full insurance. From
the beginning, my new supervisors knew about my HIV status,
and I soon told them about my mental health. They regularly
checked on my well-being, even coming with me on an initial
visit to a psychiatrist. It meant the world to know that some
people believed in an HIV-positive scientist with a mental
health condition. I began to believe that speaking about my
scars might help, that it could foster understanding, and per-
haps even awaken empathy in others. If we don’t talk about
HIV or mental health, the stigma will never end.

I completed my Ph.D., and am now living my dream as a post-
doc. My mental health is stable, and I have not had a crisis in a
long time. I've been undetectable for nearly a decade. Living
with stigma is hard—but life didn’t end. I'm still here. [J

Juan Carlos Cambronero-Heinrichs is a postdoctoral researcher
at the University of Padua.
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