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EDITORIAL

Nailing the nuance on COVID-19

n messaging the public about COVID-19, brevity
and simplicity are crucial. But so too is scientifically
accurate and nuanced communication that tells
people what the latest numbers mean and how they
should influence behavior. Nearly 3 years into the
pandemic, public health communicators continue
to struggle to get this balance right.

It is not an easy task. New scientific information about
the virus emerges continually, social media gives voice to
unlimited interpretations of new information (some de-
signed to foment confusion), and partisanship can pro-
mote ideas designed to support political agendas rather
than describe scientific truth. In the face of these difficul-
ties, policy-makers must produce overarching recommen-
dations that are understandable to the
public. In doing so, such recommen-
dations occasionally trade accuracy
for simplicity. Although sometimes
necessary, the message can end up
more confusing than clarifying.

Take the current isolation guide-
lines from the US Centers for Disease
Control and Prevention (CDC), under
which COVID-19 patients with im-
proved symptoms can end isolation
5 days after the first day of symptoms
or a positive viral test, and wear a
mask for an additional five. Given that
the science clearly shows that most
patients continue to be infectious well
beyond day 5, a question emerges: Is
the CDC’s policy anti-science?

Not exactly. Not all patients have
access to rapid COVID-19 tests—a gap that makes a
testing-based standard problematic. Further, the CDC
recognizes that prolonged isolation places hardships
on individuals, schools, and businesses. Assuming that
patients who are on days 6 to 10 after isolation adhere
to the masking recommendation, the threat that they
pose to the community likely pales in comparison to
that presented by asymptomatic, maskless people who
don’t know they have COVID-19. Considering this con-
text, the CDC’s recommendation may make sense from
an overarching policy perspective. However, the guide-
line is often misinterpreted by the public as meaning
that people are incapable of spreading the virus after
day 5—which is wrong.

Another example is the change that CDC made earlier
this year in categorizing community-level COVID-19 risk,
moving to a greater emphasis on hospitalization rates
than on community case rates. Under this method, even

“The need to
clarifymessages
and their

meanings will

be an enduring
lesson of

the pandemic.”

communities with sky-high case rates are deemed to be
at a “medium” risk if hospital admissions and occupancy
rates are not excessive. The hospitalization rate is an im-
portant metric for health care leaders because as hospi-
tals fill, they may need to take actions to maintain safe
operations, such as to cancel elective surgeries. And local
policy-makers may see a high hospital COVID-19 census
as a trigger for mask mandates or other measures to pro-
tect the community.

But for an individual trying to decide whether to eat
indoors or wear a mask while shopping, hospitalization
rates are nearly meaningless. Instead, the salient ques-
tion is: What are the odds that a person standing near
me in an indoor space has COVID-19? For that, local case
rates (even though they are underes-
timates because of home testing that
goes unreported), test positivity rates,
and wastewater detection rates pro-
vide far more useful information. Yet
many regions are now deemed “me-
dium risk” by the CDC despite very
high case and test positivity rates—
numbers that indicate that transmis-
sion risk to individuals is quite high.

For CDC and other health officials,
more thought must be put into the
intent of providing the public with in-
formation about particular rates and
numbers. For example, rather than
implying that most people are not
contagious after day 5 of infection, it
would be preferable for officials to ex-
plain that for a patient with improv-
ing symptoms, the chance of spreading infection to others
is low (but not zero) after day 5, which is why further iso-
lation is not required. However, to be safe to others, indi-
viduals exiting isolation should wear a mask until day 10.

And rather than implying that low hospitalization rates
mean that individuals are not at high risk for COVID-19
transmission, it might be best to explain that although
COVID-19-related hospital occupancy is relatively low
(thus hospitals are not under stress), the case and test
positivity rates are high, and so the opportunity for trans-
mission is also high. Thus, mask wearing in crowded in-
door spaces is strongly recommended.

Whereas breathtaking advances in vaccine science
have saved millions of lives, the communication of com-
plex and nuanced information has lagged. The need to
clarify messages and their meanings will be an enduring
lesson of the pandemic.

—Robert M. Wachter
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k& L et’s hope that some fresh political faces
can move the situation forward. 99

Research policy scholar Graeme Reid, in Times Higher Education, on prospects that Prime Minister
Boris Johnson's resignation will help U.K. researchers access the European Union's flagship science funding program.

IN BRIEF
_ Edited by Shraddha Chakradhar and Jeffrey Brainard

PUBLIC HEALTH

Beijing flips on vaccine mandate

ity authorities in Beijing announced China’s first large-scale
COVID-19 vaccine mandate on 6 July, only to scrap the plan
a day later after social media posts questioned the measure’s
legality and the vaccines’ effectiveness. (China’s censors have
allowed citizens to vent complaints about the handling of
COVID-19 outbreaks as long as they don’t question the govern-
ment’s overall “zero COVID” strategy.) The mandate called for those
entering libraries, museums, movie theaters, gyms, and other public
facilities to show proof of COVID-19 vaccination, a policy enacted
by many countries during the pandemic. Instead, Beijing reverted
to requiring proof of a negative COVID-19 test taken in the previous
72 hours and a temperature check to visit facilities that attract
crowds. Roughly 90% of China’s population has gotten vaccinated
voluntarily, but only half of those older than 80 were vaccinated
as of March, the last time national details were released. Many un-
vaccinated seniors fear side effects of inoculation, making the na-
tional government reluctant to relax its zero COVID strategy, which

relies on contact tracing, mass testing, and lockdowns.

EU’s ‘sustainable’ power knocked

ENERGY PoLicYy | EU lawmakers last week
voted 328 to 278 to define natural gas and
nuclear power as “sustainable” energy
sources, drawing strong objections from
environmental groups. The designation,
proposed earlier this year by the European
Commission, is aimed at easing private
investment in energy sources that some see
as less polluting than coal and oil. But crit-
ics say the policy ignores scientific evidence,
will only complicate efforts to curb climate
change, and could end up diverting funding
from solar and wind projects to relatively
expensive nuclear plants. Opponents are
urging EU member nations to stop the
policy from going into effect next year and

say they will go to court if that strategy fails.

In 2020, natural gas provided about 24% of
the European Union’s total energy, whereas
nuclear provided 13%.
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Embattled spider biologist resigns

RESEARCH INTEGRITY | A behavioral eco-
logist under fire for more than 2 years for
data irregularities or possible fabrication in
dozens of publications resigned this week
from a prestigious, tenured position at
McMaster University. Jonathan Pruitt’s work
on social behavior in spiders had earned
international acclaim, and their willingness
to share data drew many eager collabora-
tors. In a statement, McMaster confirmed it
has reached a “confidential” settlement with
Pruitt, but said it is not ready to release the
findings of its probe into possible research
misconduct. Pruitt told Science they are not
yet able to speak publicly about any allega-
tions. Some scientists who co-authored
papers with Pruitt criticized McMaster for
acting too slowly on the misconduct con-
cerns, first made public in 2020, and urged
the university to unveil its findings now.

Marburg virus hits Ghana

INFECTIOUS DISEASES | Two people
infected with the Marburg virus have died

in Ghana, the first ever detected cases of the
deadly hemorrhagic fever in the country,
health authorities report. Tissue samples col-
lected from the people, in the Ashanti region
in the south, have been sent to the Pasteur
Institute in Senegal for confirmation, the
World Health Organization announced last
week. Marburg is closely related to the Ebola
virus, but outbreaks are rarer and typi-

cally smaller; the biggest one, in Angola in
2004-05, ended after 252 cases. There are no
approved vaccines or treatments. It is only
the second time a Marburg infection has
been detected in West Africa. A single case
was confirmed in Guinea in 2021, but no
further cases were found and the outbreak
was declared over after 5 weeks.

Dino’s puny arms resemble T. rex’s

PALEONTOLOGY | For dinosaurs, tiny

arms may have been the price of a giant,
carnivorous head, according to a study of

a new species. In Argentina’s Patagonian
Desert, paleontologists discovered a half-
complete, 11-meter-long skeleton that’s a
Tyrannosaurus rex doppelganger, with
stubby arms and a cartoonishly big cranium,
but is only distantly related to the tyranno-
saurids. The team named their “lucky strike”
discovery Meraxes gigas after a Targaryen
dragon from Game of Thrones. Because
researchers determined the head and arms

—
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This reconstruction of Meraxes gigas may look
familiar, but the newly discovered dinosaur was only
distantly related to Tyrannosaurus rex.

science.org SCIENCE
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went together, they could compare the fossil
with other known members of its family, the
carcharodontosaurids. They found that over
time, the dinosaurs’ heads became larger
and forearms shrank. Two other families

of giant dinosaurs—tyrannosaurids and
abelisaurids—independently exhibit similar
trends. The big crania supported big jaws
that helped the carnivores capture large prey,
researchers say, whereas the forelimbs likely
shrank to keep the bipedal creatures in bal-
ance or as a developmental compensation for
a larger skull, not for any adaptive advantage
of their own, the team reported in the 7 July
issue of Current Biology.

U.S. aims to tame quantum threat

CRYPTOGRAPHY | The U.S. National
Institute of Standards and Technology
(NIST) announced last week it will add to its
standards four encryption algorithms that
are supposed to be immune to hacking by

a quantum computer. One algorithm is for
general encryption and three are for digital
signatures. The standards are part of a 6-year
push to safeguard internet communications
from quantum computers, which manipulate
bits of information dubbed qubits that can
be set to 0 or 1 simultaneously. Scientists
expect a large quantum computer will be
able to crack the current “public key” encryp-
tion algorithms. NIST will consider four
other algorithms for general encryption for
inclusion in its standards, which the agency
expects to finalize in 2 years.

Teaching program hoosts voting

POLITICAL SCIENCE | A U.S. program that
trains recent college graduates to teach in
high-needs schools also makes them more
likely to vote, a study has found. Political
scientists Cecilia Mo of the University of
California, Berkeley, and John Holbein of the
University of Virginia examined the impact
of Teach for America (TFA) on political
engagement by applying a statistical tool

to create a group of trainees and a control
group of rejected applicants; the two groups’
demographic characteristics differ minimally.
The TFA alumni vote at rates up to nine
percentage points higher, the researchers
report in this week’s issue of the Proceedings
of the National Academy of Sciences, in the
first such study of a U.S. national service
program. Serving in TFA was 14 times more
effective in promoting voting by eligible
young people than get-out-the-vote cam-
paigns or other direct appeals. It’s not clear
why TFA improves the dismally low voting
record of those under age 30, but the authors
say possible reasons include prolonged expo-
sure to social inequalities.

SCIENCE science.org

freshwater fishes, from
commercial overharvest.

CONSERVATION

United Nations calls use of wild species unsustainable

ne in five people depends directly on wild animals, plants, and other organisms

for their food or livelihood, but many of them consume the resources un-

sustainably, according to the first global evaluation of these practices. Billions

of people are tapping 55,000 wild species, and some uses are intensifying

as the population grows, according to a report issued on 8 July by the United
Nations's Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services. The body spent 4 years gathering input from researchers, policymakers, and
Indigenous groups for its Assessment Report on the Sustainable Use of Wild Species.
Fixes include stepping up regulation of supply chains and curtailing illegal trade of
heavily consumed organisms such as fish or the use of timber for cooking; one in
three people globally relies on wood this way, the report found. It also emphasizes the
need for policies to be inclusive, equitable, and tailored to ensure Indigenous people
continue to survive and manage their resources.
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The James Webb Space Telescope’s new view of the Carina nebula, a stellar nursery full of gas and dust, improves on images from the Hubble Space Telescope.

ASTRONOMY

Webb telescope wows with first images

Pictures showcase start of science campaign for NASA’s largest space telescope

By Daniel Clery

t long last, eager astronomers—and

the public—get to view snapshots of

the universe provided by the James

Webb Space Telescope, the largest,

most complex, and most expensive

space telescope ever built. On 11 July,
in a sneak preview, the White House released
the first public picture, a deep image bristling
with thousands of distant galaxies. The next
day, NASA released four more that demon-
strate Webb’s ability to scrutinize gas clouds
and planetary systems closer to home.

The images—a product of Webb’s ma-
jestic, gold-plated mirror—are not only
sharper than those of the Hubble Space
Telescope, but are also essentially different,
capturing the longer, infrared wavelengths
that are important for many branches of
astronomy. For Webb’s engineers and de-
signers, who have endured years of delay
and a nerve-wracking 6 months of launch,
deployment, and commissioning, the relief
is palpable. “I'm feeling a mix of excitement
and emotion. [Webb] has really delivered,
and there will be a rush of new discover-
ies,” says Brant Robertson of the University
of California (UC), Santa Cruz, who helped
develop Webb’s near-infrared camera.

For most astronomers, the wait isn’t quite
over yet, as their scheduled observations
may not happen for weeks or months. Exo-
planet researcher Laura Kreidberg of the
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Max Planck Institute for Astronomy (MPIA)
is one of the lucky ones. As part of a large col-
laboration doing “early release science” with
Webb, she’ll get to see a first tranche of data
in 2 days. Nevertheless, “It’s a long wait from
Tuesday to Thursday,” she says. But come
Thursday afternoon when the data start to
pour in, “I’ll make a big pot of coffee, put out
some snacks, and we’ll sit and look at it.”
Conceived in the 1990s and built with Eu-
ropean and Canadian contributions, Webb at
times seemed like a cursed mission, buffeted
by cost overruns, schedule slips, and techni-
cal hitches. Beset by criticism, “It was hard
to keep the team at the edge of excellence,”
NASA science chief Thomas Zurbuchen

Webb's view of the Southern Ring nebula reveals
a glowing shell of gas blown off by a giant, dying star.

said at a recent briefing. But after a flawless
launch on 25 December 2021, those trials are
almost forgotten. “I don’t think any of us ex-
pected how well it went,” Zurbuchen says.

The accuracy of the launch, on a European
Ariane 5 rocket, meant Webb didn’t have to
use much fuel for course corrections and
now has more to keep itself in a gravitational
pocket on the opposite side of Earth from
the Sun, about 1.5 million kilometers away.
Planned as a 10-year mission, Webb is now
expected to last at least twice as long.

The launch of the $10 billion instrument
did not end the tension. To unfurl its giant
sunshield, swing six of the 18 segments in
the 6.5-meter-wide mirror into position, and
extend the secondary mirror on its booms,
engineers had to navigate some 300 steps,
any one of which could have doomed the mis-
sion. “Every day the risk level has gone down
and my ability to sleep has increased,” says
Charlie Atkinson, the project’s chief engineer
at Northrop Grumman, NASA’s prime con-
tractor for the mission.

Tiny motors adjusted the position, tilt, and
curvature of the mirror segments by fractions
of a hair’s breadth until they could together
focus on targets as a single mirror. Operators
then had to check out Webb’s four instru-
ments, a mix of cameras and spectrographs,
which split incoming light into its compo-
nent wavelengths. “We have an observatory
in excellent shape, that meets or exceeds
expectations,” Bill Ochs, Webb’s project man-

science.org SCIENCE
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ager at NASA’s Goddard Space Flight Center,
announced on 12 July.

Not everything went according to plan.
Some computer glitches required a few
hours’ pause. The mirror has been dinged by
a handful of micrometeorites—that was ex-
pected, but one was larger than models pre-
dicted and operators are working to mitigate
its impact. “There have been some issues,”
Ochs says. “But when you have a good team,
you can get through it.”

By 21 June, Webb was taking data for the
286 teams of scientists who had been allotted
time on the telescope in its first year, known
as cycle one. “We've got some amazing sci-
ence in the can,” Zurbuchen says. Research-
ers have reported seeing that some of their
scheduled observations have taken place, but
NASA sat on the data until this week,
when commissioning officially ends.
Now, Atkinson says, “We hand over the
keys. It’s ready. Go do science.”

The pictures and spectra released
today are the result of a yearlong se-
lection process that Zurbuchen calls
“bottom-up.” NASA wanted to show off
the telescope’s capabilities and offer a
taste of the different fields of astronomy
it will transform. So managers asked
the instrument and science teams for
a range of targets that would show
“the best of this thing,” Zurbuchen
says. Some 70 were suggested and
these were whittled down by a com-
mittee to the five released so far.

A picture of galaxy cluster SMAC
0723 showcases Webb’s ability to
peer into the most distant corners of
the universe and hence the furthest
back in time. It shows a field crowded
with thousands of galaxies, some
with shapes distorted by the intense
gravitational field of the cluster in the
foreground. A spectrum from a 13.1-billion-
year-old galaxy in the image shows it con-
tained oxygen, hydrogen, and neon—the most
distant galaxy for which the constituents are
known. Dominika Wylezalek of Heidelberg
University calls the image “mind-blowing.”
“The level of detail is really breathtaking.”

Hubble saw further back than ever
imagined, spying a galaxy that existed just
400 million years after the big bang—3% of
the universe’s current age. But Webb will see
many more galaxies that are even younger,
not just because of its larger mirror, but also
because of its sensitivity to infrared light.
Photons emitted by the earliest stars are
stretched in their journey by the expansion
of the universe, pushing them into infrared
wavelengths that Hubble cannot see. Previ-
ously, says MPIA’s Sarah Bosman, “We could
only see the very bright galaxies, and the big-
gest. With Webb, we’ll see the whole array.”

SCIENCE science.org

Galaxy surveys will shed light on the early
history of these agglomerations: when they
started to form stars and how quickly they
organized into the disklike spirals such as the
Milky Way. “Webb is capable of filling in the
gaps,” Robertson says. Webb will also help
figure out what ionized the neutral hydrogen
gas that filled the universe before the stars
turned on. By the time of the universe’s bil-
lionth birthday, that hydrogen was ionized.
Astronomers think this was mostly the work
of high-energy ultraviolet photons from the
first generation of stars, which were huge
and bright and made solely of this primordial
hydrogen. But Hubble hasn’t seen enough
early galaxies to account for the needed pho-
tons. “Webb is the only facility that can see”
this early era, Robertson says.

-

Webb's view of Stephan’s Quintet, four merging galaxies with a fifth
in the foreground, reveals glowing gas heated by the shock of merger.

Another one of the released pictures is of
the well-known Stephan’s Quintet, a cluster
of four interacting galaxies 290 million light-
years away that sits behind a fifth galaxy in
the foreground. Seen with Webb, it is pos-
sible to discern glowing gas and dust heated
by two of the merging galaxies and areas of
active star formation generated by that tur-
moil. “It is this sort of interaction that drives
the evolution of galaxies,” says Giovanna
Giardino of the European Space Agency.

Alice Shapley of UC Los Angeles will use
Webb’s near-infrared spectrograph (NIR-
Spec) to tease apart the light from galaxies
to find out how hot they are, how they’re
moving, and what they’re made of. She’s in-
terested in faint emission lines from inter-
stellar oxygen gas, which show up as spikes
in spectra. The oxygen is created in massive
stars and scattered when they die. “It tells
you how many stars are made,” she says,

and is a good marker for the flows of gas in
and out of a galaxy.

The information will help researchers un-
derstand why some galaxies are prolific cre-
ators of stars, whereas others are subdued
or even dead. Earth’s atmosphere clouds the
view of these oxygen lines for most ground-
based spectrographs. NIRSpec uses a mask
covered with tiny shutters to gather light
and generate spectra from dozens of galaxies
simultaneously, which should increase the
number of galaxies with known oxygen lines
by an order of magnitude. “Webb allows us
to go so much further,” Shapley says. “It’s go-
ing to be amazing.”

Misty Bentz of Georgia State University
will test a different NIRSpec capability: tak-
ing a spectroscopic “image” in which every
pixel has its own separate spectrum.
Her project involves staring for
9 hours at a single galaxy, the nearby
NGC 4151—dubbed the Eye of Sauron
because of the eerie glow of the super-
massive black hole at its heart, which
shines brightly as it heats up gas being
drawn into its maw. Bentz will look
for subtle changes to the spectrum of
the swirling gas that reveal the black
hole’s mass, showcasing NIRSpec’s
ability to take faint spectra of the gas
while blocking the bright area around
the black hole itself.

Webb will also study targets within
the Milky Way—objects like the Ca-
rina nebula, one of today’s released
pictures. Webb’s image of the vast
stellar nursery, 7600 light-years from
Earth, contains hundreds of newly
born stars that have never been seen
before, as well as swirling dust and
gas buffeted by stellar wind. Hubble
also imaged this local landmark, but
Webb’s image has “so much more
detail,” says NASA Deputy Project Scientist
Amber Straughn.

Within such stellar nurseries, dense
clumps of gas gradually collapse to form
stars. Melissa McClure of the Leiden Obser-
vatory will use Webb to peer into such clouds
to see whether they are factories for complex
molecules that could give life a head start
even before star and planet formation be-
gins. Hundreds of different molecules have
been detected as gases, but gases don’t re-
act efficiently unless frozen onto solid inter-
stellar grains of dust. The grains are like
singles bars, McClure jokes, where atoms
and simple molecules go to join up. So
far, only methanol ice has been detected
in space, but McClure expects Webb will
routinely find ices of molecules such as
methane and ammonia. The real prize
would be finding complex carbon-based
molecules with more than six atoms, such
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as ethanol or acetaldehyde. “A conclu-
sive detection would be really awesome,”
McClure says.

Among NASAs offerings this week, the
most tantalizing taste of what’s to come is
the spectrum of an exoplanet. It’s from a gi-
ant planet known as WASP-96b orbiting close
to a star 1150 light-years from Earth. During
regular passes in front of its home star, some
starlight is absorbed by gases in WASP-96b’s
atmosphere, leaving telltale dips in the star’s
spectrum. Models suggest carbon monox-
ide, carbon dioxide, and methane may be
present, but Hubble and ground-based tele-
scopes couldn’t see them. The first spectrum
of WASP-96b shows clear signs of water va-
por and features that indicate the presence
of clouds and vapor haze. Astronomers will
have to wait for future transits to see what
else is there. “I'm really excited to see if the
predictions bear out,” Kreidberg says.

Using the Hubble and Spitzer space tele-
scopes, researchers have spied water and
sodium in exoplanet atmospheres. “It’s been
like reading a poem and only seeing every
third word,” Kreidberg says. Webb is expected
to find a wealth of molecules, some of which
can hint at a planet’s potential habitability:
carbon monoxide and dioxide, methane,
ammonia, phosphine, and more. They will
be able to probe the atmospheres of every
kind of planet from hot Jupiters, through
mini-Neptunes, to rocky planets like Earth.
Hundreds of exoplanet researchers are pre-
paring feverishly for the expected data deluge
from other transiting exoplanets, organizing
hackathons and data challenges, and devis-
ing data processing pipelines. “We’'ve done
a huge amount of work to make sure were
ready,” Kreidberg says. “There’s no calm be-
fore the storm.”

A fraction of Webb’s time will go to objects
in the Solar System, but for targets so close
and so large—from Webb’s point of view—
saturating the instruments is a real problem,
says Imke de Pater of UC Berkeley. She will
study Jupiter’s thin ring, which may still be
rippling in the wake of the 1994 impact of
Comet Shoemaker-Levy 9. Imaging the faint
ring next to the much brighter planet will be
a challenge, but she hopes to discover more
ripples, which could signal more recent, un-
seen comet impacts. De Pater’s fondest wish
would be detecting new moonlets of just a
few hundred meters diameter or less. “That
would be a dream,” she says.

For many more, the dream has already
come true—an effort that took 30 years
and some 20,000 people around the world
to bear fruit. “Beyond the science, [Webb]
is rekindling a sense of beauty and won-
der about the universe that inspired me to
become an astronomer,” Robertson says. “I
couldn’t be happier.”
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U.S. RESEARCH FUNDING

Bill would bar NIH and CDC from
funding lab research in China

House of Representatives measure catalyzed in part
by suspicions that Wuhan lab leak led to pandemic

By Jocleyn Kaiser

proposal moving through Congress to

bar the National Institutes of Health

(NIH) and the Centers for Disease

Control and Prevention (CDC) from

funding research laboratories in

China is sparking concern among
scientists. If signed into law, the measure
could cut off millions of dollars of U.S. funds
flowing to collaborative research projects in
several areas, including HIV/AIDS, cancer,
mental health, and flu surveillance.

The proposed ban, part of a 2023 spend-
ing bill approved by the U.S. House of Repre-
sentatives Committee on Appropriations on
30 June, grew out of suspicions
among some lawmakers, so
far unsupported by evidence,
that the Wuhan Institute of
Virology (WIV) in China re-
leased the coronavirus that
started the current pandemic,
as well as objections to other
potentially risky biomedical
experiments involving animals. Specifically,
the measure would bar the Department
of Health and Human Services (the parent
agency of NIH and CDC) from funding WIV
or “any other laboratory” in China, Russia,
or any country the U.S. government has des-
ignated a foreign adversary, a list that cur-
rently includes Iran and North Korea.

The measure’s sponsor, Representative
Chris Stewart (R-UT), says the ban is aimed
at ensuring the United States does not fund
“dangerous research” in “uncontrolled envi-
ronments” overseas. Backing the measure
is the White Coat Waste Project, an animal
rights group that 2 years ago publicized
NIH’s funding of WIV.

Some scientific organizations are con-
cerned by the proposal’s expansive scope. “It
seems a bit extreme,” says Eva Maciejewski,
spokesperson for the Foundation for Biomed-
ical Research, which advocates for animal re-
search. “In theory it’s good to have oversight
over biosafety and animal welfare, but in
practice there may be better ways than block-
ing all NIH funding to foreign countries.”

An NIH spokesperson said the agency
does not comment on pending legislation.

$5.6

million
Value of NIH grants
to China this year

But Gerald Keusch of Boston University, a
former director of the NIH Fogarty Inter-na-
tional Center, believes “most of the seniorlead-
ership [of NIH’s 27 institutes] will be deeply
concerned to have Congress interfering in
the review and awarding of grants.” (It is un-
usual for lawmakers to adopt such country-
wide bans on research funding.)

The ban’s potential impact isn’t clear.
WIV is largely funded by the Chinese gov-
ernment, and researchers there have re-
ceived no U.S. funding since NIH, citing
compliance issues, suspended a small sub-
contract for studying bat coronaviruses in
July 2021. But NIH supports other research
in China, with grants totaling $8.9 mil-
lion in 2021 and $5.6 million
this year, according to fed-
eral databases.

Projects that do not involve
laboratory work—such as a
long-running NIH-funded
survey on health and retire-
ment in China—could be
spared. But many others
would likely be vulnerable, including three
projects headed by Chinese investigators
studying influenza and the mosquito-borne
diseases dengue and malaria, and dozens
of subawards to Chinese groups participat-
ing in clinical trials of drugs, studies of the
health effects of heavy metals, and neuro-
science research. The U.S. leader of one
clinical trial in Shanghai—who asked for
anonymity—said his Chinese partner is a
former trainee and “close collaborator,” and
it would not be possible to recruit enough
patients at a single site in the United States.

The ban would likely have a smaller im-
pact on research in Russia. NIH and CDC
appear to have just two active grants there,
and they may already be subject to a recent
White House guidance winding down U.S.
research funding to Russia because of its war
against Ukraine. There are no NIH or CDC
grants to researchers in Iran or North Korea.

To become law, the ban would need to
survive negotiation of a final bill with the
Senate. Some research groups hope law-
makers will remove the provision before
any bill goes to President Joe Biden for final
approval, likely late this year.
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as ethanol or acetaldehyde. “A conclu-
sive detection would be really awesome,”
McClure says.

Among NASAs offerings this week, the
most tantalizing taste of what’s to come is
the spectrum of an exoplanet. It’s from a gi-
ant planet known as WASP-96b orbiting close
to a star 1150 light-years from Earth. During
regular passes in front of its home star, some
starlight is absorbed by gases in WASP-96b’s
atmosphere, leaving telltale dips in the star’s
spectrum. Models suggest carbon monox-
ide, carbon dioxide, and methane may be
present, but Hubble and ground-based tele-
scopes couldn’t see them. The first spectrum
of WASP-96b shows clear signs of water va-
por and features that indicate the presence
of clouds and vapor haze. Astronomers will
have to wait for future transits to see what
else is there. “I'm really excited to see if the
predictions bear out,” Kreidberg says.

Using the Hubble and Spitzer space tele-
scopes, researchers have spied water and
sodium in exoplanet atmospheres. “It’s been
like reading a poem and only seeing every
third word,” Kreidberg says. Webb is expected
to find a wealth of molecules, some of which
can hint at a planet’s potential habitability:
carbon monoxide and dioxide, methane,
ammonia, phosphine, and more. They will
be able to probe the atmospheres of every
kind of planet from hot Jupiters, through
mini-Neptunes, to rocky planets like Earth.
Hundreds of exoplanet researchers are pre-
paring feverishly for the expected data deluge
from other transiting exoplanets, organizing
hackathons and data challenges, and devis-
ing data processing pipelines. “We’'ve done
a huge amount of work to make sure were
ready,” Kreidberg says. “There’s no calm be-
fore the storm.”

A fraction of Webb’s time will go to objects
in the Solar System, but for targets so close
and so large—from Webb’s point of view—
saturating the instruments is a real problem,
says Imke de Pater of UC Berkeley. She will
study Jupiter’s thin ring, which may still be
rippling in the wake of the 1994 impact of
Comet Shoemaker-Levy 9. Imaging the faint
ring next to the much brighter planet will be
a challenge, but she hopes to discover more
ripples, which could signal more recent, un-
seen comet impacts. De Pater’s fondest wish
would be detecting new moonlets of just a
few hundred meters diameter or less. “That
would be a dream,” she says.

For many more, the dream has already
come true—an effort that took 30 years
and some 20,000 people around the world
to bear fruit. “Beyond the science, [Webb]
is rekindling a sense of beauty and won-
der about the universe that inspired me to
become an astronomer,” Robertson says. “I
couldn’t be happier.”
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U.S. RESEARCH FUNDING

Bill would bar NIH and CDC from
funding lab research in China

House of Representatives measure catalyzed in part
by suspicions that Wuhan lab leak led to pandemic

By Jocleyn Kaiser

proposal moving through Congress to

bar the National Institutes of Health

(NIH) and the Centers for Disease

Control and Prevention (CDC) from

funding research laboratories in

China is sparking concern among
scientists. If signed into law, the measure
could cut off millions of dollars of U.S. funds
flowing to collaborative research projects in
several areas, including HIV/AIDS, cancer,
mental health, and flu surveillance.

The proposed ban, part of a 2023 spend-
ing bill approved by the U.S. House of Repre-
sentatives Committee on Appropriations on
30 June, grew out of suspicions
among some lawmakers, so
far unsupported by evidence,
that the Wuhan Institute of
Virology (WIV) in China re-
leased the coronavirus that
started the current pandemic,
as well as objections to other
potentially risky biomedical
experiments involving animals. Specifically,
the measure would bar the Department
of Health and Human Services (the parent
agency of NIH and CDC) from funding WIV
or “any other laboratory” in China, Russia,
or any country the U.S. government has des-
ignated a foreign adversary, a list that cur-
rently includes Iran and North Korea.

The measure’s sponsor, Representative
Chris Stewart (R-UT), says the ban is aimed
at ensuring the United States does not fund
“dangerous research” in “uncontrolled envi-
ronments” overseas. Backing the measure
is the White Coat Waste Project, an animal
rights group that 2 years ago publicized
NIH’s funding of WIV.

Some scientific organizations are con-
cerned by the proposal’s expansive scope. “It
seems a bit extreme,” says Eva Maciejewski,
spokesperson for the Foundation for Biomed-
ical Research, which advocates for animal re-
search. “In theory it’s good to have oversight
over biosafety and animal welfare, but in
practice there may be better ways than block-
ing all NIH funding to foreign countries.”

An NIH spokesperson said the agency
does not comment on pending legislation.

$5.6

million
Value of NIH grants
to China this year

But Gerald Keusch of Boston University, a
former director of the NIH Fogarty Inter-na-
tional Center, believes “most of the seniorlead-
ership [of NIH’s 27 institutes] will be deeply
concerned to have Congress interfering in
the review and awarding of grants.” (It is un-
usual for lawmakers to adopt such country-
wide bans on research funding.)

The ban’s potential impact isn’t clear.
WIV is largely funded by the Chinese gov-
ernment, and researchers there have re-
ceived no U.S. funding since NIH, citing
compliance issues, suspended a small sub-
contract for studying bat coronaviruses in
July 2021. But NIH supports other research
in China, with grants totaling $8.9 mil-
lion in 2021 and $5.6 million
this year, according to fed-
eral databases.

Projects that do not involve
laboratory work—such as a
long-running NIH-funded
survey on health and retire-
ment in China—could be
spared. But many others
would likely be vulnerable, including three
projects headed by Chinese investigators
studying influenza and the mosquito-borne
diseases dengue and malaria, and dozens
of subawards to Chinese groups participat-
ing in clinical trials of drugs, studies of the
health effects of heavy metals, and neuro-
science research. The U.S. leader of one
clinical trial in Shanghai—who asked for
anonymity—said his Chinese partner is a
former trainee and “close collaborator,” and
it would not be possible to recruit enough
patients at a single site in the United States.

The ban would likely have a smaller im-
pact on research in Russia. NIH and CDC
appear to have just two active grants there,
and they may already be subject to a recent
White House guidance winding down U.S.
research funding to Russia because of its war
against Ukraine. There are no NIH or CDC
grants to researchers in Iran or North Korea.

To become law, the ban would need to
survive negotiation of a final bill with the
Senate. Some research groups hope law-
makers will remove the provision before
any bill goes to President Joe Biden for final
approval, likely late this year.
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PHYSICS

Hunt for a long-sought dark
matter particle nears a climax

Three huge detectors are racing to detect WIMPs,
long the favored candidate for universe’s missing matter

By Adrian Cho

o0 one was surprised last week when
researchers with a massive new dark
matter detector called LUX-ZEPLIN
(LZ) reported finding nothing. After
all, LZ started hunting its quarry, hy-
pothetical weakly interacting massive
particles (WIMPs), a few months ago and has
collected just a few percent of its expected
data. Still, the announcement piqued the
interest of physicists. LZ, a U.S. detector, is
turning on at the same time as similar detec-
tors in Italy and China. They likely mark the
final or nearly final phase in the decadeslong
quest to spot these particles, a potential solu-
tion to one of physics’ greatest mysteries.
The three-way competition to spot WIMPs
will push all the groups to work harder, says
Dan Hooper, a theorist at Fermi National Ac-
celerator Laboratory, who was not involved
in the work. “The physicist-capitalist in me
thinks this is a good thing,” Hooper says.
Dark matter is thought to account for
85% of all matter. Astronomical observations
show, for example, that the stars in a typical
galaxy swirl so fast that their collective grav-
ity isn’t strong enough to keep them from fly-
ing into space. So physicists assume the extra
gravity needed to rein in the stars comes from
invisible dark matter—presumably consisting
of some new fundamental particle.
Since the 1980s, many physicists have fa-
vored WIMPs, which would interact with
ordinary matter just through gravity and
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the weak nuclear force. WIMPs would have
emerged naturally after the big bang, and
enough of them should linger to account
for dark matter, provided they are about
100 times as massive as a proton. They would
drift unobtrusively through the Galaxy and
even our own bodies, but occasionally one
ought to crash into an atomic nucleus. So,
physicists stalk WIMPs by looking for recoil-
ing nuclei in detectors deep underground,
where they’re shielded from radiation that
can produce extraneous signal.

For 20 years, scientists have developed
ever-bigger detectors consisting of tanks of
liquid xenon lined on top and bottom with
light-detecting phototubes, which detect the
flash of light produced by a recoiling nu-
cleus. Simultaneously, an electric field tugs
electrons liberated by the speeding nucleus
out of the liquid, producing a second flash.
Comparing the sizes and times of the flashes,
researchers can distinguish recoiling nuclei
from, say, recoiling electrons, which can be
generated by gamma rays hitting the detector.

Filled with 7 tons of liquid xenon and
hunkering 1480 meters down in the San-
ford Underground Research Facility in
Lead, South Dakota, LZ is the biggest lig-
uid xenon detector yet. In its first 65 days
of data taking, it detected 335 recoil events,
Hugh Lippincott, a physicist at the Univer-
sity of California (UC), Santa Barbara, and
spokesperson for the 287-member LZ team,
reported on 7 July in an online seminar. But
roughly that many background events are

Aresearcher helps assemble the inner
chamber of the LUX-ZEPLIN detector, which
now holds 7 tons of frigid liquid xenon.

expected from inevitable traces of radio-
active radon in the liquid and other sources,
Lippincott reported, so there’s no evidence
of recoils coming from WIMPs.

That null result puts the strongest limits
yet on how strongly WIMPs with masses be-
tween about 10 and 10,000 times that of a
proton could interact with ordinary matter.
LZ’s new limits edge past those published in
2021 by a team using PandaX-4T, a 3.7-ton
liquid xenon detector in the China Jinping
Underground Laboratory. A third detector,
XENONNT, has a 5.9-ton central chamber
and has been taking data in Italy’s subterra-
nean Gran Sasso National Laboratory. Initial
results are due later this year, says Rafael
Lang, a physicist and XENON team member
at Purdue University.

Some of the enthusiasm for WIMPs as
dark matter candidates has waned in recent
years, not only because searches have come
up empty so far, but also because the world’s
biggest atom smasher, Europe’s Large Had-
ron Collider, has yet to blast out anything
that looks like a WIMP. However, physicists
are only now starting to probe the heart of
the possible ranges of mass and interaction
strength for WIMPs, Lang says. “Half of the
[possibilities] that you were excited about a
decade or two ago are still alive and well.”

Largely by chance, all three new detectors
have come to life at roughly same time. “Five
years ago, you couldn’t have predicted them
to all come on within months of each other,”
Lippincott says. Having three different exper-
iments running simultaneously provides an
advantage should any of them see a signal,
says Katherine Freese, a theoretical astro-
physicist at the University of Michigan, Ann
Arbor. “You always need to reproduce the re-
sults with a different experiment.”

The current detectors should run for 3 to
5 years. In case they come up empty, WIMP
hunters are already sketching out the ulti-
mate liquid xenon detector, an 80-ton giant.
In June, the LZ and XENON teams met to
begin planning such a device. “We aim to
combine the best aspects of the two [cur-
rent detectors],” says XENON member Laura
Baudis, a physicist at the University of Ziirich.

A detector that large would probably mark
the end of the line. It would be sensitive
enough to begin to detect a “fog” of particles
called neutrinos from the Sun and the atmo-
sphere, which it could not distinguish from
WIMPs, notes Jonathan Feng, a theorist at
UC Irvine. An even bigger liquid xenon detec-
tor would make little sense. Still, Feng says,
“There’s no good reason to stop before you
get to the neutrino fog”
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Ominous feedback loop may be
accelerating methane emissions

Tropical wetlands, getting wetter with global warming,
emerge as hot spots for heat-trapping gas

By Paul Voosen

f carbon dioxide is an oven steadily

roasting our planet, methane is a blast

from the broiler: a more potent but

shorter lived greenhouse gas that’s re-

sponsible for roughly one-third of the

1.2°C of warming since preindustrial
times. Atmospheric methane levels have
risen nearly 7% since 2006, and the past
2 years saw the biggest jumps yet, even
though the pandemic slowed oil and gas
production, presumably reducing meth-
ane leaks. Now, researchers are homing in
on the source of the mysterious surge. Two
new preprints trace it to microbes in tropi-
cal wetlands. Ominously, climate change
itself might be fueling the trend by driving
increased rain over the regions.

If so, the wetlands emissions could end
up being a runaway process beyond hu-
man control, although the magnitude of the
feedback loop is uncertain. “We will have
handed over a bit more control of Earth’s cli-
mate to microorganisms,” says Paul Palmer,
an atmospheric chemist at the University
of Edinburgh and co-author of one of the
studies, posted late last month for review at
Atmospheric Chemistry and Physics.

Most climate scientists already agreed
that the post-2006 methane spike has largely
not come from fossil fuel production. That’s
because atmospheric methane has become
ever more enriched in carbon-12, the lighter
isotope of carbon, reversing what had been
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a multicentury trend, says Xin Lan, a car-
bon cycle scientist at the Earth System Re-
search Laboratories (ESRL) of the National
Oceanic and Atmospheric Administration.
“This is a very significant signal,” she says.
It points to microbes as the source because
they favor reactions that use light carbon,
giving the methane they produce a distinc-
tive light signature.

Methane on the move

After a brief plateau in the early 2000s, atmospheric
methane levels have grown rapidly, causing about
one-third of modern global warming. Tropical wetlands
may be fueling an acceleration seen after 2019.
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The Sudd, a swamp in South Sudan that is Africa’s
largest, has grown as a methane hot spot.

Yet the isotopic signal cannot distinguish
between microbes in a swamp, a landfill, or
a cow’s gut. “A cow is a walking wetland,”
says Euan Nisbet, an atmospheric chem-
ist at Royal Holloway, University of Lon-
don. Most researchers think a mix of cattle
ranching and landfills in the tropics are
the main driver of the post-2006 increase,
because they have expanded dramatically
alongside populations in the region.

But the sharp acceleration in the past
couple of years seemed to require some
other source. Studies are now implicating
the Sudd in South Sudan, the continent’s
largest swamp and a region researchers
have been unable to study on the ground
because of the long-term conflict in the
region. Using Japan’s Greenhouse Gases
Observing Satellite, which measures the
amount of light absorbed by methane at
infrared wavelengths, Palmer and his col-
leagues were able to show the Sudd had
grown as a methane hot spot since 2019,
adding some 13 million extra tons per
year to the air—more than 2% of annual
global emissions. A second study, posted
in late June by Harvard University re-
searchers and submitted to Environmen-
tal Research Letters, finds nearly the same
story, especially the surge in East Africa.
When combined with smaller increases
from the Amazon and the northern for-
ests, it largely explains the observed rise in
the atmosphere.

Climate change may be setting the pace
of the emissions. In work published ear-
lier this year in Nature Communications,
Palmer and colleagues showed how East
African methane emissions from 2010 to
2019, measured by satellite, synced up with
a temperature pattern in the Indian Ocean
that periodically warms the waters off the
Horn of Africa, causing increased rainfall
on land. Climate projections call for this
positive phase of the Indian Ocean dipole,
as it’s known, to grow in strength and du-
ration with continued global warming. If
it does, Palmer says, warming will beget
more methane emissions from the Sudd,
which in turn could fuel more warming
and rains—a positive feedback loop.

Ed Dlugokencky, an atmospheric chem-
ist at ESRL, agrees East African wetlands
may well play a big role in the methane
emissions of the past 2 years. “But the
question of whether it’s a climate feedback
yet is very difficult to answer,” simply be-
cause of limited records and large yearly
variations in rainfall and wetland emis-
sions. Nisbet notes, though, that the same
dynamic may be playing out across other
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tropical wetlands. “A warming world is a
wetter world in the moist tropics,” Nisbet
says. “We have good reason to expect, if we
have a moisture and temperature increase,
then biological productivity follows.” Re-
search flights over wetlands in Zambia
found methane levels 10 times higher
than models suggested, Nisbet and his col-
leagues reported in May.

The researchers who identified the East
Africa link also worked to rule out another
possible driver of the 2-year surge: a slow-
down in the destruction of atmospheric
methane. Unlike carbon dioxide, which
lingers for centuries, methane only lasts a
dozen years or so before it is washed out
of the air, primarily by an atmospheric
cleanser called the hydroxyl radical (OH).
Nitrogen oxides, common pollutants from
fossil fuel burning, help form OH—and
nitrogen oxides declined as traffic and in-
dustry subsided during the early part of
the pandemic, which should have reduced
OH and allowed more methane to survive.
“But we find that’s not the case at all,” says
Daniel Jacob, an atmospheric chemist
at Harvard and co-author on the second
study. Matching the pandemic’s estimated
OH reduction in their models led to a neg-
ligible change in methane levels.

In 2021, more than 100 countries signed
the Global Methane Pledge, which would
cut emissions 30% from 2020 levels, pri-
marily by plugging leaks from oil and gas
infrastructure. Some scientists have even
discussed removing methane from the air.
But those efforts might not offset rising
wetland emissions, says Benjamin Poulter, a
biogeochemical modeler at NASA’s Goddard
Space Flight Center. “I can see a scenario
where we mitigate methane—but we still
see increases in atmospheric methane.”

Some might seize on methane emissions
as a reason for draining or developing
wetlands, which are already under threat
worldwide, says Eoghan Darbyshire, a re-
searcher at the Conflict and Environment
Observatory, a U.K. charity. Last year, fol-
lowing earlier work from Palmer that first
highlighted the Sudd as a methane source,
South Sudan proposed achieving its cli-
mate goals by finishing the Jonglei Canal,
abandoned in the 1980s, which would di-
vert water from the Sudd to Egypt. But
draining the Sudd might just replace its
methane emissions with carbon dioxide
generated as newly exposed peat decom-
poses, while doing immeasurable damage
to its ecosystem, Darbyshire says. “On the
surface these seem like reasonable argu-
ments,” he says. “But if you start to think
about them a little bit, they start to un-
ravel and you’re left with an overwhelming
sense of uncertainty.”
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France introduces research

integrity oath

Mandatory pledge will be part of Ph.D. defense

By Tania Rabesandratana

hether theyre studying bioinfor-
matics, history, or astrophysics,
Ph.D. recipients in France will
soon have to take an integrity
oath on the day they success-
fully defend their thesis, in what
seems to be the first national initiative of
its kind. Few scientists, in France or else-
where, believe the oath alone is likely to
prevent misconduct. Nonetheless, some
see it as a symbolic step in the right direc-
tion that might inspire change elsewhere.

“We had a long way to go” compared
with some other countries, says Stéphanie
Ruphy, director of the French Office for
Research Integrity (OFIS),
which helped draft the oath.
France’s efforts to actively
promote honest, trustwor-
thy research have sped up in
recent years: introducing a
national charter in 2015 lay-
ing out researchers’ respon-
sibilities, setting up OFIS in
2017, and writing procedures
related to research integrity
into law in 2020. Recently
enacted rules, for instance,
enable universities to ask for OFIS’s help
naming an external panel to examine al-
leged misconduct cases.

The new oath is expected to become
mandatory for researchers in all fields
beginning their Ph.D.s or renewing their
Ph.D. enrollment, starting in the fall. A
draft of the oath, which had not been final-
ized or released as Science went to press,
reads in part: “I pledge, to the greatest of
my ability, to continue to maintain integ-
rity in my relationship to knowledge, to my
methods and to my results.”

It will be mentioned in the charter signed
by every Ph.D. candidate—as well as by
their supervisor and institution—at the
start of their doctorate, and will be taken
when the Ph.D. is conferred. It won’t mark
entry in a specific professional body, as the
Hippocratic oath does for medical doctors,
nor will it be legally binding. But research-
ers could invoke it to bolster their opposi-
tion to dubious behavior, Ruphy says. It will

“It’s a symholic
measure to affirm
common values
and what makes
agood researcher.”

Sylvie Pommiier,
France Ph.D.

also add solemnity to graduation events that,
in France, often take place in nondescript
rooms, without gowns or fanfare.

“It’s a symbolic measure to affirm common
values and what makes a good researcher,”
says Sylvie Pommier, president of France
Ph.D., a national network of doctoral schools.
Yet Pommier, who took part in the consulta-
tion about implementing the oath, and oth-
ers think it should come earlier in the Ph.D.
training process to instill integrity principles
from the beginning of a research career.

Hugh Desmond, a philosopher of science
and ethics at the University of Antwerp
in Belgium, sees the oath as a good way to
“strengthen a sense of professionalism among
researchers, help coordinate norms, and
make them public” It could
“empower researchers that
are lower in the hierarchy, and
liberate more senior research-
ers,” who may feel trapped by
vicious career incentives and
demands for quantity over
quality, he adds.

Boudewijn de Bruin, an eth-
ics professor at the University
of Groningen in the Nether-
lands who studies oaths in pro-
fessions such as accounting,
is less optimistic. “I'm not against oaths in
general,” but their content should be detailed
and specific enough to provide actual sup-
port for ethical decisions, he says. The French
text, however, is brief and generic; this kind
of oath will achieve “nothing,” he says.

Josefin Sundin, an ecologist at the Swed-
ish University of Agricultural Sciences who
reported a case of misconduct in micro-
plastics research (Science, 24 March 2017,
p. 1254), says she supports the oath but is
also skeptical. “The only way to improve
research integrity is to promote and re-
ward research rigor, transparency, and
reproducibility over impact factor and
number of publications,” she says.

The oath alone won't fix these deeper
problems, agrees Sundin’s collaborator
Dominique Roche, an ecologist and meta-
scientist at the University of Neuchatel in
Switzerland. But it is a “positive develop-
ment,” he continues. “I hope other coun-
tries will follow France’s lead.”
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tropical wetlands. “A warming world is a
wetter world in the moist tropics,” Nisbet
says. “We have good reason to expect, if we
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search flights over wetlands in Zambia
found methane levels 10 times higher
than models suggested, Nisbet and his col-
leagues reported in May.

The researchers who identified the East
Africa link also worked to rule out another
possible driver of the 2-year surge: a slow-
down in the destruction of atmospheric
methane. Unlike carbon dioxide, which
lingers for centuries, methane only lasts a
dozen years or so before it is washed out
of the air, primarily by an atmospheric
cleanser called the hydroxyl radical (OH).
Nitrogen oxides, common pollutants from
fossil fuel burning, help form OH—and
nitrogen oxides declined as traffic and in-
dustry subsided during the early part of
the pandemic, which should have reduced
OH and allowed more methane to survive.
“But we find that’s not the case at all,” says
Daniel Jacob, an atmospheric chemist
at Harvard and co-author on the second
study. Matching the pandemic’s estimated
OH reduction in their models led to a neg-
ligible change in methane levels.

In 2021, more than 100 countries signed
the Global Methane Pledge, which would
cut emissions 30% from 2020 levels, pri-
marily by plugging leaks from oil and gas
infrastructure. Some scientists have even
discussed removing methane from the air.
But those efforts might not offset rising
wetland emissions, says Benjamin Poulter, a
biogeochemical modeler at NASA’s Goddard
Space Flight Center. “I can see a scenario
where we mitigate methane—but we still
see increases in atmospheric methane.”

Some might seize on methane emissions
as a reason for draining or developing
wetlands, which are already under threat
worldwide, says Eoghan Darbyshire, a re-
searcher at the Conflict and Environment
Observatory, a U.K. charity. Last year, fol-
lowing earlier work from Palmer that first
highlighted the Sudd as a methane source,
South Sudan proposed achieving its cli-
mate goals by finishing the Jonglei Canal,
abandoned in the 1980s, which would di-
vert water from the Sudd to Egypt. But
draining the Sudd might just replace its
methane emissions with carbon dioxide
generated as newly exposed peat decom-
poses, while doing immeasurable damage
to its ecosystem, Darbyshire says. “On the
surface these seem like reasonable argu-
ments,” he says. “But if you start to think
about them a little bit, they start to un-
ravel and you’re left with an overwhelming
sense of uncertainty.”
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Yet Pommier, who took part in the consulta-
tion about implementing the oath, and oth-
ers think it should come earlier in the Ph.D.
training process to instill integrity principles
from the beginning of a research career.

Hugh Desmond, a philosopher of science
and ethics at the University of Antwerp
in Belgium, sees the oath as a good way to
“strengthen a sense of professionalism among
researchers, help coordinate norms, and
make them public” It could
“empower researchers that
are lower in the hierarchy, and
liberate more senior research-
ers,” who may feel trapped by
vicious career incentives and
demands for quantity over
quality, he adds.

Boudewijn de Bruin, an eth-
ics professor at the University
of Groningen in the Nether-
lands who studies oaths in pro-
fessions such as accounting,
is less optimistic. “I'm not against oaths in
general,” but their content should be detailed
and specific enough to provide actual sup-
port for ethical decisions, he says. The French
text, however, is brief and generic; this kind
of oath will achieve “nothing,” he says.

Josefin Sundin, an ecologist at the Swed-
ish University of Agricultural Sciences who
reported a case of misconduct in micro-
plastics research (Science, 24 March 2017,
p. 1254), says she supports the oath but is
also skeptical. “The only way to improve
research integrity is to promote and re-
ward research rigor, transparency, and
reproducibility over impact factor and
number of publications,” she says.

The oath alone won't fix these deeper
problems, agrees Sundin’s collaborator
Dominique Roche, an ecologist and meta-
scientist at the University of Neuchatel in
Switzerland. But it is a “positive develop-
ment,” he continues. “I hope other coun-
tries will follow France’s lead.”
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CATCHING FIRE

Past efforts to coax geothermal energy from hot, dry rock
faltered. But new techniques

_deep undergroun

ACK the problem

By Warren Cornwall, in Milford, Utah; Photography by Eric Larson/Flash Point SLC

he day started inauspiciously for
John McLennan, as he tried to
break the curse haunting a 45-year
quest to coax abundant energy
from deep within Earth.

First came news of an overnight
accident that left one researcher
recuperating in a hotel with a
sore back. Then reports trickled in
that seismic sensors dangling inside holes
bored deep into the Escalante Desert here
were malfunctioning. Repairs were de-
layed by gale-force winds that whipped the
sagebrush-covered hills and buffeted a drill-
ing rig that rose 50 meters from the desert
like a misplaced lighthouse. Workers were
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already a day behind schedule, and each
day burned an additional $350,000.

Finally, shortly before sunset, McLennan,
a geomechanics engineer at the University
of Utah, was ready to take a critical step in
advancing a $218 million project, 4 years in
the making, known as FORGE (Frontier Ob-
servatory for Research in Geothermal En-
ergy). If successful, FORGE will help show
how to transform dry, intensely hot rock
found belowground all over the world into a
major renewable source of electricity—and
achieve a technical triumph where many
others, over many years, have failed.

Gusts no longer rocked the trailer where
McLennan, eyes baggy with fatigue and

wearing the same brown sweater as the day
before, faced five computer screens. The
trailer’s door opened and a co-worker—a
giant of a man wearing a white hard hat—
looked in. “You ready for me to go?”

“Yeah,” McLennan replied. “We'’re ready.”

With that, powerful pumps nearby
sprang to life and began pushing thousands
of liters of water down a hole drilled 3 Kilo-
meters into the hard granite below.

THE CONCEPT of using Earth’s internal heat
to generate electricity is attractively simple.
Temperatures in the planet’s core approach
those found at the surface of the Sun, and
the heat leaks outward. In places this geo-
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In Utah, researchers
are testing new ways to
use hot, dry basement
rock to produce energy.

thermal energy emerges at Earth’s surface
as molten lava, steaming vents, and hot
springs. More often, however, it remains
trapped in deep sediments and rock.

There’s plenty of it. By one recent esti-
mate, more than 5000 gigawatts of elec-
tricity could be extracted from heat in rock
beneath the United States alone. That’s
nearly five times the total currently gener-
ated by all U.S. power plants. Geothermal
energy is also attractive because it doesn’t
burn fossil fuels, isn’t imported, and can
run around the clock, unlike solar panels
and wind turbines.

Tapping that heat, however, has proved
difficult. Some nations—notably volcani-
cally active Iceland—siphon hot ground-
water to heat buildings and generate elec-
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tricity. In most places, however, the rock
lacks the water or the cracks needed to eas-
ily move heat to the surface. For decades en-
gineers have sought to coax heat from this
hard, dry basement rock, which can reach
temperatures of more than 250°C. But those
efforts have largely failed, often at huge
expense—and sometimes after causing dam-
aging earthquakes. As a result, geothermal
energy provides just 0.33%
of the world’s electricity,
little changed from 1990,
according to the Interna-
tional Energy Agency.

In recent years, new
hope for this renewable en-
ergy source has come from
an unlikely source: new
technologies developed by
the oil and gas industry.
The same methods that
have boosted fossil fuel
production in the United
States, such as targeted
drilling and fracking—
artificially fracturing deep
rock with high pressure fluids—can, it’s
hoped, be put to work to efficiently and
safely extract energy from hot, dry rock.
Government agencies and private compa-
nies are pouring hundreds of millions of
dollars into the approach, called enhanced
geothermal systems (EGS), though it, too,
has had setbacks. Now, FORGE, situated on
aremote patch of land in southeastern Utah,
has become a closely watched effort to dem-
onstrate and fine-tune EGS technologies—
and finally break the losing streak.

“Geothermal isn’t going to work if we
can’t make this [EGS] work,” says geologist
Joseph Moore of the University of Utah,
who leads FORGE. “That’s really the bot-
tom line.”

FOR MCLENNAN, FORGE brings a sense of
déja vu. In 1983, when he was an engineer
at an oilfield company, he worked with sci-
entists from the Department of Energy’s
(DOE’s) Los Alamos National Laboratory on
a pioneering attempt to exploit hot, dry rock
in New Mexico’s Jemez Mountains. The sci-
entists had hoped to create what amounted
to artificial hot springs, by injecting water
into deep fractures and then channeling
the heated water back to the surface via a
nearby exit well. But much of the injected
water never resurfaced; researchers later
concluded that they had misread the under-
lying geology, and the water disappeared
into undetected cracks.

“It was a disappointment,” McLennan re-
calls. And it was one of many.

Much the same thing happened decades
later to a $144 million geothermal plant

Geomechanics engineer John
McLennan is part of the FORGE team.

in Australia’s arid Cooper Basin. Water
pumped into the wells flowed into a previ-
ously unknown fault, and the project shut
down in 2016, after just 5 years.

In some places, EGS projects had more
dramatic failures, as high-pressure water
injected for fracking caused existing faults
to slip, setting off earthquakes. In 2006, en-
gineers shuttered a project beneath Basel,
Switzerland, after earth-
quakes caused minor dam-
age. Eleven years later,
a magnitude 5.5 quake
struck Pohang, South Ko-
rea, killing one person, in-
juring dozens, and causing
more than $75 million in
damage. It was traced to
a new, nearby EGS proj-
ect where, despite a series
of tremors, operators had
injected fluid at high pres-
sures near a previously un-
known natural fault.

The high cost of drilling
into hot, dry rock is also
a challenge. Equipment designed for the
softer, cooler sedimentary rock often found
in oil fields falters in the extremes of hot,
hard metamorphic rocks such as granite.

Today, just three EGS power plants—all
near the border of France and Germany—
produce electricity. In total, they generate
less than 11 megawatts, enough to power
about 9000 homes.

EGS “always has been fraught with tech-
nological challenges,” says Jamie Beard,
an attorney and executive director of the
new nonprofit Project InnerSpace, which is
seeking donations to help geothermal start-
ups. And “EGS in its pure form like FORGE
is hard,” she adds.

Even as EGS projects have struggled,
however, new techniques have emerged
from the oil and gas industry. Engineers
learned to drill horizontally instead of just
vertically. Today they can create wells that
can resemble rollercoaster routes, curving
and doubling back on themselves. Sophis-
ticated steering systems allow drillers to
target their fracking to release oil and gas
from veins of rock as narrow as 5 meters.
The advances have prompted investors and
governments to take a fresh look at EGS.

In the United States, more than two
dozen geothermal companies have emerged
since 2020, Beard says; that’s more startups
than she counts in the previous decade. In
Germany, the Helmholtz Association of Ger-
man Research Centers announced in June
it is putting €35 million into a new under-
ground laboratory dedicated to geothermal
research in deep crystalline rock, including
EGS. And DOE in April announced plans

15 JULY 2022 - VOL 377 ISSUE 6603 253



NEWS | FEATURES

Plumbing the Earth

Scientists are trying to extract the abundant heat
trapped belowground in places where hot

water doesn't flow through the bedrock.

Their goal: to create artificial systems that

act like hot springs, commonly known

as enhanced geothermal

systems (EGS).

Power plant —=

Cold water return

Waterreservoir—l’___ =]
5

=

Injection §
well

Granite

1InEGS, a cold fluid such as water is
injected into wells deep

enough to reach hot, dry rock, often
kilometers down.

2 Water is heated as it flows into cracks in
the rock. In EGS, high-pressure fluids are
used to create new fractures or enlarge
existing ones, a technique much like the
fracking used in the oil and gas industry.

to spend $84 million on four EGS pilot
projects. They’ll be placed in different geo-
logical settings in the United States to study
the best ways to extract heat from different
types of rock.

Those plants will build on the results of
FORGE, which DOE launched in 2014 with
a competition to create a laboratory for
honing EGS tools. In 2018, DOE announced
the University of Utah and partners had
won the funding to build the facility near
the small railroad town of Milford, Utah,
where Earth’s feverish interior creeps close
to the surface.

THE MILFORD VALLEY’S VENEER of vegetation
is so thin that much of its geologic history is
exposed like an open book. Moore has spent
more than 40 years reading that tome. Ear-
lier this year, he stood next to a low cliff of
silica that runs north to south along the
top of a small hill. “This is a fundamental
boundary,” he declared.
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3 Hot water is pumped to the
surface via exit wells drilled not far
from the injection well. The water
turns to steam as the pressure drops
closer to the surface.

4 The steam is directed to
turbines that generate electricity.
Most of the water is reused and
continues the cycle.

I

Milford, Utah

Electrical
output

\- Sediment
1

Fractures

5 EGS-like techniques

can also be used to create
water that's not hot enough
to efficiently generate
electricity. But the artificial
hot springs can be used

to warm homes and
commercial buildings,

and drive a variety

of industrial processes.

The wall divides what are, for the pur-
poses of geothermal energy, two different
worlds. To the east, the ground quickly rises
to the flanks of the Mineral Mountains,
rounded peaks speckled with granite out-
croppings and juniper trees. A flat-topped
mountain devoid of granite marks the top
of a long-dead volcano, one of nine that
testify to the heat still trapped beneath the
ground in this region.

Between the cliff and the mountains,
abundant hot groundwater flows close to
the surface. A squat, brown building tucked
into the foothills holds a 38-megawatt con-
ventional geothermal power plant whose
wells tap into that water. Just beyond, the
steaming vent of a hot spring emerges next
to the rock-walled ruins of a crudely built
“resort” from the late 1800s. It catered to
miners from the nearby Horn mine, once
declared the world’s richest silver deposit.
At Moore’s feet sat opal gemstones formed
about 1600 years ago when hot springs

saturated with silica spilled to the surface,
leaving behind rocks candy-striped in yel-
low, red, and white.

West of what is known as the Opal
Mound fault, the groundwater is blocked
by an underground wall of solid granite
that reaches temperatures of 235°C—truly
hot, dry rock. FORGE'’s drilling rig perches
above that granite, its metal skeleton dwarf-
ing the trucks and one-story buildings clus-
tered around it.

Starting in 2020, crews used a similar
rig to drill an injection well. The completed
shaft, 22 centimeters in diameter, extends
for 3.3 kilometers. The well includes features
that are standard in fracking operations
but still cutting edge in EGS. For example,
FORGE’s shaft dives into the target gran-
ite at an angle that is close to horizontal—
chosen to intersect with natural stresses in
the rock in a way that would enable engi-
neers to amplify tiny existing fractures.

At its deepest point, the shaft pierces rock
that is 1.7 billion years old. Conventional
metal drill bits struggled to cut through
this stone, and the younger granite above,
advancing just 3 meters per hour and fre-
quently disintegrating. That prompted a
switch to tougher drills tipped with syn-
thetic diamonds—a first for geothermal
drilling in granite. The bits sliced through
the rock 10 times faster, and are “definitely
a breakthrough,” says Peter Meier, an en-
gineer and CEO of the Swiss geothermal
company Geo Energie Suisse, who visited
FORGE earlier this year to help with seis-
mic monitoring. “This is already a very big
result of the project.”

The FORGE well is lined with a steel cas-
ing that’s standard in oil fracking. Such lin-
ings make it easier to use specially designed
gaskets to seal off sections of pipe in which
operators detonate small explosives, shat-
tering the pipe and exposing the surround-
ing rock. That helps FORGE fracture rock
bit by bit—another novelty in EGS.

That piecemeal approach could help
EGS projects avoid fracking in seismically
sensitive areas that could trigger nearby
faults, says William Ellsworth, a Stanford
University geophysicist who has studied
drilling-induced tremors, including the Po-
hang quakes. But he cautions that spotting
problem faults in hard basement rock is “an
exceedingly difficult imaging problem.”

At FORGE, moreover, the granite’s high
heat has crumbled the gaskets typically
used in cooler oil and gas wells. It’s also
fried seismic sensors essential to tracking
the fracking operation. So, the team has
been testing special high-temperature gas-
kets and new monitoring tools, including
fiber optic cables able to withstand the heat
while detecting tiny vibrations in the earth.
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Universities, government labs, and com-
panies are currently developing other tech-
nologies they hope to test at FORGE. One
is a small device, resembling a motorized
skateboard, that would drive deep into the
well to open and shut “windows” in the steel
casing that expose nearby rock for fracking,
another technique for targeting specific re-
gions of rock. Such “tool development ... is
absolutely critical” to moving EGS into the
mainstream, Moore says.

ON 16 APRIL, McLennan and the FORGE team
were ready for one of their first big tests: see-
ing whether they could pump enough wa-
ter into the deepest part of the well, under
enough pressure, to enlarge tiny cracks or
create new ones in pockets of granite.

The equipment malfunctions and high
winds had initially thrown the sched-
ule into disarray. But by late in the day,
McLennan was perched in front of his
computer screens, like an air traffic con-
troller ready to guide a plane in
for a landing.

Voices crackled over radios.
Beside him, Kevin England, a vet-
eran petroleum engineer, issued
short bursts of commands.

Outside, a full Moon rose over
a row of water tanks, each nearly
as big as a school bus. The roar of
motors filled the air as powerful
truck-mounted pumps moved wa-
ter to the well through a spaghetti
of pipes.

On McLennan’s screen, numbers
began to climb, tracking the water
flooding into the hole, where the
pressure would hit the last 60 me-
ters of rock, left exposed without a
steel shell. The engineers hoped that would
allow them to create a focused, dense cloud
of fractures, like an acupuncturist inserting
needles into a specific nerve.

A red line crawled across the screen,
marking the gradual rise in water pres-
sure. Eventually, the line wavered, bouncing
around a pressure of about 28 megapascals,
more than 250 times the atmospheric pres-
sure. The flutter was good news: It probably
meant the rock was giving way. “We're get-
ting some action,” McLennan announced.
“This is nice.”

Over the next half hour, the signals con-
tinued to be encouraging. For the first time
in days, McLennan appeared at ease. “This
is beautiful,” he said. “It fractures, it stops,
then it propagates again.”

It was hard to know exactly what was
happening nearly 3 kilometers below. But
Jim Rutledge, a seismologist at a nearby
screen, was gathering clues. Clusters of
black dots appeared on a grid, marking tiny
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earthquakes detected by sensors in a moni-
toring well half a kilometer away. The tiny
tremors were no cause for alarm—just a
sign that the fracking was going as planned.
“We have a big cloud,” Rutledge said.

At 77 minutes in, the volume of wa-
ter pouring down the well had grown to
50 barrels per minute—an aspirational tar-
get some had predicted the team wouldn’t
reach because of the unyielding rock.

“Let’s go to 60,” Moore pushed.

But McLennan urged caution: “Let’s
stick to the plan.” An hour later, the pumps
went quiet.

MOORE AND MCLENNAN were buoyant the
day after the April test: They had pulled off
their first successful frack. Now, the FORGE
team is sifting through the mountains of
data collected during that test as well as
two subsequent fracks at locations higher
up in the same well. What they learn will
shape their next steps.

P
I S

At FORGE, a vast network of pipes helps move water around the drilling site.

A 3D map of the tiny seismic events trig-
gered during the tests, for example, will help
them decide where to drill a second well. If
all goes as planned, in 2023 they will pump
water down the first hole and then see what,
if anything, flows back up the second.

Others are watching FORGE closely for
lessons. Meier is leading plans for an EGS
project in Switzerland. He hopes FORGE’s
technique of executing smaller, segmented
fracks will point the way to reducing the risk
that EGS will cause damaging earthquakes,
like those that shut down his company’s pre-
vious work in Basel.

Others are eager to see whether FORGE
can identify ways to make EGS more com-
mercially attractive by solving problems that
today scare off would-be investors, including
time-consuming drilling, broken equipment,
and prolonged uncertainty over whether a
well can produce hot water.

“That’s where we’re focusing all of our
time and energy—taking away the risk

from the [geothermal energy] community,”
says Lauren Boyd, acting director of DOE’s
Geothermal Technologies Office.

Others, however, see more immediate
commercial promise in other strategies. Call
them EGS 2.0. Beard, for example, argues
for targeting softer, slightly cooler rocks at
shallower depths, familiar territory for oil
drilling. The approach would still rely on
engineered hot springs and possibly frack-
ing. But the formations are easier to work in,
Beard says, and drillers have gained exper-
tise from boring tens of thousands of wells
into such geology.

Sage Geosystems is one company pursu-
ing that strategy. Founded in 2020 by sci-
entists and executives from the oil giant
Shell, the Houston-based company aims to
drill and frack a single well in sedimentary
rock and use a set of concentric pipes to
pump cool fluids into the rock and draw out
hot ones. Instead of water, the firm might
use liquid carbon dioxide, because it has
a lower boiling point. The result-
ing steam would drive turbines
specially designed to operate with
carbon dioxide.

One longtime EGS proponent is
trying a different, less technically
challenging approach. Chemical
engineer Jeff Tester of Cornell Uni-
versity helped run the Los Alamos
work in the 1970s and was the
lead author of a 2006 DOE report
touting EGS. Now, he’s oversee-
ing a program that this summer
started to drill a test well in sedi-
mentary rock on the Cornell Uni-
versity campus in New York state.
Although rock temperatures could
top out at just 100°C, that would
be enough to produce hot water to heat all
the university’s buildings, Tester says. And
these lower temperatures are found in rock
in many more places. “It doesn’t have to be
high temperature,” he says. “That’s the beau-
tiful feature of using [cooler rock] directly
for heating.”

AROUND THE FORGE SITE, researchers be-
lieve the hot, dry rock just a few Kilo-
meters below holds enough heat to power
a city the size of Salt Lake City. Given its
mission as a testbed, however, the facility
might never produce enough power to light
a single bulb.

That doesn’t trouble Moore. “The pur-
pose of things like this is not to solve all
the problems,” Moore said the day after the
first frack, as he stood on a dirt road a short
distance from the drill rig. Instead, he said,
FORGE’s goal is to see whether it can “take
[EGS] to the point where the private sector
can see its viability”

15 JULY 2022 « VOL 377 ISSUE 6603 255



GRAPHIC: K. HOLOSKI/SCIENCE

PERSPECTIVES

MEDICINE

Greening the pharmacy

New measures and research are needed to limit
the ecological impact of pharmaceuticals

By Gorka Orive'?3#, Unax Lertxundis,
Tomas Brodin®, Peter Manning”®

he growth of pollution arising from

the production and consumption of

synthetic chemicals now outpaces

all other environmental disruptors

(e.g., rising carbon dioxide emissions)

(I). Humans consume more pharma-
ceuticals than ever; in 2020, the volume of
medicines used globally reached 4.5 trillion
doses, and consumption continues to rise
(2). In addition, drugs are also adminis-
tered to a wide range of livestock and pets.
Although pharmaceutical use brings huge
benefits to human and animal health, it has
also led to increased pharmaceutical pol-
lution of ecosystems throughout the world
(3). This pollution is likely to be exacerbated
by disease epidemics and pandemics, which
induce major drug spikes in aquatic ecosys-
tems that receive wastewater, resulting in
unknown ecological impacts.

Once administered, human pharmaceu-
ticals enter aquatic environments through
wastewater; according to the United
Nations Educational, Scientific and Cultural
Organization (UNESCO), currently 80% of
all wastewater flows into ecosystems without
any form of treatment (4), and virtually all
of the 20% that is treated still contains ex-
creted pharmaceuticals and pathogens. As a
result, pharmaceuticals are found in many
different environments, on all continents,
where they invoke potentially far-reaching
ecological impacts for the very reason they
are effective as drugs: They are molecules de-
signed to trigger biological changes, even at
extremely low concentrations. Research has
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shown that wild aquatic animals can accu-
mulate pharmaceuticals to doses equivalent
to those given to humans (5), which can re-
sult in plasma concentrations higher than the
human therapeutic concentration (6). In ad-
dition, pharmaceutical pollutants have been
shown to alter behavior, organismal fitness,
and the dynamics of populations, communi-
ties, and ecosystems (see the figure) (7). For
example, several species of vultures in Asia
were driven to near extinction by exposure
to the nonsteroidal anti-inflammatory drug
(NSAID) diclofenac, which is used widely in
livestock (8). Other notable examples include
changes to fish behavior when exposed to an-
tidepressants or anxiolytics, and the impact
of ivermectin, an antiparasitic drug, on dung
beetle diversity and ecosystem functioning.
Despite increasing evidence for poten-
tially widespread effects, pharmaceutical

pollution has not received the attention
it deserves. Although there are signs that
this might be changing—for example, in
Europe, where the “Green Deal” commit-
ment to tackling climate- and environ-
ment-related challenges has turned atten-
tion to pharmaceutical pollution (9)—there
is still much to be understood. For exam-
ple, investigation of the ecological impact
of temporary drug spikes in surface waters
has been limited, meaning that the envi-
ronmental effects of increased pharmaceu-
tical consumption during the COVID-19
pandemic is unknown.

To date, most attention on the ecological
effects of pharmaceuticals has focused on
endocrine-disrupting compounds (which
mimic, block, or interfere with hormonal
signaling) and the overuse of and attendant
development of resistance to antibiotics.
Although this is of huge importance for the
environment and human health, the eco-
logical impact of most other drugs remains
unknown, especially within the setting of
complex natural ecosystems. To date, 88%
of drugs that target human proteins are
lacking comprehensive environmental tox-
icity data (10). Furthermore, viruses play an
important role in regulating ecosystem pro-
cesses, but the potential impact of antivirals
is yet to be studied in depth, despite wide-
spread contamination of freshwater with

The life cycle of pharmaceutical drugs

Pharmaceuticals are produced by industrial facilities and are consumed in agricultural production, hospitals,
health care facilities, and households. They are released into the environment, for example, through dung, urine,
and wastewater, unless properly regulated and waste products are treated. Pharmaceutical contamination
impacts organisms directly and indirectly through the food chain, affecting terrestrial and freshwater ecosystems.
Measures to reduce the risk of drug pollution can be implemented at all stages of the life cycle.
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these substances. This is pressing because
antiviral consumption has greatly increased
owing to the COVID-19 pandemic.

Another widely prescribed group of
drugs—cholesterol-lowering statins—are de-
rived from a defense compound in molds.
Although these drugs are known to affect
the reproductive biology of crustaceans (I1),
they could affect all metazoans because cho-
lesterol biosynthesis is a fundamental bio-
logical process. More broadly, many of the
proteins that are targeted by human drugs
are similar across the tree of life, and con-
sequently, these drugs have the potential to
affect nontarget organisms.

The potentially prolonged increases in
freshwater drug concentrations that dis-
ease epidemics bring are not considered in
the environmental risk assessments (ERAs)
presented to health care authorities by
manufacturers. Also, future water contam-
ination is predicted to be even higher be-
cause of accelerating urbanization and the
growth of megacities, which concentrate
both people and pharmaceuticals. In addi-
tion, off-label use of drugs is not considered
in ERAs. Currently, the standardized labo-
ratory studies of the environmental risk
of pharmaceuticals that are required by
regulatory agencies focus on short-term ef-
fects of acute exposure on a small number
of model organisms. This is problematic
because these studies will inevitably miss
many indirect effects mediated by both
environmental factors (e.g., more toxic ef-
fects under conditions of heat stress) and
species interactions (cascading impacts
on prey, competitors, and predators) (7).
They also only assess toxicity—a potential
oversight given that most pharmaceuticals
are designed to induce sublethal biologi-
cal changes at low concentrations. The re-
sults of these ecotoxicology studies are then
scaled up to estimate long-term and indi-
rect effects. This likely leads to an under-
estimation of the true ecological impacts of
many drugs; long-term (multigeneration)
and ecosystem-scale experimental studies
of pharmaceuticals have revealed responses
that are not predictable from small-scale
studies (72). Accordingly, the complexity
and ecological relevance of pharmaceutical
risk assessments need to be increased.

To truly measure the effects of drug pollu-
tion on ecosystems, studies need to include
the combined impact of multiple pharma-
ceuticals (mixture effects) and monitor the
cascading impacts of these drugs across food
webs. This could be done in mesocosm stud-
ies: replicated semiclosed ecosystems that
allow for a combination of ecological com-
plexity and experimental control. Research
on evolutionary effects of multigenerational
exposure to pharmaceuticals is another un-
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derstudied area that could be addressed in
such experiments.

Ecological impacts of active pharmaceuti-
cal ingredients must also be studied in dif-
ferent environments throughout the world.
Socio-ecological systems in tropical and
arid regions are not equivalent to those in
the temperate zone. However, to date, most
research about the presence and impact of
pharmaceuticals in the environment has been
conducted in high-income, temperate-zone
countries. Consequently, very little is known
about the ecological effects of drug pollution
in most of the world’s ecosystems, especially
those of the Global South, where water is of-
ten scarce and used repeatedly by people be-
fore being discharged containing high drug
concentrations. For example, in 2017, ~1.7 bil-
lion treatments were delivered to >1 billion
individuals in mass drug administration pro-
grams aimed at combating neglected tropi-
cal diseases. These included ivermectin and
azithromycin, which have deleterious envi-
ronmental effects, but the impact of this mass
drug administration remains unknown (13).
In addition, these countries also frequently
experience pollution from the manufacturing
of drugs that are used in high-income coun-
tries, but the ecological impacts of this are
also largely unstudied. These issues must be
addressed to meet the ambitious Sustainable
Development Goals (SDGs) set by the United
Nations, especially objective 6: clear water
and sanitation (14).

To effectively fight drug pollution and
achieve the SDG and “One Health” goal of
holistically addressing health and environ-
mental issues, a combination of source-di-
rected and end-of-pipe measures should be
implemented. The pharmaceutical industry
and its customers must assess and adjust
many aspects of the pharmaceutical life cycle.
“Greener” drugs with lower environmental
impact—for example, that are less biologi-
cally reactive or more easily eliminated from
the environment—need to be designed and
formulated, and drug manufacturing facili-
ties need better wastewater management.
The judicious and responsible use of drugs
in both human and veterinary medicine is
necessary, and nonpharmacological interven-
tions should be prioritized when possible.
Educating health care practitioners about
the impact of drug pollution is also Kkey.
Redefining the concept of “rational use of
drugs” by including a One-Health approach
should be considered.

Drugs should be removed from wastewa-
ter before they enter the environment. The
technical solutions to clean pharmaceuticals
from wastewater exist (e.g., advanced oxida-
tion with ozone), but to date, only a few coun-
tries (e.g., Switzerland) have implemented
large-scale tertiary treatment of wastewater.

Owing to the relatively high cost and lack
of regulatory pressure, implementation of
treatments that remove drugs from waste-
water is still uncommon. The use of multi-
functional solutions to clean multiple pollut-
ants and pathogens from wastewater will be
important when designing new or upgrading
wastewater treatment plants in a cost-effec-
tive manner. Ozone-treatment of wastewater
can reduce the abundance of many viruses
(15), as well as concentrations of other pol-
lutants that may affect aquatic biodiversity.
The implementation of new techniques to
treat wastewater also represents opportu-
nities to study the chemical and biological
impact of improved wastewater treatment.
Such research will be invaluable for bot
researchers and regulators because it woul
demonstrate the sum of direct and indirec]
benefits of improved wastewater treatmen
in contrast to the theoretical benefits pre
dicted from laboratory studies.

As evidence from ecotoxicology studie
about the harmful effects of veterinary an
human pharmaceutical pollution accum
lates, and public pressure to reduce these i
pacts grows, it is important to remember th
primary role of pharmacotherapy, which is t
grant patients access to life-improving drug
Raising awareness of the environmental i
pacts of drugs could have unforeseen societ
effects, such as reluctance to take medicine
guilt in doing so, and increased distrust an
resentment of not only the pharmaceutic
industry but pharmacotherapy more gene
ally. Reduced access to effective drugs b
cause of policy or price changes that reflec|
environmental impacts are also a possibilit
However, although conflicts of interest ma
be unavoidable, it is possible to limit the ne
ative consequences of pharmaceuticals whil
still allowing society to benefit. It is time t
make green pharmacotherapy a reality.
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SURFACE CHEMISTRY

A Swiss Army knife for surface chemistry

Voltage pulses offer a way to control single-molecule reactions on a surface

By Igor Alabugin and Chaowei Hu

o construct complex molecules and

molecular devices, tiny, atomic-sized

objects must be brought together and

connected in a precise way. For better

or for worse, this daunting task is still

mostly done in a manner likened to
putting Lego blocks in a washing machine
and hoping that the quintillions of molecules
somehow end up assembling themselves
into the desired product, either by complete
chance or under the guidance of other mo-
lecular-sized objects—i.e., catalysts. On page
298 of this issue, Albrecht et al. (I) show how
a single molecule can be transformed into
three distinct products depending on the
voltage pulses from the tip of a scanning tun-
neling microscope (STM). Notably, the three
products can be repeatedly interconverted
with a high degree of control.

On-demand interconversion of mol-
ecules, or switching, can be done in many
ways, such as chemically, photochemically,
or electrochemically, depending on the
chemical system and the intended goal.
Recently, controlled transformations of in-
dividual molecules on surfaces have become
possible (2-6). Although switching often re-
lies on well-known processes, Albrecht et
al. describe a distinct network of reactions
that connects three exotic species, each of
which would have limited stability under
ambient conditions. These species defy the
usual chemistry logic but are sufficiently
stable on a sodium chloride (NaCl) surface
to take part in multiple transformations
and measurements, as demonstrated in 440
different reactions performed on five indi-
vidual molecules. These processes revealed
unusual chemistry that offers a large degree
of control of reactivity and bond formation.

The sequence of transformations was set
up by removing four chlorine atoms from
the tetracyclic core to create the starting
material, using an atomically sharp STM tip
positioned above the particular molecule.
As the chlorine atoms are removed, radi-
cal centers (i.e., an atom with one or more
unpaired electrons) are created on the car-
bon atoms of the four carbon-chlorine (C-
Cl) bonds. Two of the radical centers will
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then recouple by breaking one of the C-C
bonds in the ring, but, after all the CI atoms
have departed, the system is still left with
two unpaired electrons (i.e., a diradical). In
this state, the two radical centers that are
spread over two three-carbon sets of atoms
are placed precariously, facing each other.
The usual chemical logic suggests that
such a diradical would be transient and
that the two unpaired electrons would im-
mediately reconnect to make a C-C bond.
However, in the unusual system reported

ken and remade at will by an applied volt-
age. Out of the two viable options, the un-
stable four-membered cyclobutadiene ring
is preferred by the system because it is eas-
ier for the structure to form compared with
the six-membered rings in the bent alkyne,
which requires a greater distortion from
its original geometry. However, the alkyne
becomes the main product when a higher
voltage is applied. This interplay between
how quickly the product can be formed and
its stability provides a way to selectively

Molecular shape-shifting enabled by electrochemistry
Albrecht et al. show how multiple reactions can be initiated and controlled by applying a voltage using a scanning
tunneling microscope (STM) and demonstrate a way to interconvert between three distinct molecules.

STHtp ===

| Electrical impulse

NaCl

As the C-Cl and C-C bonds are broken by
the applied voltage, a diradical is formed,
giving six electrons the freedom to
rearrange themselves and make new C-C
bonds (shown as black dashed lines)

..
+ Cl Abent alkyne is created when a new C-C bond is
C\| \C formed diagonally (along the diagonal dashed line)
C\ /T e
\C\ \/Q High voltage

< )
\ o —
Cl

A cyclobutadiene ring is formed when two new
C-C bonds form across the molecule (along the
vertical dashed line)

Low voltage
—_—

8 Ap orbital with one electron

An injection of electron(s) would break the newly
formed C-C bonds and restore the structure to
its original form

by Albrecht et al., the situation is quite dif-
ferent because of the presence of chemical
frustration—i.e., the inability for the system
to satisfy bonding requirements because of
structural constraints (see the figure). Even
though there are several ways to couple the
electrons, the system is constrained struc-
turally from forming the bond. The avail-
able choices are poor because one leads to
an antiaromatic cyclobutadiene ring and
the other forms a highly bent alkyne with
a distorted C-C triple bond. Although the
unpaired electrons can succeed in forming
the C-C bonds needed for the products, the
bonds are relatively weak and can be bro-

make either cyclobutadiene or bent alkyne
by controlling the input voltage.

The reversion of two products back to the
diradical requires energy and, hence, is unfa-
vorable. Albrecht et al. made the back switch-
ing possible by inverting the relative stability
of the diradical versus the cyclobutadiene
and the alkyne by injecting electrons into
the diradical using a voltage pulse. Because
diradicals have a high likelihood of gaining
an electron (7, 8), their negatively charged
states are suddenly more stable relative to
the anionic states of the other two products.
This change in the molecular energy land-
scape facilitates the conversion of anionic
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forms of cyclobutadiene and bent alkyne
back to radical anions. The experiments
show that at least two electrons are needed
for this to happen—one to provide energy
for the reaction and one that is retained to
open the ring. Furthermore, an observation
of a transient dianion suggests that the extra
electron may serve as a catalyst for the reac-
tion (9, 10) because the removal of the extra
electron restores the neutrality and returns
the system to its original state.

The control of voltage in conjunction
with the possibility of electron injection
enables a fully controlled interconversion
between three isomeric, electronically un-
usual, and inherently unstable molecules.
Albrecht et al. put a spotlight on these ex-
otic species and illustrated how C-C bonds
in carbon-rich species with weakly coupled
electrons can be formed, broken, and re-
formed at will. Lessons from these newly
discovered surface chemistry processes may
be relevant for electron-catalyzed chemical
reactions in chemistry and biology and may
illuminate viable shortcuts for more effi-
cient synthesis.

This molecular system can on-demand
become one of three exotic chemical crea-
tures, transforming between a diradical, an
antiaromatic ring, and a highly bent alkyne.
The potential to interact with a different
set of partners makes this shape-shifting
molecular system a Swiss Army knife with
three distinct and useful chemical tools. For
example, the diradical may participate in
redox and radical reactions, the cyclobuta-
diene system can provide a potential bind-
ing site for a cationic transition metal, and
the strained alkynes units can be used for
various reactions such as cycloaddition (11)
or nucleophilic attack (12, 13). Future op-
portunities may arise from using the differ-
ences in electronic structures of the three
species in molecular electronics, such as in
molecular logic gates (14, 15).
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A cellular switchhoard in

memory circuits

Neurogliaform cells can direct the flow of information

through the hippocampus

By Michael T. Craig! and Jonathan Witton?

he hippocampus is a brain region that

is associated with memory. However,

the hippocampus does not function

alone, but rather operates within a

wider network of brain regions (the

extended memory network) includ-
ing, among other areas, the prefrontal and
entorhinal cortices and midline thalamic
nuclei, such as nucleus reuniens (NRe) (I).
Communication between these brain regions
is important for many aspects of memory
acquisition and consolidation, as well as
for spatial navigation and decision-making.
There are multiple routes through which
information can flow through the extended
memory network, with direct and indirect
pathways converging on the hippocampus.
The mechanisms by which information flow
through these different pathways is priori-
tized have remained largely unknown. On
page 324 of this issue, Sakalar et al. (2) report
a cellular mechanism of information routing
through the hippocampus.

Communication between neurons is
thought to be enabled by neuronal oscilla-
tions—waves of rhythmic electrical activity
that facilitate neural dialogue by creating
temporal windows in which neuronal firing
can be synchronized (3). By convention, neu-
ronal oscillations are grouped into different
frequency bands, with each band associated
with specific cognitive processes. For exam-
ple, theta oscillations occur at ~5 to 12 Hz
and are associated with spatial navigation,
whereas gamma oscillations occur between
~30 and 140 Hz and are associated with
memory or high cognitive load (4). Gamma
oscillations, often occurring alongside theta
oscillations, can be further parsed into dis-
tinct subbands driven by different cellular
mechanisms (4). This can be observed in
the CAl region of the hippocampus, where
different types of gamma oscillation are
found—specifically, a slow gamma oscilla-
tion (gammag; ~40 Hz) driven by input from
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neighboring CA3 and a faster midfrequency
gamma oscillation (gamma,; ~75 Hz) driven
by input from the entorhinal cortex (5).
Gamma,, may be involved in the encoding
of memory, whereas gamma, is likely to be
important for memory retrieval (5).

Pyramidal neurons form the main com-
putational unit of the hippocampus, with
those in CAl integrating inputs from mul-
tiple sources and sending signals to the
subiculum and beyond through the gen-
eration of action potentials (also called
spiking). Inputs to CA1 from CA3 arrive
in stratum radiatum of the hippocampus,
whereas those from the entorhinal cortex
terminate in stratum lacunosum-molec-
ulare of the hippocampus, providing an
anatomical segregation of these differ-
ent information streams (see the figure).
There is also a functional segregation of
CA3- and entorhinal-driven gamma oscil-
lations: These different types of oscilla-
tion occur at different phases of the CAl
theta oscillation, potentially presenting
a circuit-level mechanism that prevents
the processes driven by different informa-
tion streams (e.g., memory encoding ver-
sus retrieval) from interfering with each
other (5). Whether the inputs to an indi-
vidual pyramidal cell in CAl can be actively
switched between these different informa-
tion streams has been unknown.

Within the hippocampus, inhibitory inter-
neurons make up a diverse family of neurons,
using +y-aminobutyric acid (GABA) as their
neurotransmitter, with multiple subtypes
providing exquisite temporal control over
the spiking of excitatory pyramidal cells and
other inhibitory interneurons (6). Neuronal
oscillations are typically generated through
a precisely coordinated balance between ex-
citation and inhibition (6). Neurogliaform
cells are an abundant class of inhibitory in-
terneurons that reside in and project dense
axonal arbors throughout stratum lacuno-
sum-moleculare of the hippocampus. They
are therefore well placed to inhibit the distal
apical dendrites of CAl1 pyramidal cells (7),
but understanding their role in hippocampal
information processing has remained elusive.

Sakalar et al. provide evidence that neu-
rogliaform cells play an important role in

science.org SCIENCE



INSIGHTS | PERSPECTIVES

forms of cyclobutadiene and bent alkyne
back to radical anions. The experiments
show that at least two electrons are needed
for this to happen—one to provide energy
for the reaction and one that is retained to
open the ring. Furthermore, an observation
of a transient dianion suggests that the extra
electron may serve as a catalyst for the reac-
tion (9, 10) because the removal of the extra
electron restores the neutrality and returns
the system to its original state.

The control of voltage in conjunction
with the possibility of electron injection
enables a fully controlled interconversion
between three isomeric, electronically un-
usual, and inherently unstable molecules.
Albrecht et al. put a spotlight on these ex-
otic species and illustrated how C-C bonds
in carbon-rich species with weakly coupled
electrons can be formed, broken, and re-
formed at will. Lessons from these newly
discovered surface chemistry processes may
be relevant for electron-catalyzed chemical
reactions in chemistry and biology and may
illuminate viable shortcuts for more effi-
cient synthesis.

This molecular system can on-demand
become one of three exotic chemical crea-
tures, transforming between a diradical, an
antiaromatic ring, and a highly bent alkyne.
The potential to interact with a different
set of partners makes this shape-shifting
molecular system a Swiss Army knife with
three distinct and useful chemical tools. For
example, the diradical may participate in
redox and radical reactions, the cyclobuta-
diene system can provide a potential bind-
ing site for a cationic transition metal, and
the strained alkynes units can be used for
various reactions such as cycloaddition (11)
or nucleophilic attack (12, 13). Future op-
portunities may arise from using the differ-
ences in electronic structures of the three
species in molecular electronics, such as in
molecular logic gates (14, 15).

REFERENCES AND NOTES

. F.Albrechtetal., Science 377,298 (2022).

. D.G.deOteyzaetal., Science 340,1434 (2013).

. N.Pavliceketal.,Nat. Chem.7,623 (2015).

. A.Rissetal.,Nat. Chem.8,678 (2016).

. B.Schuleretal.,Nat. Chem. 8,220 (2016).

. N.Pavlicek et al., Nat. Nanotechnol.12,308 (2017).

. P.W.Petersonetal.,J. Am. Chem. Soc.138,15617 (2016).

. L.A.Hammad, P.G. Wenthold, J. Am. Chem. Soc.125,

10796 (2003).
9. A.Studer,D.P.Curran, Nat. Chem. 6,765 (2014).

10. M.A.Syroeshkinetal., Angew. Chem. Int. Ed. 58,5532
(2019).

11. N.J.Agard,J.A. Prescher, C.R. Bertozzi, J. Am. Chem.
Soc.126,15046 (2004).

12. X.Xiao, T.R.Hoye, J.Am. Chem. Soc.141,9813 (2019).

13. T.Harris, |.V.Alabugin, Mendeleev Commun. 29,237
(2019).

14. A.Credi,V.Balzani,S. J. Langford, J. F. Stoddart, J. Am.
Chem. Soc.119,2679 (1997).

15. S.Erbas-Cakmak, D.A. Leigh, C.T.McTernan, A. L.

Nussbaumer, Chem. Rev.115,10081 (2015).

10.1126/science.abq2622

00D U WN

262 15 JULY 2022 » VOL 377 ISSUE 6603

NEUROSCIENCE

A cellular switchhoard in

memory circuits

Neurogliaform cells can direct the flow of information

through the hippocampus

By Michael T. Craig! and Jonathan Witton?

he hippocampus is a brain region that

is associated with memory. However,

the hippocampus does not function

alone, but rather operates within a

wider network of brain regions (the

extended memory network) includ-
ing, among other areas, the prefrontal and
entorhinal cortices and midline thalamic
nuclei, such as nucleus reuniens (NRe) (I).
Communication between these brain regions
is important for many aspects of memory
acquisition and consolidation, as well as
for spatial navigation and decision-making.
There are multiple routes through which
information can flow through the extended
memory network, with direct and indirect
pathways converging on the hippocampus.
The mechanisms by which information flow
through these different pathways is priori-
tized have remained largely unknown. On
page 324 of this issue, Sakalar et al. (2) report
a cellular mechanism of information routing
through the hippocampus.

Communication between neurons is
thought to be enabled by neuronal oscilla-
tions—waves of rhythmic electrical activity
that facilitate neural dialogue by creating
temporal windows in which neuronal firing
can be synchronized (3). By convention, neu-
ronal oscillations are grouped into different
frequency bands, with each band associated
with specific cognitive processes. For exam-
ple, theta oscillations occur at ~5 to 12 Hz
and are associated with spatial navigation,
whereas gamma oscillations occur between
~30 and 140 Hz and are associated with
memory or high cognitive load (4). Gamma
oscillations, often occurring alongside theta
oscillations, can be further parsed into dis-
tinct subbands driven by different cellular
mechanisms (4). This can be observed in
the CAl region of the hippocampus, where
different types of gamma oscillation are
found—specifically, a slow gamma oscilla-
tion (gammag; ~40 Hz) driven by input from
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neighboring CA3 and a faster midfrequency
gamma oscillation (gamma,; ~75 Hz) driven
by input from the entorhinal cortex (5).
Gamma,, may be involved in the encoding
of memory, whereas gamma, is likely to be
important for memory retrieval (5).

Pyramidal neurons form the main com-
putational unit of the hippocampus, with
those in CAl integrating inputs from mul-
tiple sources and sending signals to the
subiculum and beyond through the gen-
eration of action potentials (also called
spiking). Inputs to CA1 from CA3 arrive
in stratum radiatum of the hippocampus,
whereas those from the entorhinal cortex
terminate in stratum lacunosum-molec-
ulare of the hippocampus, providing an
anatomical segregation of these differ-
ent information streams (see the figure).
There is also a functional segregation of
CA3- and entorhinal-driven gamma oscil-
lations: These different types of oscilla-
tion occur at different phases of the CAl
theta oscillation, potentially presenting
a circuit-level mechanism that prevents
the processes driven by different informa-
tion streams (e.g., memory encoding ver-
sus retrieval) from interfering with each
other (5). Whether the inputs to an indi-
vidual pyramidal cell in CAl can be actively
switched between these different informa-
tion streams has been unknown.

Within the hippocampus, inhibitory inter-
neurons make up a diverse family of neurons,
using +y-aminobutyric acid (GABA) as their
neurotransmitter, with multiple subtypes
providing exquisite temporal control over
the spiking of excitatory pyramidal cells and
other inhibitory interneurons (6). Neuronal
oscillations are typically generated through
a precisely coordinated balance between ex-
citation and inhibition (6). Neurogliaform
cells are an abundant class of inhibitory in-
terneurons that reside in and project dense
axonal arbors throughout stratum lacuno-
sum-moleculare of the hippocampus. They
are therefore well placed to inhibit the distal
apical dendrites of CAl1 pyramidal cells (7),
but understanding their role in hippocampal
information processing has remained elusive.

Sakalar et al. provide evidence that neu-
rogliaform cells play an important role in
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routing information flow to CAl
pyramidal cells. Using mice run-
ning in a virtual reality envi-
ronment, the authors recorded
spiking and neuronal oscilla-
tions across CAl alongside jux-
tacellular recordings of putative
and anatomically verified neuro-
gliaform cells. They report that
the timing of neurogliaform cell
spiking is strongly modulated by
gamma, and that neurogliaform
cell firing can uncouple CAl
pyramidal cells from gamma,
oscillations, indicating tempo-
rary disconnection of pyrami-
dal cells from entorhinal input.
GABAergic inhibition is usually
considered to decrease cellular
excitability, but neurogliaform
cells appear to suppress gam-
ma,, modulation of CAl pyrami-
dal cell activity without chang-
ing the overall firing rate of the
pyramidal cells, suggesting that
neurogliaform cell-mediated in-
hibition is restricted to the most
distal compartments of the py-

oriens

ramidal cell’s apical dendrites. ——

How does neurogliaform- Stratum s =7,
driven uncoupling of CAl py- IR ; ) ‘4‘ i
moleculare A

ramidal cells from entorhinal

cortex inputs relate to informa-

tion processing in the hippo-

campus? Numerous aspects of

cognition, such as memory and decision-
making, require information to be com-
municated between the hippocampus, pre-
frontal cortex, and entorhinal cortex. This
communication is thought to be facilitated
by the synchronization of neuronal oscil-
lations across brain regions. For example,
temporal coupling between CAl and pre-
frontal theta and gamma oscillations (8, 9)
and between CAl and entorhinal gamma
oscillations (I0) occurs during decision-
making in spatial working memory tasks;
these studies were carried out in rodents,
but the connectivity and function of these
circuits are conserved across mammalian
species. Although synchrony between the
prefrontal cortex and CA1l is important for
memory and decision-making, no direct ex-
citatory connection exists between these ar-
eas, although an inhibitory projection from
the prefrontal cortex to interneurons in the
hippocampus was recently described (7).
Rather, excitatory glutamatergic prefrontal
cortex input to CAl is relayed through the
thalamic NRe, which also projects to the en-
torhinal cortex. Axons from NRe terminate
in CAl in stratum lacunosum-moleculare
alongside those from the entorhinal cortex
(12). Neurogliaform cells receive inputs from
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Information flow through pyramidal cells
CA1 pyramidal cells can be activated by fibers from CA3 through its dendrites in
stratum radiatum, whereas inputs from the entorhinal cortex or nucleus reuniens
arrive in stratum lacunosum-moleculare and can target the dendrites of either
pyramidal cells or neurogliaform cells
in this layer. When activated,
neurogliaform cells inhibit the
apical dendrites of CA1 pyramidal
cells through their dense

axonal tree. This may switch

off information streams to
pyramidal cells.
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both NRe and the entorhinal cortex (13),
and preliminary data suggest that NRe pref-
erentially targets neurogliaform cells in CAl
while largely or entirely avoiding pyram-
idal cells (14).

Glutamatergic neurotransmission excites
neurons through the activation of two main
receptor subtypes, «-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)
and N-methyl-p-aspartate (NMDA) recep-
tors. AMPA receptors are activated during
low and high levels of activity, but NMDA
receptors only become active after a large
excitatory stimulus. Although AMPA recep-
tor-mediated synaptic currents from NRe
onto neurogliaform cells are too small to
drive spiking, NRe-to-neurogliaform cell
synapses have a much larger NMDA recep-
tor-mediated component (13, 14). This im-
plies that NRe provides a stronger drive to
neurogliaform cells when they are simulta-
neously activated by another input, such as
that arising from the entorhinal cortex.

Could the function of NRe input to CAl
neurogliaform cells be to assist the prefron-
tal cortex in selectively disconnecting pyram-
idal cells from entorhinal input, thereby
filtering entorhinal signaling such that spe-
cific CA1 pyramidal cells are recruited? This

EED

of hippocampus

is tentatively supported by evi-
dence that the prefrontal cortex
provides an important contex-
tual signal to CA1 that allows
the learning of new rules when
the hippocampus is receiving fa-
miliar spatial information (15).
An analogous experience for hu-
mans would be relearning the
location of your favorite foods
after your local grocery store has
rearranged product locations.
Alternatively, could NRe and the
entorhinal cortex act synergis-
tically through neurogliaform
cells to shut down entorhinal
input to CAl, thereby creating a
permissive state for CA1 pyram-
idal cells to be driven by the
trisynaptic entorhinal-dentate
gyrus-CA3 pathway that ar-
rives via the Schaffer collater-
als in stratum radiatum? This
could be an important circuit
for switching the hippocampus
from a state of encoding mem-
ory to a state where retrieval
can occur (switching between
reading and writing modes of
operation). Or perhaps neuro-
gliaform cells support top-down

prefrontal cortex inhibition of

ongoing entorhinal-CA1 com-

munication in preparation for

new information to be transmit-
ted to CAl via entorhinal-to-dentate gyrus
or entorhinal-to-CA1 projections. Such a
hypothetical function could provide a cel-
lular substrate for the cognitive flexibility
required to allow rapid changes of behavior
while executing a task, such as discovering
a hidden predator when foraging for food.
Determining the functional role for this
neurogliaform cell-mediated suppression
of entorhinal modulation of CAl pyramidal
cell activity will present exciting challenges
for those investigating hippocampus-
dependent cognition.

REFERENCES AND NOTES

1. J.P.Aggleton, Proc.R. Soc. B. 281, 20140565 (2014).

2. E.Sakalaretal.,Science 377,324 (2022).

3. P.Fries,Neuron 88,220 (2015).

4. G.Buzsaki,X.-J. Wang, Annu. Rev. Neurosci. 35,203
(2012).

. L.L.Colginetal.,Nature 462,353 (2009).

. K.A.Pelkeyetal., Physiol. Rev.97,1619 (2017).

. L. Overstreet-Wadiche, C.J. McBain, Nat. Rev. Neurosci.
16,458 (2015).

8. H.L.Hallocketal.,J. Neurosci. 36,8372 (2016).

9. M.W.Jones, M.A.Wilson, PLOS Biol. 3,e402 (2005).

10. J.Yamamotoetal.,Cell 157,845 (2014).

11. R.Maliketal.,Cell185,1602 (2022).

12. F.G.Wouterloodetal.,J. Comp. Neurol. 296,179 (1990).

13. R.Chittajalluetal., Nat. Commun.8,152 (2017).

14. L.Andrianovaetal., bioRxiv10.1101/2021.09.30.462517

(2021).
15. K.G.Guise, M. L. Shapiro, Neuron 94,183 (2017).

oo

10.1126/science.add2681

15 JULY 2022 » VOL 377 ISSUE 6603 263



INSIGHTS | PERSPECTIVES

ICE CHEMISTRY

Seeing how ice breaks the rule

Basic defects in ice monolayers are seen using a microscope

By Yoshiaki Sugimoto

he process of liquid adsorption onto
solid surfaces can be observed ev-
erywhere, from the sweat stain on
your shirt to the molecular clouds
in outer space. This process, known
as wetting, plays an important role
in various chemical reactions and is at
the core of many processes, such as cor-
rosion and catalysis. For example, protons
in the water adsorption layer are respon-
sible for electrical conduction in electro-
chemical reactions on battery electrodes.
Obtaining information on the location and
dynamics of the protons is an important
but challenging task. On page 315 of this
issue, Tian et al. (I) accomplish this by
preparing monolayers of water molecules
on metal surfaces and using atomic force
microscopy (AFM) to visualize the indi-
vidual excess protons introduced onto
the monolayers. They identify two quali-
tatively different cations with
excess protons, and the abun-
dance ratio of the two cations
vary with the metal substrates.
The wetting of solid surfaces
has long been investigated be-
cause of its role in a wide range
of processes, such as in friction,
catalysis, and electrochemical
reactions. In recent years, hydro-
gen energy has become a promis-
ing means to decarbonize energy
systems. The hydrogen fuel cell,
in which the electrolysis of water
molecules generates hydrogen,
is a key technology for achiev-
ing this goal. Understanding the
adsorption of water molecules
on the electrode surface and the
behavior of the protons in the wa-
ter adsorption layer is needed to
improve this reaction. Although
many studies have been con-
ducted, including spectroscopic
experiments and simulations, a
microscopic understanding of the
protons in the water adsorption
layer has been lacking.

monolayer of water molecules formed on a
metal surface as a model system for water-
wetted solid surfaces. Similar to crystal-
line ice, water molecules in a monolayer
on a metal surface obey the “ice rules,”
also known as the Bernal-Fowler rules (2),
and form a network structure of hydrogen
bonds. During this process, one water mol-
ecule directs its hydrogen atoms toward
the oxygen atoms of neighboring water
molecules and in turn receives hydrogen
atoms from other neighboring water mol-
ecules. In other words, the structure of
the water molecule itself is maintained,
and adjacent water molecules are linked
together by hydrogen bonds to form a
network. In an impurity-free hydrogen
bonding network, electrical conduction oc-
curs through the transfer of protons while
maintaining the crystal lattice with the ox-
ygen atoms of the water molecules. Thus,
misalignments—orientation defects—and
excess protons of water molecules that lo-

Visualizing basic defects in ice
Following the ice rule, a monolayer of water molecules would link by their
hydrogen bonds to form a structure upon freezing. There are four typical defects
that break this rule: the Eigen cation, the Zundel cation, the D-defect, and the
L-defect. Tian et al. used atomic force microscopy and visualized the former two.

Eigen
cation

Tian et al. used a well-defined An Eigen cation A Zundel cation A D-defect
sees a water has an excess has two hydrogen
molecule with proton shared atoms from
Department of Advanced Materials Science, an excess between two water  neighboring water
University of Tokyo, Tokyo, Japan. Email: proton, creating molecules (creating  molecules sharing
ysugimoto@k.u-tokyo.ac.jp aH;0%ion. two H,50%%* ions). a single bond. other.
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An L-defect has
the hydrogen atoms
from neighboring
molecules facing
away from each

cally break the ice rules are important to
consider (see the figure).

Orientation defects include D-defects
(from “doppel” in German, meaning “dou-
ble”), in which two hydrogen atoms of wa-
ter molecules face each other, and L-defects
(from “leer” in German, meaning “empty”),
in which their hydrogen atoms face away
from each other. The cations with excess
protons are also important for generating
molecular hydrogen. This includes an Eigen
cation, in which H,0* makes three hydro-
gen bonds, and a Zundel cation, in which an
excess proton is equally shared between two
water molecules.

Microscopic investigation of the behav-
ior of excess protons requires the use of
microscopy. AFM can be used to perform
high-resolution local structure analysis. It
is a microscope that scans a surface with
a tip (3) similar to how a fingertip can
sense scratches on a tabletop. By operat-
ing the AFM in an ultrahigh vacuum at a
low temperature of 5 K, the tip apex can be
decorated with a single molecule, such as a
carbon monoxide, for ultrahigh-resolution
imaging (4). Single-molecule chemistry
based on submolecular resolution obser-
vation of organic molecules adsorbed on
surfaces has garnered interest (5), and the
technique allows the nondestructive obser-
vation of weak hydrogen bond-
ing networks. Before the study of
Tian et al., it has been reported
that hydrogen bonding networks
on metal surfaces can be visual-
ized with high resolution by us-
ing AFM (6-9), enough to reveal
local structures such as D-defects
(6) and crystal growth front (9).

Tian et al. prepared Eigen and
Zundel cations by introducing
protons into the hydrogen bond-
ing networks of water monolay-
ers. By using AFM, they could dis-
tinguish between water molecules
and hydrated protons. By chang-
ing the number of introduced
hydrogen atoms, the authors cre-
ated Eigen and Zundel cations
separately. In both cases, calcu-
lations showed that water mol-
ecules in hydrogen bonding with
the excess protons were slightly
elevated from the monolayers, as
corroborated by the AFM image.
Furthermore, the two types of cat-
ions could be reversibly switched
by applying a voltage pulse be-
tween the tip and the metal sur-
face beneath the ice layer. Such a
conversion requires the protons
to move between the network of
water molecules and the metal
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surface. This information is valuable for
understanding the elementary processes in-
volved in the hydrogen evolution reaction,
by explaining the path taken by the protons
going from the water molecule network to
the substrate. Furthermore, Tian et al. clari-
fied that the abundance ratio of Eigen and
Zundel cations differs between platinum and
gold substrates. Because platinum is a com-
monly used electrode material, Tian et al.
highlight the importance of understanding
the substrate dependence of the hydrogen
evolution mechanism, including how proton
transfer to the substrate may be affected by
factors such as the lattice constant and sur-
face potential of the substrate.

Tian et al. provide a direct observation
of excess protons in the water molecule
network. In addition to information on
atomic positions obtained with AFM, the
quantitative measurements of local charge
distributions will also be useful for further
analyzing more complex systems, such as
hydrogen bonding networks that contain
injected heterogeneous ions. Measuring the
electrostatic force with AFM allows visual-
ization of local charges within a single or-
ganic molecule (10). This approach will help
determine the directionality of hydrogen
bonds and identify ionic species.

High-resolution experiments have been
conducted in ultrahigh vacuum at low
temperature, whereas hydration structures
have been observed at the solid-liquid in-
terface with AFM at room temperature (11).
The hydration structure is visualized as a
time-averaged image of dynamically mov-
ing water molecules. It is important to con-
duct research that bridges the gap between
static but high-resolution observations in
ultrahigh vacuum and time-averaged ob-
servations in liquid that are close to more
realistic conditions. In the future, real-time
observation of proton transfers in the wa-
ter adsorption layers in relation to electro-
chemical reactions will be a key technology
relevant to various fields.
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Building perovskite solar

cells that last

An inorganic halide perovskite solar cell
architecture promises multiyear stability

By Severin N. Habisreutinger!
and Matthew O. Reese?

t the heart of a solar cell sits an ab-

sorber layer that converts sunlight

into electricity. Metal-halide per-

ovskites (MHPs) are a new class of

such absorber materials, which have

exceptional optoelectronic properties
and can be manufactured by using low-cost,
scalable solution-processing or vapor-based
deposition methods. Consequently, per-
ovskite photovoltaics (PV) have progressed at
an unprecedented pace and have gone from
experimental breakthroughs to the cusp of
commercialization within the last decade.
Thus far, much focus has been aimed at im-
proving the power-conversion efficiency of
small-area cells—now approaching 26%, hav-
ing already surpassed most other thin-film
PV technologies (7). Efficiency is, however,
only one of many requirements for a PV tech-
nology to succeed. Equally important is the
capacity to retain performance over time, for
up to 25+ years. On page 307 of this issue,
Zhao et al. (2) tackle this challenge of long-
term stability of MHP solar cells through ac-
celerated stress testing.

In contrast to covalent semiconductors like
silicon, the mixed bonding—both covalent
and ionic—in MHPs is a double-edged sword.
It underlies the easy fabrication and excep-
tional defect tolerance of MHPs, but it also
allows for a high degree of ionic mobility. As
a result, external driving forces, such as light
and heat, can redistribute ionic species within
the absorber and cause material degradation.
In particular, the egress and loss of volatile
species have been identified as a major deg-
radation mechanism in MHPs (3, 4). This has
raised the question of whether MHPs are a
practical technology given the operational life
span required of PV technologies.

Recently, various new approaches have
been demonstrated to stabilize the MHP
absorber by coating its surface with a thin
capping layer (5-7). Zhao et al. took an ex-
tra step by designing a device architecture
that relies exclusively on inorganic materials

10xford PV, Yarnton, Kidlington, UK. ?National Renewable
Energy Laboratory (NREL), Golden, CO, USA. Email: severin.
habisreutinger@oxfordpv.com; matthew.reese@nrel.gov

to improve resilience to thermal deforma-
tion and degradation. Beyond hardening
the contact materials and electrodes, they
also chose an inorganic cesium lead triio-
dide (CsPbl) MHP absorber. Although this
leads to a lower initial efficiency, the ab-
sence of organic cations reduces possible
thermal degradation processes. The authors
also expanded on previous work using an
inorganic Ruddlesden-Popper perovskite as
the passivation layer on top of the absorber
(8-10). This layer has two effects: It reduces
nonradiative surface recombination of pho-
togenerated charge carriers, thus improving
the photovoltage (I11); and it suppresses the
egress of iodide ions from the absorber, thus
preserving the integrity of the device stack.
The importance of this strategy to make
MHP solar cells more resilient is demon-
strated through long-term device operation
under continuous light exposure at several
elevated temperatures, using the protocols
developed by the International Summit on
Organic Photovoltaic Stability (12, 13).
Guaranteeing minimal losses under
decades-long operation is an important fac-
tor for the “bankability” of a PV technology.
This is a particular challenge for MHP solar
cells, which simply have not been around
long enough to validate long-term projec-
tions for real-world performance. Because
of this, accelerated stress tests have been
used to simulate longer periods of operation
through more severe stressing conditions
with acceleration factors. Zhao et al. used
elevated temperatures beyond typical opera-
tional temperatures as acceleration factors,
allowing them to determine an activation en-
ergy for the dominant degradation process.
Zhao et al. used an encapsulation approach
for their devices to prevent extrinsic factors
such as moisture and oxygen from playing a
dominant role in device degradation. They
subsequently tracked the performance of
their encapsulated devices under operation
for several months and noted that even for
devices stressed at the highest temperature,
it took almost 3 months for the efficiency to
drop to 80% of the initial performance. With
the calculated activation energy, the authors
were able to translate the achieved stability at
110°C to 5+ years of continuous operation at
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surface. This information is valuable for
understanding the elementary processes in-
volved in the hydrogen evolution reaction,
by explaining the path taken by the protons
going from the water molecule network to
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monly used electrode material, Tian et al.
highlight the importance of understanding
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evolution mechanism, including how proton
transfer to the substrate may be affected by
factors such as the lattice constant and sur-
face potential of the substrate.

Tian et al. provide a direct observation
of excess protons in the water molecule
network. In addition to information on
atomic positions obtained with AFM, the
quantitative measurements of local charge
distributions will also be useful for further
analyzing more complex systems, such as
hydrogen bonding networks that contain
injected heterogeneous ions. Measuring the
electrostatic force with AFM allows visual-
ization of local charges within a single or-
ganic molecule (10). This approach will help
determine the directionality of hydrogen
bonds and identify ionic species.

High-resolution experiments have been
conducted in ultrahigh vacuum at low
temperature, whereas hydration structures
have been observed at the solid-liquid in-
terface with AFM at room temperature (11).
The hydration structure is visualized as a
time-averaged image of dynamically mov-
ing water molecules. It is important to con-
duct research that bridges the gap between
static but high-resolution observations in
ultrahigh vacuum and time-averaged ob-
servations in liquid that are close to more
realistic conditions. In the future, real-time
observation of proton transfers in the wa-
ter adsorption layers in relation to electro-
chemical reactions will be a key technology
relevant to various fields.

REFERENCES AND NOTES

. Y.Tianetal.,Science 377,315 (2022).

. T.Bartels-Rauschetal., Rev. Mod. Phys. 84,885 (2012).

. G.Binnig, C.F.Quate, C. Gerber, Phys. Rev. Lett. 56,930
(1986).

. L.Gross, F.Mohn, N.Moll, P. Liljeroth, G. Meyer, Science
325,1110 (2009).

. L.Grossetal.,Angew. Chem. Int. Ed. 57,3888 (2018).

. A.Shiotari, Y. Sugimoto, Nat. Commun. 8,14313 (2017).

. J.Pengetal.,Nat. Commun.9,122 (2018).

A. Shiotari, Y. Sugimoto, H. Kamio, Phys. Rev. Mater. 3,

093001(R) (2019).

. R.Maetal.,Nature 577,60 (2020).

F.Mohn, L. Gross, N.Moll, G. Meyer, Nat. Nanotechnol. 7,

227 (2012).

11. T.Fukuma,Y.Ueda, S. Yoshioka, H. Asakawa, Phys. Rev.

Lett.104,016101(2010).

ACKNOWLEDGMENTS

We acknowledge support from JSPS KAKENHI grants JP
20H05849, JP 22H04496, JP 22H05448, and JP 22H01950.

10.1126/science.add0841

& WM =

W OO O

1

SCIENCE science.org

MATERIALS SCIENCE

Building perovskite solar

cells that last

An inorganic halide perovskite solar cell
architecture promises multiyear stability

By Severin N. Habisreutinger!
and Matthew O. Reese?

t the heart of a solar cell sits an ab-

sorber layer that converts sunlight

into electricity. Metal-halide per-

ovskites (MHPs) are a new class of

such absorber materials, which have

exceptional optoelectronic properties
and can be manufactured by using low-cost,
scalable solution-processing or vapor-based
deposition methods. Consequently, per-
ovskite photovoltaics (PV) have progressed at
an unprecedented pace and have gone from
experimental breakthroughs to the cusp of
commercialization within the last decade.
Thus far, much focus has been aimed at im-
proving the power-conversion efficiency of
small-area cells—now approaching 26%, hav-
ing already surpassed most other thin-film
PV technologies (7). Efficiency is, however,
only one of many requirements for a PV tech-
nology to succeed. Equally important is the
capacity to retain performance over time, for
up to 25+ years. On page 307 of this issue,
Zhao et al. (2) tackle this challenge of long-
term stability of MHP solar cells through ac-
celerated stress testing.

In contrast to covalent semiconductors like
silicon, the mixed bonding—both covalent
and ionic—in MHPs is a double-edged sword.
It underlies the easy fabrication and excep-
tional defect tolerance of MHPs, but it also
allows for a high degree of ionic mobility. As
a result, external driving forces, such as light
and heat, can redistribute ionic species within
the absorber and cause material degradation.
In particular, the egress and loss of volatile
species have been identified as a major deg-
radation mechanism in MHPs (3, 4). This has
raised the question of whether MHPs are a
practical technology given the operational life
span required of PV technologies.

Recently, various new approaches have
been demonstrated to stabilize the MHP
absorber by coating its surface with a thin
capping layer (5-7). Zhao et al. took an ex-
tra step by designing a device architecture
that relies exclusively on inorganic materials
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to improve resilience to thermal deforma-
tion and degradation. Beyond hardening
the contact materials and electrodes, they
also chose an inorganic cesium lead triio-
dide (CsPbl) MHP absorber. Although this
leads to a lower initial efficiency, the ab-
sence of organic cations reduces possible
thermal degradation processes. The authors
also expanded on previous work using an
inorganic Ruddlesden-Popper perovskite as
the passivation layer on top of the absorber
(8-10). This layer has two effects: It reduces
nonradiative surface recombination of pho-
togenerated charge carriers, thus improving
the photovoltage (I11); and it suppresses the
egress of iodide ions from the absorber, thus
preserving the integrity of the device stack.
The importance of this strategy to make
MHP solar cells more resilient is demon-
strated through long-term device operation
under continuous light exposure at several
elevated temperatures, using the protocols
developed by the International Summit on
Organic Photovoltaic Stability (12, 13).
Guaranteeing minimal losses under
decades-long operation is an important fac-
tor for the “bankability” of a PV technology.
This is a particular challenge for MHP solar
cells, which simply have not been around
long enough to validate long-term projec-
tions for real-world performance. Because
of this, accelerated stress tests have been
used to simulate longer periods of operation
through more severe stressing conditions
with acceleration factors. Zhao et al. used
elevated temperatures beyond typical opera-
tional temperatures as acceleration factors,
allowing them to determine an activation en-
ergy for the dominant degradation process.
Zhao et al. used an encapsulation approach
for their devices to prevent extrinsic factors
such as moisture and oxygen from playing a
dominant role in device degradation. They
subsequently tracked the performance of
their encapsulated devices under operation
for several months and noted that even for
devices stressed at the highest temperature,
it took almost 3 months for the efficiency to
drop to 80% of the initial performance. With
the calculated activation energy, the authors
were able to translate the achieved stability at
110°C to 5+ years of continuous operation at
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35°C. It is worth highlighting that real-world
operating conditions vary by geographic loca-
tion and mounting conditions. For example,
a module may occasionally experience 85°C
in Saudi Arabia, with a time-averaged tem-
perature of up to 55°C, whereas the climatic
conditions will be much more benign in tem-
perate regions such as Germany, where there
are fewer extreme temperature spikes and an
average temperature well below 35°C (14).
With this study, Zhao et al. demonstrated
high intrinsic stability of a hardened device
to temperature and light, indicating that
material choice and device engineering can
provide a pathway to minimizing intrinsic
performance losses to unavoidable stressors.
Although this device stack has a raw perfor-

and potential-induced degradation from high
voltages. Thus, cells and mini-modules must
be field-tested outdoors to identify the domi-
nant real-world degradation pathways and
correlate them to accelerated lab tests.

It is also critical to highlight that although
Zhao et al. demonstrated impressive stability
in their devices when encapsulated to keep
out oxygen and moisture, their unencap-
sulated devices degraded 1000 times faster
under the same testing conditions. Robust
encapsulation strategies from the thin-film
PV community exist, but it is arguably risky
to solely rely on encapsulation for long-term
stability, as packages can fail. The strength
of Zhao et al. is the formulation of a cogent
hypothesis, which, through careful testing

An inorganic capping layer for an inorganic perovskite solar cell

A dominant degradation process for the three-dimensional (3D) CsPbl; perovskite is the egress of iodine,
which can corrode the contacts of the solar cell (left). Zhao et al. coated the 3D absorber with an inorganic 2D
perovskite layer (Cs,Pbl,Cl,), before capping it off with copper(l) thiocyanate (CuSCN). The design inhibits the
egress of iodine and minimizes defects at the interface, thus enhancing the stability and longevity of the device.
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mance much worse than the current state of
the art, its long-term performance approaches
levels necessary for real-world bankability.

However, acceleration factors are a tricky
business and are not easily translatable for
predicting real-world performance. In this
case, temperature-activated iodine egress was
identified as the dominant degradation mech-
anism with a single temperature-dependent
acceleration factor. Other material systems
or device architectures are likely to have dif-
ferent activation temperatures and possibly
multiple interdependent degradation mecha-
nisms, resulting in more complex degradation
dynamics. When designing these accelerated
testing protocols, it is important to avoid trig-
gering degradation mechanisms that are not
present in real-world operating conditions—
baking a pie at 2000°C for 6 minutes is not
the same as baking it at 200°C for an hour.
This limits the viable temperature range and
hence magnitude of the acceleration factor.
It is also not clear yet whether further deg-
radation pathways might be triggered by ad-
ditional stressors such as diurnal and tem-
perature cycling, partial shading of modules,
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and validation, generated tangible insights.
The challenge for future studies will be to
apply these insights to device architectures
that pair enhanced intrinsic stability with the
superior efficiencies of the state of the art.
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gens (I). When mutations occur in
somatic stem cells, the mutation “spreads”
in a mosaic manner, appearing in the prog-
eny of mutated stem cells but not in cells
from nonmutated stem cells. Mosaic loss of
Y chromosome (mLOY) has been observed
in peripheral leukocytes of aging men (2),
reaching 40% of leukocytes in individu-
als over 70 years (3). LOY increases over
time and correlates with clonal expansion
of myeloid cells (4). LOY also correlates
with increased risk for mortality, cardio-
vascular events, and other age-associated
disorders, but a causal relationship has not
been established (2, 5). On page 292 of this
issue, Sano et al. (6) determine that mLOY
in myeloid cells is a major risk factor for
increased incidence of cardiovascular and
fibrotic diseases during aging.

Mutations attained during adulthood
become particularly threatening when they
occur in somatic stem cells and result in
the acquisition of competitive advantages
(7). In solid organs, mutated cell clones will
be primarily confined to the organ of ori-
gin, whereas clonal expansion of mutated
stem cells within the hematopoietic system
potentially reaches multiple organ sys-
tems. In particular, circulating cells of the
myeloid lineage can traffic to solid organs
to help maintain tissue homeostasis and
repair. Mutations in hematopoietic cells
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35°C. It is worth highlighting that real-world
operating conditions vary by geographic loca-
tion and mounting conditions. For example,
a module may occasionally experience 85°C
in Saudi Arabia, with a time-averaged tem-
perature of up to 55°C, whereas the climatic
conditions will be much more benign in tem-
perate regions such as Germany, where there
are fewer extreme temperature spikes and an
average temperature well below 35°C (14).
With this study, Zhao et al. demonstrated
high intrinsic stability of a hardened device
to temperature and light, indicating that
material choice and device engineering can
provide a pathway to minimizing intrinsic
performance losses to unavoidable stressors.
Although this device stack has a raw perfor-

and potential-induced degradation from high
voltages. Thus, cells and mini-modules must
be field-tested outdoors to identify the domi-
nant real-world degradation pathways and
correlate them to accelerated lab tests.

It is also critical to highlight that although
Zhao et al. demonstrated impressive stability
in their devices when encapsulated to keep
out oxygen and moisture, their unencap-
sulated devices degraded 1000 times faster
under the same testing conditions. Robust
encapsulation strategies from the thin-film
PV community exist, but it is arguably risky
to solely rely on encapsulation for long-term
stability, as packages can fail. The strength
of Zhao et al. is the formulation of a cogent
hypothesis, which, through careful testing

An inorganic capping layer for an inorganic perovskite solar cell

A dominant degradation process for the three-dimensional (3D) CsPbl; perovskite is the egress of iodine,
which can corrode the contacts of the solar cell (left). Zhao et al. coated the 3D absorber with an inorganic 2D
perovskite layer (Cs,Pbl,Cl,), before capping it off with copper(l) thiocyanate (CuSCN). The design inhibits the
egress of iodine and minimizes defects at the interface, thus enhancing the stability and longevity of the device.
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mance much worse than the current state of
the art, its long-term performance approaches
levels necessary for real-world bankability.

However, acceleration factors are a tricky
business and are not easily translatable for
predicting real-world performance. In this
case, temperature-activated iodine egress was
identified as the dominant degradation mech-
anism with a single temperature-dependent
acceleration factor. Other material systems
or device architectures are likely to have dif-
ferent activation temperatures and possibly
multiple interdependent degradation mecha-
nisms, resulting in more complex degradation
dynamics. When designing these accelerated
testing protocols, it is important to avoid trig-
gering degradation mechanisms that are not
present in real-world operating conditions—
baking a pie at 2000°C for 6 minutes is not
the same as baking it at 200°C for an hour.
This limits the viable temperature range and
hence magnitude of the acceleration factor.
It is also not clear yet whether further deg-
radation pathways might be triggered by ad-
ditional stressors such as diurnal and tem-
perature cycling, partial shading of modules,
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and validation, generated tangible insights.
The challenge for future studies will be to
apply these insights to device architectures
that pair enhanced intrinsic stability with the
superior efficiencies of the state of the art.
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Mosaic loss of Y chromosome in myeloid cells induces cardiac fibrosis

Bone marrow—derived myeloid cells exhibit loss of Y chromosome (LOY) during aging. They expand and colonize different organs, causing organ fibrosis, particularly

in hearts subjected to pressure overload by transaortic constriction (TAC). LOY is enriched in profibrotic macrophages with high transforming growth factor g1 (TGFB1)
activity, triggering a TGFB1-dependent feed-forward signaling loop that results in fibroblast proliferation and increased extracellular matrix deposition in mice.

Bone

Aging and
expansion

monocyte monocyte
may lead to clonal expansion of peripheral
blood cells without necessarily progressing
to myeloid neoplasms, a condition called
clonal hematopoiesis of indeterminate
potential (CHIP) (8). CHIP increases with
age, approaching an incidence of ~12% in
individuals over 70 years of age, with mu-
tant clones accounting for ~20% of periph-
eral blood mononuclear cells on average
(9). Notably, individuals with CHIP not
only exhibit increased risk for hematologi-
cal cancer but also show higher incidence
of cardiovascular diseases, which is the
main cause of increased CHIP-associated
mortality (8). The most prevalent mutated
genes in CHIP are DNA methyltransfer-
ase 3A (DNMT3A) and tet methylcytosine
dioxygenase 2 (TET2), which are linked
with increased expression of inflammatory
genes in myeloid cells that instigate ath-
erosclerosis, impaired heart function, and
cardiac fibrosis upon their recruitment
into cardiovascular tissues (10).

mLOY shows some similarities to CHIP,
such as prevalence in the myeloid lineage,
increased incidence during aging, and as-
sociation with chronic diseases. Mecha-
nistic studies for mLOY were completely
lacking, preventing the establishment of
a causal relationship between LOY and
cardiovascular disorders. Sano et al. gen-
erated a mouse model of mLOY in which
the centromere of the Y chromosome was
deleted in hematopoietic stem cells, which
leads to specific loss of this chromosome.
No obvious hematological abnormalities
were observed in mLOY mice, in which
49 to 81% of white blood cells are devoid
of the Y chromosome, comparable to men
with mLOY. However, mLOY in mice led to
cardiac fibrosis during aging, particularly
after left ventricular pressure overload
due to transaortic constriction. LOY mac-
rophages, recruited to the heart, showed
aberrant profibrotic differentiation and
higher activity of the profibrotic cytokine
transforming growth factor B1 (TGFB1).
Unexpectedly, the majority of TGFB1 sig-
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naling in mLOY hearts after transaortic
constriction was detected in other cell
types within the myocardium, suggest-
ing that aberrantly polarized mLOY mac-
rophages, which release TGFR1, trigger a
feed-forward signaling loop that activates
fibroblasts or other cells in the myocar-
dium, driving fibrosis (see the figure). Fur-
thermore, a prospective analysis of mLOY
in 223,173 men using data from the UK
Biobank revealed that during an average
follow-up time of 11.5 years, men with LOY
in >40% of leukocytes exhibited a 31% in-
creased risk of death from cardiovascular
disorders, including hypertensive heart
disease and congestive heart failure, as
well as peripheral vascular disorders such
as aortic aneurysm and dissection.

The Y chromosome has been mainly
viewed as a “genetic wasteland,” whose
dominant role is to determine gonadal sex
but little else. In comparison to other chro-
mosomes, the Y chromosome is gene poor,
and repetitive elements make up more
than 50% of its genetic material. Neverthe-
less, the Y chromosome has also been con-
sidered as a potential “blueprint for men’s
health” [(11), p. 1181]. Indeed, several unex-
pected links between the Y chromosome,
immune system, and complex polygenic
traits have been discovered, suggesting an
influence of the Y chromosome on immune
and inflammatory responses in men (I1).
The study of Sano et al. reinforces this view
and uncovers a crucial function of the Y
chromosome in maintaining a healthy in-
nate immune system, but further research
is required to elucidate the mechanisms.
Important mechanistic questions that re-
main include how the Y chromosome is
lost during aging. Whether mLOY is a par-
ticular feature of the hematopoietic system
or also happens in solid organs requires
further investigation. It is also unclear
what drives the TGFR1-dependent feed-
forward loop between mLOY macrophages
and cells in the myocardium during aging.

Co-occurrence of CHIP and mLOY has

R—» LOY macrophage
proliferation

TGFB1 activation

Fibroblast
activation and
proliferation

Fibrotic
myocardium and
heart failure

Extracellular matrix

been reported in monocytes from a small
cohort of 24 healthy men, suggesting that
both abnormalities can coexist (12). It will
be important to determine the frequency
of separate or combined occurrence and
potential consequences for disease mani-
festation and prognosis. Does the concom-
itant presence of mLOY and CHIP create
new effects and further alter the function
of bone marrow-derived cells? For exam-
ple, CHIP mutations may promote expan-
sion of LOY cells. In addition, mLOY seems
to primarily favor fibrotic pathologies,
whereas CHIP caused by TET2 or DNMT3A
mutations enhances inflammatory pro-
cesses, eventually culminating in organ
fibrosis (10). Perhaps the coexistence of
mLOY and CHIP fuels a vicious cycle lead-
ing to organ fibrosis during aging. Re-
moval of defective myeloid cells that either
promote inflammation (CHIP) or promote
fibrosis (mLOY) is an attractive thera-
peutic option to prevent or stall chronic
disease processes that lead to progressive
organ failure. Thorough characterization
of mLOY cells may help to identify a target,
or targets, that can be exploited to ablate
such cells.
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Playing catch-up in building
an open research commons

As efforts advance around the globe, the US falls behind
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any aspects of the research enter-
prise are rapidly changing to be
more open, accessible, and support-
ive of rapid-response investigations
(e.g., understanding COVID-19) and
large cross-national research that
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addresses complex challenges (e.g., supply
chain issues). Around the globe, there have
been aggressive responses to the need for a
unified open research commons (ORC)—an
interoperable collection of data and compute
resources within both the public and private

sectors that is easy to use and accessible to
all. Many nations are positioning themselves
to be scientifically competitive in the years to
come. But the US is falling behind in the ac-
cessibility and connectedness of its research
computing and data infrastructure (Z), com-
promising competitiveness and leadership
and limiting global science that could benefit
from US contributions. The challenge is more
cultural and institutional than technical and
demands immediate and sustained leader-
ship and support, starting with policy-makers
and research funders.

The value of cooperation around technol-
ogy and data broadly is beyond question. For
example, shared governance, shared infra-
structure, and agreements on standards that
permit a shared system to operate underpin
the ability of the North American electrical
grid to direct electricity to where it is needed
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and of the Cirrus banking network to deliver
money from one’s bank to almost anywhere
in the world. The sum of the parts is made
greater than the whole through cooperation
across the enterprise.

Similar coordination in the research en-
terprise could pay enormous dividends. We
now have vast amounts of publicly available
research data, but to fully leverage the po-
tential power of these data beyond individ-
ual and often heroic efforts, these data need
to be identified, made interoperable, and
aligned so that they can be broadly used by
the scientific community. For example, often
data on disparate topics—such as a county’s
homelessness rates, average income, neigh-
borhood food and health resources, air pol-
lution, flood risk, predicted water resources,
and predicted average temperature—are
spread across a range of locations on the
web, infrastructures, and management re-
gimes. If these data were integrated (brought
together based on common data elements
in each dataset), we could use the data for
powerful analyses, like identifying locations
with high homeless populations that are also
likely to be hit hardest by floods, droughts,
or heat waves or places with poor cardiac
health that also have high or increasing par-
ticulate matter 2.5 (PM 2.5) pollution, which
could lead to more heart attacks. Support
by policy-makers and funders who are driv-
ing the development of research infrastruc-
ture can facilitate such work, similar to the
urgent cooperation we see among scien-
tists during times of dire need, such as the
COVID-19 pandemic, the threat of war, and
the disruption to the global economy.

In principle, this should be possible in the
US, which has a vibrant research ecosystem
with no lack of computation and data re-
sources. But establishing an ORC is less a
technical challenge than a cultural and insti-
tutional one that requires policy leadership
and a sustained commitment, both of which
have been lacking. Talk to any of the burgeon-
ing number of data scientists and they will
likely tell you about, in accessing data that
are already publicly available, all the time
they must spend learning a variety of esoteric
compute systems and figuring out where to
get data and what value the data have before
they even begin the real work of analysis and
discovery. Common application program-
ming interfaces, new metadata and data
standards, workflows (2), dashboards, and
evaluation of progress as these evolve would
enable data scientists to better solve the

problems facing society. Beyond the techni-
cal aspects, there are also social and cultural
aspects of appropriate recognition that data
are first-class research objects that should be
cited and acknowledged in the same way that
publications are today.

In recognition of these challenges and op-
portunities, in 2013, the White House Office
of Science and Technology Policy (OSTP)
issued a directive to federal agencies to
improve access to the results of scientific
research outcomes. The intentions of the
administration were made clear: “digitally
formatted scientific data resulting from un-
classified research supported wholly or in
part by federal funding should be stored and
publicly accessible to search, retrieve, and
analyze.” This US initiative was an impetus
to the global push to open government, open
science, and open data.

Countries around the world have since
forged ahead. A wide range of recent efforts
reflect substantial recognition, in other coun-
tries and regions, of the important role played
by ORCs, for example, the European Open
Science Cloud (EOSC), the CSSMESH4EOSC
Science Mesh, the China Science and Tech-
nology (CST) Cloud, the African Open Sci-
ence Platform, the South African National
Integrated Cyber Infrastructure System, the
Malaysia Open Science Platform, the Global
Open Science Cloud (GOSC) (funded mainly
by China and organized through the Interna-
tional Science Council’s Committee on Data),
the Australian Research Data Commons
(ARDC) Nectar Research Cloud, the Digi-
tal Research Alliance of Canada (formerly
known as the New Digital Research Infra-
structure Organization), and the Arab States
Research and Education Network.

Although all are quite recent initiatives, the
CST Cloud already serves more than 1 million
researchers. ARDC is supporting studies of
bushfires, which have plagued Australia in
recent years, and is working with all 43 uni-
versities across Australia to build a nation-
ally agreed-upon network for research data.
The EOSC-related projects and the European
member states participate with considerable
additional investments governed through the
EOSC association spanning the full scope
of scientific disciplines and provide support
to high-performance computing centers,
massive databases, and the software tools
required to use them. As a result, the EOSC
is pivotal in supporting research challenges
such as climate change, space weather, seis-
mology, bioinformatics, disaster mitigation,

toxicology, and radio astronomy. Notwith-
standing such early signs of progress, system-
atic evaluation of these developing projects is
needed to assess their full value.

Critically, the governance models for many
of these programs seek to enable equitable
access to research capacity, consonant with a
major policy goal of the current US admin-
istration. For example, substantial effort, as
stated in the EOSC declaration, went into
defining rules of participation, processes for
governance, and allocation of resources.

FRAGMENTED AND FALLING BEHIND

As these collaborative initiatives advance
around the globe, anecdotally, progress in
establishing an ORC has seemed to fall be-
hind in the US because of a vacuum of lead-
ership, focus, and coordination. Without
a coherent national strategy, US scientists
have found it harder to participate in the
broader global pursuit of ORCs, eroding US
competitiveness.

The major US research funding agencies
largely tend to pursue independent initiatives
and rarely work together on shared infra-
structure, even as the problems faced by so-
ciety span agencies. Aside from a few shared
resources such the Extreme Science and En-
gineering Discovery Environment (XSEDE)
of the National Science Foundation (NSF),
with its focus on the use of high-performance
computing, and the Open Science Grid (OSG)
Consortium, with shared compute and data
resources (mostly NSF sponsored), we assert
that US research computational and data
infrastructure remains fragmented, ineffi-
cient, and uncompetitive with ORCs that are
emerging globally.

Funding would seem to be diminishing, as
in the case of XSEDE’s follow-on program,
Advanced Cyberinfrastructure Coordination
Ecosystem: Services & Support (ACCESS),
which is resourced to provide roughly half
of the funds of XSEDE despite increased us-
age and reliance of US scientists on advanced
computing. The OSG Consortium, by con-
trast, is more robust, with a distributed fund-
ing model, yet has a single administrative
council and software support services.

At the same time, there is little equity to
the resources that exist. Access tends to fa-
vor the major research-intensive universi-
ties where substantial expertise and local
compute access already exist. More can be
achieved by pooling publicly available data
and compute resources and enabling a larger
and more diverse group of researchers, who
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are from underrepresented communities and
found in universities and elsewhere, to eas-
ily access those resources to address society’s
most pressing problems.

The tech industry is working to provide
some integration of and access to data, but
it is often not done with the proper research
context and is driven by profit potential, not
scientific need. The research community
should embrace US industry potential where
mutual benefit can be found, thus partnering
and building trust rather than being depen-
dent on industry. Yet public-private partner-
ships are few and limited by government
rules, leading to separate organizations such
as the Foundation for the NIH (FNIH), which
facilitates joint initiatives between the Na-
tional Institutes of Health (NIH) and the pri-
vate sector (e.g., the Accelerating Medicines
Partnership) in ways not allowed by a fed-
eral agency alone. Hence, the interdisciplin-
ary knowledge, innovation, and underlying
shared data and compute resources needed
to solve global challenges are usually lacking.

The lack of a unified ORC leaves the US
following along in global efforts (e.g., GOSC)
with no formal executive representation in
international ORC-focused initiatives such
as at the Open Science Clouds and Commons
Executives’ Roundtable, where executives
of many of the international initiatives col-
laborate in creating an interconnected global
research cloud infrastructure built from the
individual research commons developed by
other nations.

We are encouraged by recent efforts to
improve access to computation and data
infrastructure, for example, in the National
Artificial Intelligence Initiative. However,
this represents a partial and siloed effort to
serve specific communities that are largely
focused on machine learning and artificial
intelligence (AI) applications. Although im-
portant, there is a larger research ecosys-
tem that needs access to data and computa-
tional resources.

Data, in particular, need to be made Al
ready, and be preserved for substantial pe-
riods of time in order to support reproduc-
ibility to ensure the integrity of the schol-
arly research record. Such preservation is
critical because data often cost so much
to produce as to be irreplaceable and/or
because the aggregation of such data may
lead to new insights at some indeterminate
future time. But the long-term beneficiaries
may be very different from the producers or
initial custodians, which adds to the chal-
lenge and needs to be part of a national
ORC concept. This requires professional
data stewardship, a skill that is strongly
developed in the various regional initiatives
around the globe and exemplified by the In-
ternational Society for Biocuration.
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ALIGNING INCENTIVES
It is imperative that all stakeholders to-
gether create a more seamlessly connected
and accessible data and compute infrastruc-
ture. What is needed is commitment from
the US Congress and the administration so
that parties can come together to chart the
future and address the fragmented nature
of the US research computing and data en-
terprise by establishing an ORC. Building
on prior conceptualizations (3, 4), the ORC
should span federal, state, and local gov-
ernment agencies and computing facilities,
including national laboratories, public and
private clouds, and institutions. The ORC
should be designed to replace the largely
siloed, individually controlled data and
compute resources present in the US today,
a situation that limits discoverability, access,
innovation, and collaboration.

This will require shared governance, trust,
common standards, shared infrastructure,
and, crucially, a champion, such as the OSTP.

“...establishing an
open research commons...
requires policy
leadership and a sustained
commitment...”

A key to success is the incentive to create a
unified system. Scientists are not yet pre-
sented with the adequate incentives. Man-
dates from funders, such as data-sharing
policies, help, but there are not enough defi-
nitions of requirements and rewards for com-
plying or, indeed, a unification of what is ex-
pected of researchers regardless of the source
of their research funding. What is lacking are
the coordination and incentives to establish
shared data and compute resources, gover-
nance, policies, and procedures across the US
research enterprise to maximize accessibil-
ity and equity and train a computation- and
data-savvy workforce.

In addition to the need to be competitive
is the need to contribute to the global eco-
system, such that the will to collaborate is
complemented by the ORC infrastructure to
make it productive to do so. Efforts in the US
must thus absolutely learn from and engage
with others abroad, to adopt and adapt rather
than start from scratch and reinvent what is
already known. Efforts must reach out across
sectors. Though commercial entities must be
part of the ecosystem, they alone cannot be
expected to adequately develop an ORC that
serves the public good and needs of scientists,
particularly as a long-term commitment. An
ORC would thus provide a focal point for cre-
ating and nurturing public-private partner-

ships by adopting shared research data poli-
cies, standards, and practices, as well as the
technical infrastructure to reduce the risk of
absent, inoperable, and lost knowledge at the
time of need.

Much of the hardware, software, and
knowledge needed to make the ORC a real-
ity largely exists. Thus, the cost may not be
overly daunting compared with the gains in
productivity, insight, economic competitive-
ness, and security that may emerge. Although
the exact return on investment is hard to es-
timate (more explicit collaborative research
is needed here), an increase in research pro-
ductivity at even the 10% level would likely
far outweigh the cost of establishing the ORC.

Recent developments in the US point to ex-
pected benefits of a unified and coordinated
approach. Notable developments are the
NSF’s Research Coordination Network and
the NSF program of investment known as
the Research Data Ecosystem: A National Re-
source for Reproducible, Robust, and Trans-
parent Social Science Research in the 21st
Century. But much more is needed.

Congress and the administration must take
action now. That action should be defined by
the OSTP and include mandates to all feder-
ally funded science and technology agencies:
Mandates for cooperation across agencies,
like that currently being attempted by the
Global Biodata Coalition, albeit more focused
on sustainability, that lead to shared compute
infrastructure and, if not shared, governed by
a set of rules and standards that facilitate data
exchange and reuse and provide a consistent
interface to both humans and machines; and
mandates that have the agencies working in
closer cooperation with the private sector to
realize the full potential of the US technology
workforce without compromising competi-
tion. Only then will there be opportunities
to maximize productivity and innovation to
solve global problems. Other countries and
regions are taking these same steps. It is time
for the US to step up to the plate.
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An exploration of real, virtual,
and possible minds

What are they for—who has them and why?

By Alex Gomez-Marin

ith ambition and patience, in The

Book of Minds, British science

writer Philip Ball explores the pa-

rameters and functions of actual,

virtual, and possible minds. The

journey begins with humans and
our fellow organisms on Earth (including
plants and fungi) and ends with machine-
based minds (artificial intelligence) and
minds beyond our grasp (extraterrestrials
and even God).

The Book of Minds addresses everything
from intelligence and consciousness to
agency and free will. In doing so, Ball risks
biting off more than we can chew. And yet
the book reads swiftly and smoothly. Orga-
nized into 10 generous chapters, the book
often feels like the educated rambling of a
passionate dilettante. Ball’s take is wide and
balanced, likely to please the demigods of
mainstream academe while veiling valiant
minority reports in its interstices.

What is a mind? According to Ball, “For an
entity to have a mind, there must be some-
thing it is like to be that entity” Starting
with human brains, he acknowledges the
constitutive role of bodies, emotions, and
the environment. He discusses socializa-
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tion, language, and the evolution of intelli-
gence, insisting on “the constructive faculty
of mind.” Ball then turns to consciousness,
mentioning the work of the celebrities in
this arena, from philosophers David Chalm-
ers and Daniel Dennett to neuroscientists
Antonio Damasio and Stanislas Dehaene,
in a comprehensive but predictable chapter.

When it comes to other animals, Ball
warns readers against conceiving of them as
“dim-witted humans.” Jakob von
UexKkiill’s concept of “Umwelt”
helps here, he insists; every or-
ganism experiences its own mean-
ingful environment. From ravens
to great apes, Ball covers forward
thinking, theory of mind, behav-
ioral flexibility, the ability to make

The Book of Minds

Cathedral mounds like this one in Litchfield National
Park are constructed by hive-minded termites.

has taken us so long to correct, he wonders?
While it is true that computers do specific
tasks better and faster than us, the recur-
ring promise that sentient artificial intel-
ligence is just one line of code away has
grown tiresome. Good-enough mimicry
does not a mind make.

It is unlikely that all the minds in the
Universe are confined to this pale blue dot.
How will we know aliens when we meet
them? Ball suggests that our encounter with
extraterrestrials is more likely to be techno-
logical than biological, that is, through their
gadgets rather than themselves.

And what about the mind of God? It cer-
tainly defies mapping. Ball does not believe in
such a thing, and yet—in contrast to the easy
ridiculing of certain vociferous atheists—he
respects the subtle work of theologians.

A paradox awaits the reader toward the
bookK’s end: Did they make it there by choice?
In chapter 9, Ball dares to tackle free will. If it
exists (he is inclined to think it does), “minds
alter the universe in an astonishing way,’
he writes. If it does not, do minds matter?
Quantum indeterminacy and classical deter-
minism offer chance and necessity, while the
words “free” and “will” suggest a mysterious
force that defies physical possibility. And yet,
the minds that laws permit must ultimately
face the laws that minds admit.

In considering all possible minds, The
Book of Minds suggests that humankind is
not at the center, at least spatially. How-
ever, the book risks framing other minds as
surrogates to explore our own. Pluralism
and decentering are desirable, but human
imagination bootstraps us above
other creatures.

Given the scope and length of
the book, it is surprising that the
phenomenology of experience, the
consciousness-expanding effects of
psychedelic substances, and altered
states of mind such as lucid dream-

plans, and complex vocal com- ing and near-death experiences
munications in the animal king- ~ Philip Ball are only mentioned in passing. On
University of Chicago

dom. Readers also learn about the
hive minds of termites and bees.

Ball draws special attention to cephalo-
pods, whose minds are as different from
ours as it gets. Prospecting minds further in
the living world, he makes a brief foray into
“plant neurobiology” and even entertains
James Lovelock’s Gaia hypothesis, which
posits that our planet is a self-regulating
living organism.

Ball also tackles artificial minds, as well
as our projections upon them. Does the
claim that machines do not or cannot have
minds reenact the bias against animals that

Press, 2022. 512 pp.

these and other fringe topics, Ball
reaches the boundaries of the sci-
entific orthodoxy but never crosses the line.
Ball ends the book with a final plea for
why we should concern ourselves with the
concept of minds, insisting that such prob-
ing “might show us what we can become.”
The French priest and paleontologist Pierre
Teilhard de Chardin would have likely
agreed. Humanity has not only evolved, he
once argued, it is evolving. It is not really
us who know the Universe; the Universe
knows itself through us.
10.1126/science.abq6975
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PALEOANTHROPOLOGY

Discovering the “Hobbit”

A paleoanthropologist unpacks the curious tale
of the diminutive hominin Homo floresiensis

By Richard G. Roberts and Thomas Sutikna

n 28 October 2004, Homo floresiensis
became a scientific and media
sensation. Dubbed the “Hobbit”
after J. R. R. Tolkien’s wee folk, this
primitive little hominin was thought
to have survived on the island of
Flores in Indonesia until just 18,000 years ago
(subsequently revised to 50,000 years ago).
H. floresiensis stood only 1 meter tall and
had several odd features, including a small
head, hunched shoulders, short legs, and
long flat feet with curved toes. The news was
greeted with glee, astonishment, skepticism,
and counterclaims that the remains were
of a diseased member of our own species.
In Little Species, Big Mystery, the story of
H. floresiensts is brought to life by Australian
paleoanthropologist Debbie Argue.

Argue’s book recounts the events leading
up to the announcement of the discovery of
the Hobbit, the controversy in its aftermath,
and the subsequent research into the ar-
chaeology, chronology, and ancestry of this
peculiar hominin. Recent discoveries of an-
cient remains of other diminutive humans
on Flores and in the Philippines, and sug-
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gestions that Denisovans—another group of
extinct hominins—may have ventured into
island Southeast Asia, have shone a spotlight
on this region as an intriguing field experi-
ment in human evolution.

Ancient DNA has yet to be recovered from
hominin remains older than a few thousand
years in the tropics, and the use of ancient
proteins to elucidate hominin taxonomy
is in its infancy. Revealing the history of
the Hobbit, its contemporaries, and their
ancestors therefore depends on detailed
analysis of the few and typically fragmentary
bones and teeth preserved over the eons.
Argue takes care to demystify anatomical
terms for the uninitiated and adopts an open-
minded but sensibly cautious approach to
interpreting the meager human fossil record,
following in the footsteps of her colleague
and mentor, mammal taxonomist Colin
Groves. Together with others, they were the
first to independently confirm H. floresiensis
as a valid new species.

Argue debunks the various ailments
attributed to the Hobbit, which its detractors
considered a H. sapiens with microcephaly,
Laron syndrome, cretinism, or Down
syndrome. Only the first of these was in
play when Mike Morwood, coleader of the
Indonesian-Australian research team, and
Penny van Oosterzee released The Discovery
of the Hobbit in 2007, so Argue’s book provides
a welcome update, benefiting from her role

The remains of H. floresiensis were discovered in Liang Bua, a cave on the island of Flores in eastern Indonesia.
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as a researcher who was not embroiled in
the initial controversy and a perspective that
only the passage of time and additional data
can bring.

Argue also grapples with questions that
are currently unresolved, such as the position
of the Hobbit in the hominin family tree and
the routes and means by which its ancestors
reached Flores. The island has always been
separated from mainland Asia, so these
small-brained hominins must have made
several sea crossings to achieve landfall and
then persisted for several tens or hundreds
of millennia until their final disappearance.

Argue contemplates various means of
travel but defers judgment, given the lack
of available evidence either way. She also
considers the jury to still be out on whether
these ancient mariners arrived from islands
to the north or west of Flores. She is satisfied,
however, that the available skeletal evidence
supports the evolution of Hobbits from small-
bodied hominins who dispersed out of Africa
more than 2 million years ago, rather than
from a large-bodied ancestor (H. erectus)
who dwarfed over time in response to
environmental pressures on Flores, which is
the alternative hypothesis still in contention.

The absence of fossils of little, primitive
humans between Africa and Flores might
appear to weaken Argue’s case, but hominin
fossils in South Asia—even those of
H. sapiens—are exceedingly scarce. However,
two recent finds may hold clues to this
outstanding question. East of the home of the
Hobbit on Flores, a few fragmentary remains
of a 700,000-year-old tiny hominin were
unearthed in 2014. Were these the ancestors
of the Hobbit? Too few fossils to tell, Argue
opines. Meanwhile, in the Philippines, the
remains of a small, late-surviving hominin—
H. luzonensis—suggest an intriguing parallel
with the Hobbit. How closely were the two
diminutive species related? More data from
more sites are needed, she writes.

While she is optimistic that ancient
DNA can help elucidate the evolutionary
relationships of H. floresiensis and other
hominins in island Southeast Asia, what
we ultimately need most are more human
fossils, maintains Argue in a clarion call for
local researchers, who remain central to the
Flores and Philippines projects, and their
international collaborators.

10.1126/science.abq8248
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The Cerrado region, including this spring in the state of Minas Gerais, is crucial to Brazil's water security.

Edited by Jennifer Sills

Cerrado conservation is
key to the water crisis

In 2021, the hydroelectric plant reservoirs
in southern and midwestern Brazil, which
provide 70% of the country’s hydraulic
energy (I), reached their lowest levels in
91 years (I). In addition to compromising
the country’s electricity sources, declining
water levels threaten Brazil’s population
by reducing the available food and water
supply of food, which drives up prices
and affects both family budgets and trade
(2). Drought also exacerbates forest fires,
disrupts the life cycles and distribution of
local species, and limits the productivity of
ecosystems. To address these challenges,
Brazil must work to protect its water sup-
ply by conserving the Cerrado region.

Covering more than 2 million square
kilometers, the Cerrado supplies water
to 8 of Brazil’s 12 hydrographic regions
(3). Despite its importance, only about
8% of the territory is legally protected
(4). Agribusinesses have replaced the
Cerrado’s native vegetation with exten-
sive areas of monoculture and livestock
(5), which use about 70% of the region’s
water (6). Deforestation in the region has
reduced the region’s rainfall, affecting the
local climate and hindering the recharge
of aquifers (5, 7, 8).

Despite warnings from the scientific
community, Brazil continues its relentless
pace toward a harsh future in which water
and food security will be under threat. In
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addition to saving the Amazon rainforest,
Brazil must urgently take steps to protect
the Cerrado. Given that protected areas in
the region are an effective conservation
device (9), more should be designated.
Conservation measures should focus on the
Cerrado’s water sources, including head-
waters of rivers. Brazil should limit defor-
estation and invest instead in sustainable
agriculture, using only existing agricultural
fields. Finally, the country should amend
the Brazilian Forest Code to increase the
protected area within rural properties
located in the Cerrado (10). The loss of the
Cerrado region’s biodiversity and water
production could be catastrophic.
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Zero-COVID Editorial
lacks balance

It is one thing to hope for an end to China’s
zero-COVID policy. It is quite another to cri-
tique it without sensitivity to the issues. In
his Editorial “Zeroing out on zero-COVID”
(3 June, p. 1026), W. C. Kirby ostensibly
pleads for better conditions to reopen schol-
arly exchange but seems more interested in
accusing China of supposed failures.

Kirby blames China for not doing
enough to contain the disease initially,
only to accuse the country of now being
too rigorous. When considering how
China might transition to a different
policy, he does not appreciate the dif-
ficulties of doing so in Australia, Canada,
New Zealand, and Singapore [e.g., (I-3)],
nor does he acknowledge the challenges
unique to China, such as disparities in
urban and rural areas, lack of education,
low vaccination rates among the elderly,
and a culture tolerant of short-term sacri-
fices for long-term policy gains (4).

Kirby claims that because the Chinese
approach presents difficulties in hindsight,
it was wrong to adopt it in the first place;
he fails to acknowledge that a decision
can be made in good faith that later has
adverse effects. Kirby also alleges that this
supposed error in judgment was the result
of politics interfering with scientists, who
would never be foolish enough to recom-
mend a zero-COVID approach. In fact, this
approach has frequently been discussed as
a credible alternative (2). By making these
assumptions, Kirby undermines rather
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than promotes academic dialogue with
our colleagues in China.
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Vaccinate to combat
COVID-19 in China

As W. C. Kirby argues in his Editorial
“Zeroing out on zero-COVID” (3 June,
p. 1026), the cost of China’s strict zero-
COVID policy is enormous. From local
to regional to international impacts, this
policy is likely to increase unemploy-
ment and poverty while further dis-
rupting global supply, communication,
and cooperation. China should replace
its zero-COVID strategy with a plan to
increase vaccination rates.

This year marks the largest surge
in COVID-19 cases in China since the
beginning of the outbreak in 2019 (1).
Shanghai was the epicenter of the surge,
recording 625,186 positive cases during
the city’s strict lockdown from 1 April
to 1 June (2). Most cases (90.75%) were
asymptomatic, and the death rate was
only 0.094% (2). Of the 588 people in
Shanghai who died from Covid-19 during
this time, the average age was 82.9, and
all had severe preexisting medical condi-
tions (3). For those above 80, the vacci-
nation rate was a meager 1.3% (3).

Between 10 March and 16 April, each
Shanghai resident underwent more
than a dozen polymerase chain reaction
(PCR) tests, in addition to daily at-home
antigen testing (4). Long lines for testing
increased the possibility of spreading the
virus, and with tens of millions of people
taking tests daily, false positives were
frequent (5). The cost of massive testing
sites and test materials, combined with
the required employee salaries, could
reach billions of US dollars (6).

SCIENCE science.org

Lockdowns and mandatory proactive
testing have high social and economic costs
as well. People have had difficulty access-
ing hospital services, acquiring medica-
tions, and making routine medical appoint-
ments (7). Loss of employment has led to
food and housing insecurity (8). Shanghai’s
industrial output fell by 61.5% in April
compared to a year earlier. Retail sales fell
by 48.3% over the same period (9).

Instead of spending billions on test-
ing and quarantine, China should invest
in vaccination (70). Data from Shanghai
show that with three doses of China’s vac-
cine, including two primary shots and a
booster, the incidence of severe symptoms
decreases by 90% (1I). Yet vaccination
rates remain surprisingly low. By May,
only 62% of Shanghai residents older than
60 had received two doses of the vaccine,
and only 39% had received boosters. The
cost of vaccinating all residents over 60
would be much lower than the cost of
regular testing (12), while mitigating the
social and economic consequences of the
zero-COVID strategy.
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COSMOCHEMISTRY

Mars accreted in an unexpected order

he Solar System formed from a nebula of gas and dust, from which the Sun and planets
accreted. Their assembly sequence can potentially be reconstructed using the abun-
dances of chemical elements and their isotope ratios. Péron and Mukhopadhyay have
measured krypton and xenon isotopes in the Martian meteorite Chassigny, already
known to reflect the planet’s interior composition. They found isotope ratios similar
to meteorites, indicating that much of Mars’ mass was sourced from solids. However Mars’
atmosphere has isotopes indicating an origin from the nebular gas and thus must have
been added later than the interior. Standard cosmochemical models predict the opposite
sequence, so the results challenge current understanding of Solar System assembly. —KTS

Science, abk1175, this issue p. 320

Satellite image reconstruction of the surface of Mars

QUANTUM SIMULATION
Simulating thermalization
dynamics

Calculating the dynamics of
gauge theories, which underlie
some of the most successful
models in physics, is extremely
challenging for classical

272

computers. An alternative

to computation is quantum
simulation using tunable physi-
cal systems in which gauge
symmetry constraints can be
effectively implemented. Zhou
et al. studied the thermaliza-
tion of a U(1)-symmetric gauge
theory using cold bosonic atoms
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trapped in a tilted staggered
optical lattice. The system's evo-
lution depended on whether the
gauge constraint was enforced.
Additionally, different gauge-
symmetric initial states with the
same energy density evolved to
the same thermal state. —JS
Science, abl6277,thisissue p. 311

CELL BIOLOGY
Predicting differentiation
with morphology

Obtaining a differentiated,
functionally specialized state is
accompanied by alterations in cell
morphology. Huang et al. report
that analysis of morphology-
related gene expression can be
used to define stem cell differen-
tiation stages in a model of in vitro
surface epithelium differentia-
tion from pluripotent stem cells.
Analysis of morphology-related
gene expression, in combination
with chromatin conformation and
epigenetic state, further identified
a novel transcriptional master
regulator, GRHL3, that drives the
initiation of surface epithelium
lineage commitment in collabora-
tion with the growth factor BMP4
by increasing chromatin accessi-
bility. These findings underline the
tight relationships between cell
morphology and state and further
define collaborative actions of
transcription factors and morpho-
gens. —SAW
Sci. Adv. 10.1126/
sciadv.abo5668 (2022).

WATER STRUCTURE
How hydrated protons

gather at interfaces

Hydrated protons play a critical
role in numerous physical and
chemical processes. However,
their atomic-level characteriza-
tion remains experimentally
challenging, especially for
interfacial systems. Using qPlus-
based atomic force microscopy
and path integral molecular
dynamics, Tian et al. demon-
strated real-space imaging of
the most representative forms
of hydrated protons, the Zundel
and the Eigen cations, at water
networks grown on Au(111) and
Pt(111) surfaces. The authors
characterized the preferable
two dimensional assemblies

of these cations at the inter-
faces (see the Perspective by
Sugimoto). They also revealed
an interesting mechanism of the
coupled Eigen-Zundel inter-
conversion involving interfacial
proton transfer, which may well
be an important pathway in

science.org SCIENCE
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electrochemical processes such
as hydrogen evolution. —=YS
Science,abo0823, thisissue p. 315;
seealsoadd0841,p.264

IMMUNOLOGY

Sunburn: AZAK attack

Nod-like receptors (NLRs) are
intracellular sensors of infection
that, when activated, assemble
into signaling complexes
(inflammasomes) that induce
proinflammatory cytokine
production and pyroptotic cell
death. One such NLR, NLRP1, is
expressed in the skin and can be
triggered by ultraviolet B (UVB)
radiation, the cause of acute
sunburn. Robinson et al. report
that UVB-induced RNA photo-
lesions stall ribosomes, activat-
ing the ribotoxic stress response
kinase ZAKa. Together with p38,
ZAKa directly phosphorylates
the disordered linker region of
human NLRP1. Several micro-
bial ribotoxins also trigger this
pathway, suggesting that it may
serve as a target for future anti-
inflammatory therapies. —STS
Science, abl6324, thisissue p. 328

INFLUENZA
Aversatile vaccine

A*“universal” vaccine for influenza
Avirus (IAV) is a high priority

to protect against seasonal
epidemics and for pandemic pre-
paredness. Park et al. developed a
multivalent, inactivated whole-
virus vaccine for IAV. The vaccine
included four IAV subtypes that
conferred protection against
multiple antigenically distinct and
fully heterosubtypic IAV strains in

False-color transmission
electron microscope image of
avian influenza virus

SCIENCE science.org

mice and ferrets. These data sup-
port further clinical development
of this vaccine. —CSM

Sci. Transl. Med. 14, eabo2167 (2022).

MOLECULAR SEPARATION
Using polymers to
separate xylene isomers

Each of the three xylene isomers
is a valuable feedstock for many
chemical processes. However,
because these isomers have
similar boiling points, separation
by distillation or other evaporative
methods is energy intensive and
inefficient. Li et al. developed an
alternative separation process
using a manganese-based,
stacked, one-dimensional coordi-
nation polymer with an interchain
distance that varies with the
temperature and content of the
adsorbed hydrocarbons. At 393
kelvin, only p-xylene can access
the voids, whereas m-xylene can
enter at temperatures between
333 and 393 kelvin and o-xylene
only below 333 kelvin. Through
a sequence of separations, each
isomer can be extracted with high
selectivity. The material is simple,
cost-effective, and easily scalable,
and it exhibits remarkable water
and air stability and excellent
recyclability. —MSL

Science, abj7659, this issue p. 335

SOLAR CELLS

A fluoride hoost
The wide-bandgap perovskite
layer in perovskite-silicon tandem
solar cells is still limited by high
interface recombination at the
electron extraction interface.
Liu et al. show that adding an
ultrathin magnesium fluoride
interlayer between the perovskite
and Cg, electron transport
layer during growth facilitates
mitigated nonradiative recombi-
nation. An analysis of electronic
structural data showed that
conduction band bending of the
perovskite and Cg, facilitated
electron extraction. A monolithic
perovskite-silicon tandem solar
cell with a certified power conver-
sion efficiency of 29.3% retained
about 95% of its initial perfor-
mance for 1000 hours. —PDS
Science, abn8910, thisissue p. 302

VISUAL SYSTEMS

IN OTHER JOURNALS

Seeing things differently

e see the world through our own eyes and generally
presume that what we see is “reality.” In fact, human
visual systems see only the parts of the world that
they have evolved to see, and different species see
the world differently. Murphy and Westerman looked
across published data for patterns of wavelength sensitiv-
ity across invertebrates and vertebrates. It seems that an
animal’s environment shapes its mode of seeing, such that
species that have evolved in different terrestrial or aquatic habi-
tats, or even closed versus open canopy habitats, have different
light wavelength sensitivities. However, the authors also found
that phylum appears to limit the degree to which sensitivity can
be shaped, indicating that evolutionary history may be hard to
overcome. —SNV  Proc. Biol. Sci. 289, 20220612 (2022).

Species living in different habitats, such as fish and birds, have evolved
visual systems with different light wavelength sensitivities.

PROTEIN AGGREGATION
A chemical chaperone
in the lens

The eye's lens is almost entirely
composed of specialized pro-
teins called crystallins that must
persist intact over the course
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of a person’s life. Aggregation
results in cataracts and
degraded vision. Serebryany

et al. used a combination of
biochemical and biophysical
techniques to show that the
abundant lens metabolite myo-
inositol suppresses aggregation
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ALSO IN SCIENCE JOURNALS Ecfted by Machael Rk

CORONAVIRUS
Importance of
infection history

Along-term study of health care
workers in the United Kingdom
has allowed their history of
infection and vaccination to
be traced precisely. Reynolds
et al. found some unexpected
immune-damping effects caused
by infection with a heterologous
variant to the latest wave of
infection by the Omicron/Pango
lineage B.1.1.529. The authors
found that Omicron infection
boosted immune responses to
all other variants, but responses
to Omicron itself were muted.
Infection with the Alpha variant
provided weaker boosting for
Omicron-specific responses.
Furthermore, Omicron infection
after previous Wuhan Hu-1 infec-
tion failed to boost neutralizing
antibody and T cell responses
against Omicron, revealing a
profound imprinting effect and
explaining why frequent reinfec-
tions occur. —CA

Science, abql841, thisissue p.275

CANCER IMMUNOLOGY
TCR usage defines vo
T cell response

Gamma-delta (y8) T cells are a
subtype of T lymphocytes that
perform epithelial surveillance
and orchestrate pro- and anti-
inflammatory responses. They
have been shown to have diver-
gent roles in tumor development,
with the general view being that
the interleukin-17 (IL-17)—
producing subset can promote
tumor growth, whereas cytotoxic
interferon-y (IFN-y)—producing
cells can protect against tumors.
Reis et al. now add additional lay-
ers of understanding to how the
opposing functions of IL-17* ver-
sus IFN-y* intestinal y8 subsets
affect colon cancer. Using mouse
models, tumor-infiltrating yd T
cells were found to assist tumor
growth, whereas tissue-resident
cells could fight tumors. Defined
T cell receptor V3 gene usage

SCIENCE science.org

appears key to the functional
differences of yd T cells:
Infiltrating pro-tumorigenic cells
use Vy4/Vv6, whereas resident
anti-tumorigenic cells use
Vy1/Vy7. —PNK

Science, abj8695, this issue p. 276

ASTEROIDS
Grabbing a sample
of asteroid Bennu

The near-Earth carbonaceous
asteroid Bennu was the target
of the OSIRIS-REXx (Origins,
Spectral Interpretation,
Resource Identification,
Security—Regolith Explorer)
sample return mission. After
rendezvousing with the asteroid,
the spacecraft spent 2 years
studying its surface and select-
ing a suitable site. Laurettaet al.
describe the sample collection
process and its effects on Bennu.
The asteroid provided almost no
resistance to contact, and the gas
released by the spacecraft blew
a crater several meters wide,
exposing redder rocks and dust.
So much material was gathered
that the collection chamber
overflowed. Approximately 250
grams was successfully stowed,
well above the mission goal
of 60 grams. The samples are
expected to arrive on Earth in
September 2023. —KTS
Science,abm1018, thisissue p. 285

HEART DISEASE
A disheartening loss

Although the Y chromosome

is the smallest and contains
few genes, its functions are not
fully understood. It has been
observed, however, that mosaic
loss of the Y chromosome in
blood cells frequently occurs
with age, and this alteration is
associated with various medical
conditions. Sano et al. modeled
this process in mice by recon-
stituting their bone marrow
with cells lacking the Y chromo-
some (see the Perspective by
Zeiher and Braun). The result-
ing mice were prone to fibrosis

and decreased cardiac func-
tion, especially in the setting
of pressure overload, but they
benefited from treatment with a
transforming growth factor gl1-
neutralizing antibody. Human
patients with loss of chromo-
some Y in their blood were also
at greater risk of cardiac pathol-
ogy, supporting the clinical
relevance of these findings. —YN
Science, abn3100, thisissue p. 292;
see also add0839, p. 266

SURFACE CHEMISTRY
Tip-induced
organic reactions

Control over the reaction
products of a unimolecular
transformation on a surface have
been induced and visualized with
a scanning tunneling microscope
(STM) tip. Albrecht et al. syn-
thesized a tetrachlorotetracene
molecule and absorbed it on a
thin salt layer grown on copper
(see the Perspective by Alabugin
and Hu). Under cryogenic condi-
tions, voltage pulses from the
STM tip led to the elimination of
the chlorine atoms and pro-
duced intermediates with a large
central ring. Subsequent voltage
pulses created other isomers
of this molecule, a diyne and
a chrysene-based bisaryne, in
reactions that could be reversed
with opposite polarity pulses.
—PDS

Science, abo6471, thisissue p. 298;

seealsoabg2622,p. 261

SOLAR CELLS

A cap against aging
Accelerated aging tests for
perovskite solar cells must take
into account several degrada-
tion pathways. Zhao et al. found
that for all-inorganic cesium lead
triiodide (CsPbl,) solar cells, a
two-dimensional Cs,Pbl,Cl, cap-
ping layer stabilized the interface
between the CsPbl, absorber
and the copper thiocyanate hole-
transporter layer and boosted

its power conversion efficiency
to 174% (see the Perspective

by Habisreutinger and Reese).
Accelerated testing at various
temperatures up to 110°C and
approximately 65% relative
humidity revealed an Arrhenius
temperature dependence on
efficiency degradation. The solar
cell should maintain 80% of its
efficiency for more than 5 years
at 35°C. —PDS

Science,abn5679, this issue p. 307,

seealsoabqg7013, p. 265

MEDICINE
Drugs in the environment

Pharmaceutical pollution, when
drugs used to treat humans
and animals contaminate
the environment, can disrupt
ecosystems and lead to diverse
effects in various organisms.
The increased use of drugs,
especially during epidemics and
pandemics, allows more phar-
maceutical products to enter the
environment, usually through
wastewater. In a Perspective,
Orive et al. discuss the problem
of pharmaceutical pollution and
its impacts on ecosystems. They
identify key areas that need
further research and develop-
ment, including decontaminating
wastewater, understanding the
impacts of drug contaminants,
developing “greener drugs” that
are more easily eliminated, and
educating health-care practitio-
ners about the impact of drug
pollution. —GKA

Science, abp9554, thisissue p. 259

NEUROSCIENCE
Fine-tuning
information transfer

To generate adaptive behavior,
our brains constantly combine
information from multiple
sources. How do neuronal cir-
cuits orchestrate and maintain
the balance of different input
streams in the face of con-
stant change? Sakalar et al.
discovered that neurogliaform
cells were strongly coupled
with gamma oscillations that
are associated with gating the
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interaction of hippocampus and
cortex (see the Perspective by
Craig and Witton). The activ-
ity of neurogliaform cells was
correlated with a decrease in
coupling between pyramidal cell
firing and gamma oscillations
without affecting the overall
levels of activity of the pyramidal
cells. Neurogliaform cells locally
released the neurotransmit-
ter y-aminobutyric acid, which
selectively decreased the
influence of neocortical inputs
to hippocampal area CAl at
specific stages in the local field
potential. This modulation of
inputs allows for the transfer of
different types of information at
different times. —PRS

Science, abo3355, thisissue p. 324;

see alsoadd2681, p.262

DEVELOPMENTAL BIOLOGY
Amplifying gamete
development

Mutations in the X chromosome
gene RLIM, which encodes the
ubiquitin ligase RNF12, cause
hypogenitalism in male patients
and infertility in female carriers.
Using Rlim=" mouse embryonic
stem cells reconstituted with
human RNF12, Segarra-Fas et al.
identified a transcriptional feed-
forward loop by which RNF12
activity amplified the dere-
pression of genes required for
gametogenesis, thereby driving
germ cell differentiation. RLIM
and USP26 mutations associ-
ated with infertility in patients
disrupted this system. —AMV
Sci. Signal. 15, eabm5995 (2022).

MUCOSAL IMMUNOLOGY

Custom-tailored gut IgA
Much of the secretory immuno-
globulin A (IgA) antibody present
in the gut lumen is reactive

with bacterial antigens, but the
degree of specificity that this IgA
displays across the diverse gut
microbiome has not been estab-
lished. Using germ-free mice
recolonized with single bacterial
strains or defined consortia of
commensal bacteria, Yang et

al. investigated the degree of
cross-reactivity exhibited by
polyclonal fecal and serum IgA

or by monoclonal IgA antibod-
ies from IgA hybridoma clones
derived from lamina propria
B cells. Most IgAs exhibited
specificity for the inducing spe-
cies of gut bacteria, with only a
minor fraction of monoclonal
IgAs showing broader reactivity.
These findings suggest that the
bulk secretory IgA repertoire in
the gut is personalized to match
the community of commensal
bacteria residing in the host's
intestine. —IRW

Sci. Immunol. 7, eabg3208 (2022).
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electrochemical processes such
as hydrogen evolution. —=YS
Science,abo0823, thisissue p. 315;
see alsoadd0841, p.264

IMMUNOLOGY

Sunburn: AZAK attack

Nod-like receptors (NLRs) are
intracellular sensors of infection
that, when activated, assemble
into signaling complexes
(inflammasomes) that induce
proinflammatory cytokine
production and pyroptotic cell
death. One such NLR, NLRP1, is
expressed in the skin and can be
triggered by ultraviolet B (UVB)
radiation, the cause of acute
sunburn. Robinson et al. report
that UVB-induced RNA photo-
lesions stall ribosomes, activat-
ing the ribotoxic stress response
kinase ZAKa. Together with p38,
ZAKa directly phosphorylates
the disordered linker region of
human NLRP1. Several micro-
bial ribotoxins also trigger this
pathway, suggesting that it may
serve as a target for future anti-
inflammatory therapies. —STS
Science, abl6324, thisissue p. 328

INFLUENZA
Aversatile vaccine

A*“universal” vaccine for influenza
Avirus (IAV) is a high priority

to protect against seasonal
epidemics and for pandemic pre-
paredness. Park et al. developed a
multivalent, inactivated whole-
virus vaccine for IAV. The vaccine
included four 1AV subtypes that
conferred protection against
multiple antigenically distinct and
fully heterosubtypic IAV strains in

False-color transmission
electron microscope image of
avian influenza virus

SCIENCE science.org

mice and ferrets. These data sup-
port further clinical development
of this vaccine. —CSM

Sci. Transl. Med. 14, eabo2167 (2022).

MOLECULAR SEPARATION
Using polymers to
separate xylene isomers

Each of the three xylene isomers
is a valuable feedstock for many
chemical processes. However,
because these isomers have
similar boiling points, separation
by distillation or other evaporative
methods is energy intensive and
inefficient. Li et al. developed an
alternative separation process
using a manganese-based,
stacked, one-dimensional coordi-
nation polymer with an interchain
distance that varies with the
temperature and content of the
adsorbed hydrocarbons. At 393
kelvin, only p-xylene can access
the voids, whereas m-xylene can
enter at temperatures between
333 and 393 kelvin and o-xylene
only below 333 kelvin. Through
a sequence of separations, each
isomer can be extracted with high
selectivity. The material is simple,
cost-effective, and easily scalable,
and it exhibits remarkable water
and air stability and excellent
recyclability. —MSL

Science, abj7659, thisissue p. 335

SOLAR CELLS

A fluoride boost
The wide-bandgap perovskite
layer in perovskite-silicon tandem
solar cells is still limited by high
interface recombination at the
electron extraction interface.
Liu et al. show that adding an
ultrathin magnesium fluoride
interlayer between the perovskite
and Cg, electron transport
layer during growth facilitates
mitigated nonradiative recombi-
nation. An analysis of electronic
structural data showed that
conduction band bending of the
perovskite and Cg, facilitated
electron extraction. A monolithic
perovskite-silicon tandem solar
cell with a certified power conver-
sion efficiency of 29.3% retained
about 95% of its initial perfor-
mance for 1000 hours. —PDS
Science, abn8910, this issue p. 302
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VISUAL SYSTEMS

Seeing things differently

e see the world through our own eyes and generally
presume that what we see is “reality.” In fact, human

visual systems see only t
they have evolved to see,

he parts of the world that
and different species see

the world differently. Murphy and Westerman looked
across published data for patterns of wavelength sensitiv-
ity across invertebrates and vertebrates. It seems that an
animal’s environment shapes its mode of seeing, such that
species that have evolved in different terrestrial or aquatic habi-
tats, or even closed versus open canopy habitats, have different
light wavelength sensitivities. However, the authors also found
that phylum appears to limit the degree to which sensitivity can
be shaped, indicating that evolutionary history may be hard to
overcome. —SNV  Proc. Biol. Sci. 289, 20220612 (2022).

Species living in different habitats, such as fish and birds, have evolved
visual systems with different light wavelength sensitivities.

PROTEIN AGGREGATION
A chemical chaperone
in the lens

The eye's lens is almost entirely
composed of specialized pro-
teins called crystallins that must
persist intact over the course

of a person’s life. Aggregation
results in cataracts and
degraded vision. Serebryany

et al. used a combination of
biochemical and biophysical
techniques to show that the
abundant lens metabolite myo-
inositol suppresses aggregation
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TROPICAL ECOLOGY

Fire shapes a mosaic landscape

ropical savannas, grassy ecosystems with sparse trees,
often occur in a mosaic of patches interspersed with for-
est. In Southeast Asia, most savannas are misclassified as
forests, and the factors that determine where they occur
are poorly understood. Pletcher et al. used remotely sensed
data to identify drivers of tree density and the distribution of
forest-savanna mosaics across Southeast Asia. They found that

lower tree cover (savannas) occurred in areas with less and
more seasonal rainfall and higher fire frequency, but drier
landscapes with intermediate fire frequency had more discrete
patches of savanna versus forest. The importance of fire for
maintaining savannas indicates that current practices of fire
suppression could negatively affect this ecosystem. —BEL

Ecography 10.1111/ecog.06280 (2022).

A combination of rainfall and fire creates patterns of wooded landscapes in Southeast Asia.

of otherwise susceptible lens
crystallin variants. This effect
was also seen for some other
common sugars and sugar alco-
hols. Experiments suggest that
inositol functions by inhibiting
the early, bimolecular kinetic
step in aggregation rather than
by stabilizing the native state
or destabilizing the aggregate.
—MAF

eLife1l,e76923 (2022).

STELLAR PHYSICS
A magnetometer
for stellar cores

Asteroseismology, the study of
stars’ vibrational frequencies,
provides information on stellar
interiors. High magnetic fields
in a star’s core can suppress
the appearance of low-fre-
quency modes. Determining
which frequencies are miss-

ing can therefore be used to
measure core magnetic fields,
an observational technique that
had been applied only to red
giant stars. Lecoanet et al. have
extended this method to HD
43317, a nearby high-mass main
sequence star. They inferred

a core magnetic field of about
450 kilogauss, higher than
expected given the star’s previ-
ously measured surface field
of 1.3 kilogauss. The results
constrain the origin of magnetic
fields in highly magnetized
main sequence stars. —KTS
Mon. Not. R. Astron. Soc.
512,116 (2022).

CELL BIOLOGY
Bypassing clathrin
using curvature

Clathrin-mediated endocyto-
sis involves the generation of
membrane invaginations that
pinch off to internalize vesicles
from the cell surface. Clathrin
provides a mechanical coat
that induces and stabilizes
membrane curvature. Cail et
al. wanted to know if the role
of clathrin could be bypassed
if the plasma membrane were
forced into the correct shape.
They used nanopatterning

to produce glass-like sub-
strates with U-shaped features
mimicking the membrane
invaginations observed during
clathrin-mediated endocytosis.

2’74 15 JULY 2022 » VOL 377 ISSUE 6603

The plasma membranes of cells
grown on these surfaces curved
to conform to the invaginations,
which were able to recruit the
endocytic machinery down-
stream of clathrin. This allowed
for endocytic site maturation
and partially bypassed clath-
rin's role in endocytosis. The
authors conclude that clathrin’s
essential endocytic function is
indeed to stabilize membrane
curvature. —SMH

J. Cell Biol. 221,e202109013 (2022).

IMMUNOLOGY
Eosinophils busy
in the background

Eosinophils are granulocytes that
can be called into action during
allergic reactions and immune
responses to helminths, but what
these cells do in tissues the rest
of the time is poorly understood.
Ignacio et al. report that eosino-
phils in the small intestine reside
within the villous lamina propria,
where they help to regulate

the size of villi, macrophage
maturation, and barrier integ-
rity. This homeostatic behavior
depends on the presence of gut

microbiota, which stimulate
intestinal epithelial cells to pro-
duce interleukin-33, a cytokine
that regulates eosinophil activa-
tion and maturation. —STS
Immunity 10.1016/
j.immuni.2022.05.014 (2022).

PHYSICS
Superconducting oddity

Odd-parity superconductors
are predicted to have exotic
properties, but the list of
candidate materials is rather
short. A recent addition to
the list, CeRh,As,, has been
found to harbor two distinct
superconducting phases, one
of which may be odd parity.
Landaeta et al. undertook a
systematic study of the proper-
ties of CeRh,As,, such as ac
susceptibility, specific heat,
and magnetic torque, while
varying the angle of an applied
magnetic field with respect to
the c-axis. In conjunction with
calculations, the measure-
ments strengthen the evidence
for the existence of an odd-
parity superconducting state in
this compound. —JS

Phys. Rev. X 12,031001 (2022).
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CORONAVIRUS

Immune boosting by B.1.1.529 (Omicron) depends
on previous SARS-CoV-2 exposure

Catherine J. Reynoldst, Corinna Padet, Joseph M. Gibbonst, Ashley D. Ottert, Kai-Min Lin,

Diana Muiioz Sandoval, Franziska P. Pieper, David K. Butler, Siyi Liu, George Joy, Nasim Forooghi,
Thomas A. Treibel, Charlotte Manisty, James C. Moon, COVIDsortium Investigatorssg,
COVIDsortium Immune Correlates Network§, Amanda Semper, Tim Brooks, Aine McKnight,

Daniel M. Altmanng, Rosemary J. Boyton*f

INTRODUCTION: B.1.1.529 (Omicron) and its sub-
variants pose new challenges for control of the
COVID-19 pandemic. Although vaccinated pop-
ulations are relatively protected from severe dis-
ease and death, countries with high vaccine uptake
are experiencing substantial caseloads with break-
through infection and frequent reinfection.

RATIONALE: We analyzed cross-protective im-
munity against B.1.1.529 (Omicron) in triple-
vaccinated health care workers (HCWSs) with
different immune-imprinted histories of severe

A Triple-vaccinated cohort
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acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection during the ancestral
Wuhan Hu-1, B.1.1.7 (Alpha), and B.1.617.2
(Delta) waves and after infection during the
B.1.1.529 (Omicron) wave in previously infection-
naive individuals and those with hybrid immu-
nity, to investigate whether B.1.1.529 (Omicron)
infection could further boost adaptive immu-
nity. Spike subunit 1 (S1) receptor binding
domain (RBD) and whole spike binding, live
virus neutralizing antibody (nAb) potency,
memory B cell (MBC) frequency, and T cell
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Hybrid immune damping. (A) Triple-vaccinated HCWs with different SARS-CoV-2 infection histories show
boosted cross-reactive immunity against VOCs, less so against Omicron. (B) Breakthrough infection during
the Omicron wave boosts cross-reactive immunity in triple-vaccinated, previously infection-naive individuals
against VOCs, less so against Omicron itself; imprinting by previous Wuhan Hu-1 infection ablates Omicron
immune boosting. (C) T cell recognition of Omicron mutation sequences is linked to altered transcription.

Reynolds et al., Science 377, 275 (2022)

15 July 2022

responses against peptide pools and natu-
rally processed antigen were assessed.

RESULTS: B and T cell recognition and nAb po-
tency were boosted against previous variants of
concern (VOCs) in triple-vaccinated HCWs, but
this enhanced immunity was attenuated against
B.1.1.529 (Omicron) itself. Furthermore, immune
imprinting after B.1.1.7 (Alpha) infection resulted
in reduced durability of antibody binding against
B.1.1.529 (Omicron), and S1 RBD and whole spike
VOC binding correlated poorly with live virus
nAb potency. Half of triple-vaccinated HCWs
showed no T cell response to B.1.1.529 (Omi-
cron) S1 processed antigen, and all showed
reduced responses to the B.1.1.529 (Omicron)
peptide pool, irrespective of SARS-CoV-2 infec-
tion history. Mapping T cell immunity in class IT
human leukocyte antigen transgenics showed
that individual spike mutations could result in
loss or gain of T cell epitope recognition, with
changes to T cell effector and regulatory prog-
rams. Triple-vaccinated, previously infection-
naive individuals infected during the B.1.1.529
(Omicron) wave showed boosted cross-reactive
S1RBD and whole spike binding, live virus nAb
potency, and T cell immunity against previous
VOCs but less so against B.1.1.529 (Omicron) it-
self. Immune imprinting from prior Wuhan
Hu-1 infection abrogated any enhanced cross-
reactive antibody binding, T cell recognition,
MBC frequency, or nAb potency after B.1.1.529
(Omicron) infection.

CONCLUSION: Vaccine boosting results in dis-
tinct, imprinted patterns of hybrid immunity
with different combinations of SARS-CoV-2 in-
fection and vaccination. Immune protection is
boosted by B.1.1.529 (Omicron) infection in the
triple-vaccinated, previously infection-naive in-
dividuals, but this boosting is lost with prior
‘Wuhan Hu-1 imprinting. This “hybrid immune
damping” indicates substantial subversion of
immune recognition and differential modula-
tion through immune imprinting and may be
the reason why the B.1.1.529 (Omicron) wave
has been characterized by breakthrough infec-
tion and frequent reinfection with relatively
preserved protection against severe disease in
triple-vaccinated individuals.
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Immune boosting by B.1.1.529 (Omicron) depends
on previous SARS-CoV-2 exposure

Catherine J. Reynolds't, Corinna Pade?, Joseph M. Gibbons?, Ashley D. Otter®t, Kai-Min Lin,
Diana Mufioz Sandoval', Franziska P. Pieper, David K. Butler', Siyi Liu’, George Joy?,

Nasim Forooghi*, Thomas A. Treibel*®, Charlotte Manisty*®, James C. Moon*?,

COVIDsortium Investigators§, COVIDsortium Immune Correlates Network§, Amanda Semper?,
Tim Brooks®, Aine McKnight?+, Daniel M. Altmann®+, Rosemary J. Boyton'’*+

The Omicron, or Pango lineage B.1.1.529, variant of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) carries multiple spike mutations with high transmissibility and partial neutralizing
antibody (nAb) escape. Vaccinated individuals show protection against severe disease, often
attributed to primed cellular immunity. We investigated T and B cell immunity against B.1.1.529 in
triple BioNTech BNT162b2 messenger RNA-vaccinated health care workers (HCWs) with different
SARS-CoV-2 infection histories. B and T cell immunity against previous variants of concern was
enhanced in triple-vaccinated individuals, but the magnitude of T and B cell responses against
B.1.1.529 spike protein was reduced. Immune imprinting by infection with the earlier B.1.1.7 (Alpha)
variant resulted in less durable binding antibody against B.1.1.529. Previously infection-naive
HCWs who became infected during the B.1.1.529 wave showed enhanced immunity against earlier
variants but reduced nAb potency and T cell responses against B.1.1.529 itself. Previous Wuhan
Hu-1 infection abrogated T cell recognition and any enhanced cross-reactive neutralizing immunity

on infection with B.1.1.529.

t the end of 2021, the severe acute res-

piratory syndrome coronavirus 2 (SARS-

CoV-2) Omicron variant of concern (VOC)

spread rapidly, displacing the prior most

prevalent VOC, B.1.617.2 (Delta) (1, 2).
B.1.1.529 (Omicron) diverges more from the
ancestral Wuhan Hu-1 sequence than other
VOCs so far, with 36 coding mutations in the
spike protein, associated with high transmission,
tendency to infect cells of the upper bronchus,
and presentation with flu-like symptoms (3-5).
Across several studies, two- or three-dose vac-
cination is protective against severe disease
and hospitalization, albeit with poor protec-
tion against transmission (6-8). A rationale
for this high rate of breakthrough infections
comes from mapping of virus neutralization
using either postvaccination immune sera or
monoclonal antibodies, showing Omicron to
be the most antibody immune-evasive VOC, with
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titers generally reduced 20- to 40-fold (9-12).
The relative attenuation of severe symptoms
in vaccinated compared with unvaccinated
groups is likely attributable to the partial
protection conferred by the residual neutral-
izing antibody (nAb) repertoire and the acti-
vation of primed B cell and T cell memory
(13-18). In this study, we applied our ongoing
analysis of a cohort of London health care
workers (HCWs) (19-24) to address two key
issues of B.1.1.529 (Omicron) immunity. First,
following the earlier demonstration that people
at this stage in the pandemic carry heteroge-
neous, immune-imprinted repertoires derived
from their distinctive histories of infection and
vaccination, we explored how these differences
manifest in differential cross-recognition of
B.1.1.529 (Omicron) relative to other VOCs,
at the level of binding and neutralizing Ab,
B cell, and T cell immunity (24). Analyzing a
London HCW cohort having detailed longi-
tudinal, clinical, transcriptomic, and immu-
nologic characterization, we considered the
extent to which prior encounter with spike anti-
gen through infection and vaccination shapes
subsequent immunity to B.1.1.529 (Omicron)
through immune imprinting. Second, when
B.1.1.529 (Omicron) infections and reinfections
have been so pervasive (25), it is possible that
B.1.1.529 (Omicron) infection may confer a be-
nign, live booster to vaccine immunity. Hence,
we investigated the extent to which B.1.1.529
(Omicron) infection boosts cross-reactive B and
T cell immunity against other VOCs and itself.

15 July 2022

Results

B cell immunity after three vaccine doses

A London cohort of HCWs were followed lon-
gitudinally from March 2020 to January 2022.
‘We identified HCWs with mild and asymptomatic
SARS-CoV-2 infection by ancestral Wuhan Hu-1,
B.1.1.7 (Alpha VOC), B.1.617.2 (Delta VOC), and
then B.1.1.529 (Omicron VOC) during succes-
sive waves of infection and after first, second,
and third mRNA (BioNTech BNT162b2) vaccine
doses (Fig. 1A, fig. S1, and table S1). We iden-
tified individuals with different combinations
of SARS-CoV-2 infection and vaccination his-
tories to study the impact of immune imprint-
ing. Nucleocapsid (N) and subunit 1 (S1) spike
receptor binding domain (RBD) serology was
monitored longitudinally (Fig. 1B). As previ-
ously reported, the third spike exposure boosted
the majority of HCWs above an S1 RBD titer of
1/10,000 binding antibody units per milliliter
(U/ml) at 2 to 3 weeks after the most recent
vaccine dose. By three vaccine doses, antibody
responses had plateaued, regardless of infec-
tion history (24).

In triple-vaccinated HCWs 2 to 3 weeks af-
ter their third dose (table S1), we compared
antibody titers against RBD (Fig. 1C), whole
spike (fig. S2), and live virus nAb half-maximal
inhibitory concentration (ICs,) (Fig. 1D) for
ancestral Wuhan Hu-1 and each of the VOCs
(table S2). We stratified the vaccinated HCWs
according to whether they were infection-naive
or had previously been infected with Wuhan
Hu-1, B.1.1.7 (Alpha), or B.1.617.2 (Delta) (Fig. 1A).
We found differences in immune imprinting
indicating that those who were infected during
the ancestral Wuhan Hu-1 wave showed a sig-
nificantly reduced anti-RBD titer against B.1.351
(Beta), P.1 (Gamma), and B.1.1.529 (Omicron)
compared with infection-naive HCWs (Fig. 1C).
The hybrid immune groups that had experienced
previous Wuhan Hu-1 and B.1.1.7 (Alpha) infec-
tion showed more potent nAb responses against
‘Wuhan Hu-1, B.1.1.7 (Alpha), and B.1.617.2 (Delta)
(Fig. 1D). However, cross-reactive S1 RBD im-
munoglobulin G (IgG) antibody and nAb ICs,
against B.1.1.529 (Omicron) were significantly
reduced compared with the other VOCs, ir-
respective of previous SARS-CoV-2 infection
history (table S3 and Fig. 1, C and D).

Memory B cell (MBC) frequencies against
ancestral Wuhan Hu-1, B.1.617.2 (Delta), and
B.1.1.529 (Omicron) S1 protein were boosted
2 to 3 weeks after the third vaccine dose com-
pared with 20 to 21 weeks after the second
vaccine dose (Fig. 1E). Irrespective of infection
history, the MBC frequencies against Wuhan
Hu-1 and B.1.617.2 (Delta) S1 were similar, but
those against B.1.1.529 (Omicron) S1 were sig-
nificantly reduced 2 to 3 weeks after the third
vaccine dose [reduction in B.1.1.529 (Omicron)
S1 MBC frequency compared with Wuhan Hu-1
S1 was 2.0-fold (P = 0.0156) for infection-naive,
2.4-fold for Wuhan Hu-1 infection (P = 0.0020),
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Fig. 1. SARS-CoV-2 infection
history alters Ab and B cell
immunity in triple-vaccinated
HCWs. (A) Graphical summary
depicting the SARS-CoV-2
infection and vaccination history
of HCWs studied. (B) Serum Ab
binding against SARS-CoV-2 N
(top panel) and ancestral Wuhan
Hu-1 S1 RBD (bottom panel) in
infection-naive HCWs (blue,

n =11 to 245) and HCWs with
laboratory-confirmed SARS-
CoV-2 infection during the
Wuhan Hu-1 (red, n = 20 to 71)
or B.1.1.7 (Alpha, green, n = 12
to 42) waves. Data are shown
pre-vaccination and at defined
time points after a first, second,
and third dose of BNT162b2.
(C) Serum S1 RBD Ab binding
and (D) nAb ICsg against
ancestral Wuhan Hu-1, B.1.17
(Alpha), B.1.351 (Beta), P.1
(Gamma), B.1.617.2 (Delta), and
B.1.1.529 (Omicron) live virus

2 to 3 weeks after the third
vaccine dose in infection-naive
HCWs (blue, n = 25) or HCWs
with laboratory-confirmed
SARS-CoV-2 infection during the
ancestral Wuhan Hu-1 (red, n =
18), B.1.1.7 (Alpha, green, n =
13), or B.1.617.2 (Delta, purple,
n = 6) waves. (E) Frequency of
MBC specific for ancestral
Wuhan Hu-1, B.1.617.2 (Delta),
and B.1.1.529 (Omicron) spike
S1 protein 20 to 21 weeks after
the second and 2 to 3 weeks
after the third vaccine dose in
infection-naive (blue, n =7 to 9)
or HCWs infected by SARS-CoV-2
during the Wuhan Hu-1 (red,

n =9 to 10), B.L.L7 (Alpha,
green, n =7 to 9), or B1.617.2
(Delta, purple, n = 3 to 6) waves.
(F) MBC frequency data plotted
pairwise for individual HCWs at
20 to 21 weeks after second
dose (top panel) or 2 to 3 weeks
after third dose (bottom panel).
(G) Correlations between S1
RBD VOC and whole spike VOC
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1.9-fold for B.1.1.7 (Alpha) infection (P = 0.0312),
and 2.9-fold for B.1.617.2 (Delta) infection (P =
0.0312)] and at 20 to 21 weeks after the second
dose [reduction in B.1.1.529 (Omicron) MBC
frequency compared with Wuhan Hu-1 was
2.5-fold (P = 0.0039) for infection-naive HCWs

Reynolds et al., Science 377, eabq1841 (2022)

and 2.2-fold (P = 0.0039), twofold (P = 0.0078),
and 2.9-fold (P = 0.1250) for Wuhan Hu-1,
B.1.1.7 (Alpha), and B.1.617.2 (Delta) infection
groups, respectively] (Fig. 1F and table S4).
S1 RBD or whole spike antibody binding
and live virus nAb IC;, correlated for B.1.1.7

15 July 2022

(Alpha) and B.1.617.2 (Delta), but not for B.1.351
(Beta), P.1 (Gamma), or B.1.1.529 (Omicron),
indicating that antibody binding serology was
a poor marker of nAb IC;, (Fig. 1G and fig. S3).
Differences between VOC RBD and whole spike
binding and nAb ICs, with live virus indicated

2 of 13



RESEARCH | RESEARCH ARTICLE

that antibody targeting regions outside RBD
and/or spike or conformational epitopes ex-
posed only during infection may contribute
to neutralization (26, 27) (Fig. 1, C and D).

T cell immunity after three vaccine doses

We next compared T cell responses at 2 to
3 weeks after the third dose in triple-vaccinated
HCWSs who were either infection-naive or had
been infected during the Wuhan Hu-1, B.1.1.7
(Alpha), or B.1.617.2 (Delta) wave (fig. S1 and
table S1). We compared T cell immunity against
a mapped epitope pool (MEP) of ancestral
Wuhan Hu-1 spike peptides (table S5A) with
spike S1 protein from ancestral Wuhan Hu-1
or S1 proteins containing the B.1.617.2 (Delta)
or B.1.1.529 (Omicron) mutations. Measuring
T cell responses against naturally processed
epitopes from whole S1 protein antigen of an-
cestral Wuhan Hu-1, B.1.617.2 (Delta), or B.1.1.529
(Omicron) sequence allowed us to focus on
immunodominant responses representative of
those presented in real-life infection. T cell
responses against Wuhan Hu-1 S1 protein
mirrored those elicited by MEP stimulation,
with the majority making a strong response
(Fig. 2A). However, for S1 B.1.1.529 (Omicron)
protein, we found a significantly reduced mag-
nitude of response. Overall, more than half
(27/50, 54%) made no T cell response against
S1 B.1.1.529 (Omicron) protein, irrespective of
previous SARS-CoV-2 infection history, com-
pared with 8% (4/50) that made no T cell
response against ancestral Wuhan Hu-1 S1
protein (P < 0.0001, Chi-square test) (Fig. 2A).
The fold-reduction in geometric mean of T cell
response [spot forming cells (SFCs)] against
B.1.1.529 (Omicron) S1 compared with ances-
tral Wuhan Hu-1 S1 protein was 17.3-fold for
infection-naive HCWs (blue, P < 0.0001), 7.7-
fold for previously Wuhan Hu-1 infected (red,
P = 0.001), 8.5-fold for previously B.1.1.7 (Alpha)
infected (green, P = 0.002), and 19-fold for
previously B.1.617.2 (Delta) infected (purple,
P = 0.0625) HCWs (Fig. 2B).

To investigate T cell recognition of VOC
sequence mutations, we used a peptide pool
specifically designed to cover all of the B.1.1.529
(Omicron) S1 and S2 spike mutations and a
matched pool containing the equivalent Wuhan
Hu-1 sequences (Fig. 2C and table S5B). T cell
responses against the B.1.1.529 (Omicron) pep-
tide pool were reduced compared with the
Wuhan Hu-1 pool, irrespective of previous
infection history [reduction in T cell response
against B.1.1.529 (Omicron) peptide pool com-
pared with equivalent ancestral Wuhan Hu-1
peptide pool was 2.7-fold for infection-naive
(blue, P = 0.0003), 4.6-fold for previously Wuhan
Hu-1 infected (red, P = 0.0039), 2.7-fold for
previously B.1.1.7 (Alpha) infected (green, P =
0.0039), and 3.8-fold for previously B.1617.2
(Delta) infected HCWs (purple, P = 0.1250)]
(Fig. 2C). In fact, 42% (21/50) of HCWs made

Fig. 2. T cell cross- A
recognition of i i
B.1.1.529 (Omicron) QOPO®DIPIIVNIDND
in triple-vaccinated ‘ ‘

HCWs. (A) T cell Responders (n) 112 35 1MH2 55 1012 355 812 25
responses against 15/21 10/12 20121 10112 12/21 8/12 7121 6/12

ancestral Wuhan ‘
N
&
«

Hu-1 spike MEP pool
g
3
c
f=
]

Responders (%) 95 92 83 100§ 57 83 67 60 133 66 50 40

1,000

100
or ancestral Wuhan

Hu-1, B.1.617.2
(Delta), and B.1.1.529
(Omicron) VOC S1
proteins in PBMC !
from infection-naive

HCWs (blue) or

HCWs with laboratory-

conflrmed S.ARS_ ) Antigen Spike MEP  Wuhan Hu-1 S1 B.1.617.2 B.1.1.529
CoV-2 infection during protein (Delta) S1 (Omicron) S1
the ancestral Wuhan protein protein
Hu-l (red), B117 B
(Alpha, green), and
B.1.617.2 (Delta,

purple) waves. PBMCs

were taken 2 to

3 weeks after the third
vaccine dose, and
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assessed by IFNy 1
ELISpot. Pie charts

show the percent of
responders with a
detectable T cell

response against each  C
antigen. (B) Spike

MEP pool and S1 pro- 1,000 n=21 n=12 n=12 n=5
tein T cell responses
plotted pair-wise

for each individual
HCW. (C) T cell
responses against
peptide pools
containing either the 1
B.11.529 (Omicron) Peptide pool
mutations found in the

SARS-CoV-2 spike or

the equivalent original Infection wave Uninfected Wuhan Hu-1 B1.1.7 B.1.617.2
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Hu-1 sequences.
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B.11.7 (Alpha, green),
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purple) waves were stimulated by peptide pools containing the original Wuhan Hu-1 or B.1.1.529 sequences and
plotted pair-wise. Statistical tests were performed using Prism 9.0. (A) Mann-Whitney U test, [(B) and (C)]
Wilcoxon matched-pairs signed rank test.
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(Omicron) were discordant, and most (20/27,
74%) HCWs with no T cell response against
B.1.1.529 (Omicron) S1 made cross-reactive
nAb against B.1.1.529 at an IC5y of >195
(fig. S4).

Fig. 3. B.1.1.529 (Omicron)
spike mutations alter T cell
recognition. (A) HLAII
transgenic mice carrying
DRB1*0401 in the context of a
homozygous knockout for
murine H2-AB (7 to 8 weeks
old) were immunized with
either a B.1.1.529 (Omicron, 0
n =7) VOC pool of 18 peptides
encompassing the Omicron
sequence mutations or the
ancestral Wuhan Hu-1 pool of
peptides (n = 6) with the
equivalent unmutated
sequences. At day 10, draining
lymph node (DLN) cells were
prepared from immunized
mice and stimulated with
either Wuhan Hu-1 (red) or
B.1.1.529 (Omicron, black)
peptide pools, and T cell
responses were measured by
IFNy ELISpot. (B) IFNy T cell
responses were mapped
against individual Wuhan

Hu-1 (red) or B.1.1.529
(Omicron, black) peptides
using DLN cells taken from
Wuhan Hu-1 peptide pool
(n=7)or(C)B.L1529
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(Omicron)-specific S1 and S2 spike mutations
and its ancestral Wuhan Hu-1 equivalent pool
showed differential, sequence-specific T cell
priming by either ancestral Wuhan Hu-1 or
B.1.1.529 (Omicron) sequence-specific peptide
pools (Fig. 3A and table S5B). That is, im-
munizing HLAII transgenic mice with either
ancestral Wuhan Hu-1 or B.1.1.529 (Omicron)
sequence-specific peptide pools allowed us
to investigate differential, sequence-specific
T cell priming that occurs as a consequence
of B.1.1.529 (Omicron) spike mutations. We
showed that priming with one pool resulted
in impaired responses to the other (Fig. 3A).
We then looked at responses to individual
HLA-DRB1*04:01 epitopes. Notably, while the
B.1.1.529 (Omicron) mutations were associated
in four instances with loss of a clear HLA-
DR4-restricted T cell epitope (Fig. 3B: S371L/
S373P/S375F, P = 0.0006; N440K/G446S, P =
0.0210; Q493R/G496S/Q498R/N501Y/Y505H,
P = 0.0064; N679K/P681H, P = 0.0128), the
mutated sequence epitopes in four instances
led to de novo gain of Omicron-specific HLA-
DR4 T cell epitopes (Fig. 3C: A67V/del69-70,
P =0.0152; G142D/del143-5, P = 0.0152; Q493R/
G496S/Q498R/N501Y/Y505H/N679K/P681H,
P = 0.0281; N764K, P = 0.0281). The G142D/
del143-5 mutation created a gain-of-function
epitope, switching from a region not recog-
nized by T cells to one that induced a T helper
1 (Tyl)/Ty17 effector program (Fig. 3D). We
have previously shown that the N501Y muta-
tion converts a T cell effector-stimulating
epitope to an inducer of immune regulation
(24). This finding was confirmed and reiter-
ated by the more extensive alterations in the
Q493R/G496S/Q498R/N501Y/Y505H mutant
epitope (Fig. 3E).

B cell immunity after B.1.1.529
(Omicron) infection

Next, we studied triple-vaccinated HCWs
14 weeks after their third dose, who had suf-
fered breakthrough infection during the
B.1.1.529 (Omicron) wave. These individuals
were compared with infection-naive and pre-
viously Wuhan Hu-1 infected HCWs who had
escaped B.1.1.529 (Omicron) wave infection
(Fig. 4A, tables S6 and S7, and fig. S1). Pre-
viously Wuhan Hu-1 infected HCWs who were
also infected during the B.1.1.529 (Omicron)
wave showed the highest N antibody binding
(Fig. 4B and tables S6 and S7). Previously
infection-naive triple-vaccinated HCWs made
significantly increased cross-reactive antibody
binding responses against all VOCs and B.1.1.529
(Omicron) itself after infection during the
B.1.1.5129 (Omicron) wave: S1 RBD (Fig. 4C
and table S2), whole spike (Fig. 4D and table S2),
and nAb IC;, (Fig. 4E). However, antibody
binding and nAb IC;, were attenuated against
B.1.1.529 (Omicron) itself with a 4.5-fold reduc-
tion in S1 RBD binding (P = 0.001) and a 10.1-

Reynolds et al., Science 377, eabq1841 (2022)

fold reduction in nAb ICs, (P = 0.002) against
B.1.1.529 compared with ancestral Wuhan Hu-1.
Thus, infection during the B.1.1.529 (Omicron)
wave produced potent cross-reactive antibody
immunity against all VOCs, but less so against
B.1.1.529 (Omicron) itself.

Triple-vaccinated, infection-naive HCWs who
were not infected during the B.1.1.529 (Omicron)
wave made no nAb IC;, response against
B.1.1.529 (Omicron) 14 weeks after the third
vaccine dose, indicating rapid waning of the
nAb IC;, from a mean value of 1400 at 2 to
3 weeks to 0 at 14 weeks after the third dose
(P = 0.0312) (Fig. 4E and fig. S5A).

HCWs with a history of prior Wuhan Hu-1
infection who were also infected during the
B.1.1.529 (Omicron) wave showed no increase
in cross-reactive S1 RBD (Fig. 4C) or whole
spike (Fig. 4D) antibody binding or live virus
nAb ICs, (Fig. 4E and fig. S5B) against B.1.1.529
(Omicron) or any other VOC, despite having
made a higher N antibody response (Fig. 4B).
Thus, B.1.1.529 (Omicron) infection can boost
binding and nAb responses against itself and
other VOCs in triple-vaccinated previously un-
infected infection-naive HCWs but not in the
context of immune imprinting after prior Wuhan
Hu-1 infection. Immune imprinting by prior
Wuhan Hu-1 infection completely abrogated
any enhanced nAb responses against B.1.1.529
(Omicron) and other VOCs (Fig. 4E).

Increased MBC frequency against ancestral
Wuhan Hu-1, B.1.617.2 (Delta), and B.1.1.529
(Omicron) S1 and RBD proteins was observed
in previously infection-naive HCWs infected
during the B.1.1.529 (Omicron) wave (Fig. 4F).
This was not the case for HCWs who had
been previously infected during the first Wuhan
Hu-1 wave and then infected again during the
B.1.1.529 (Omicron) wave (Fig. 4F).

In summary, B.1.1.529 (Omicron) infection
resulted in enhanced, cross-reactive Ab re-
sponses against all VOCs tested in the three-
dose vaccinated infection-naive HCWs but not
in those with previous Wuhan Hu-1 infection,
and less so against B.1.1.529 (Omicron) itself
(Fig. 4, C to E). In line with this, MBC fre-
quencies against Wuhan Hu-1, B.1.617.2 (Delta),
and B.1.1.529 (Omicron) S1 and RBD proteins
increased in three-dose vaccinated, infection-
naive individuals but not in those imprinted by
previous Wuhan Hu-1 infection (Fig. 4F).

S1 RBD or whole spike antibody binding
and live virus nAb ICs, correlated for B.1.1.529
(Omicron) [correlation coefficient () of 0.687,
P < 0.0001] and all the VOCs tested (7 > 0.539),
but there was considerable discordance in that
many of the HCWs recording no detectable
live virus nAb ICs, against B.1.1.529 (Omicron)
recorded S1 RBD (Omicron) binding serology
ranging from 3412 to 20,484, indicating that
S1 RBD (VOC) antibody binding serology could
be misleading and a poor marker of nAb
(Fig. 4G and fig. S6).
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T cell immunity after B.1.1.529

(Omicron) infection

‘We next explored T cell immunity after break-
through infection during the B.1.1.529 (Omicron)
wave. Fourteen weeks after the third dose (9/10,
90%) of triple-vaccinated, previously infection-
naive HCWs showed no cross-reactive T cell
immunity against B.1.1.529 (Omicron) S1 pro-
tein (Fig. 5A).

The T cell response against B.1.1.529 (Omicron)
S1 protein after infection during the B.1.1.529
(Omicron) wave of previously infection-naive
HCWs was significantly reduced compared
with Wuhan Hu-1 S1 and B.1.617.2 (Delta) S1
in triple-vaccinated HCWs [geometric mean:
57, 50, and 6 SFCs for Wuhan Hu-1, B.1.617.2
(Delta), and B.1.1.529 (Omicron) S1 proteins,
respectively; P = 0.001)] (Fig. 5B). HCWs in-
fected during the B.1.1.529 (Omicron) wave
showed similar T cell responses against spike
MEP, ancestral Wuhan Hu-1 S1, and B.1.617.2
(Delta) S1 proteins but significantly reduced
T cell responses against B.1.1.529 (Omicron)
S1 protein [reduction in geometric mean of
T cell response (SFCs) against VOC S1 protein
compared with that for Wuhan Hu-1 S1: 1.1-
fold reduction for B.1.617.2 S1, P = 0.6836;
10-fold reduction for B.1.1.529 S1, P = 0.001]
(Fig. 5B). Thus, although breakthrough infec-
tion in triple-vaccinated HCWs during the
Omicron infection wave boosted cross-reactive
T cell immune recognition against the spike
MEP pool (P = 0.0117), ancestral Wuhan Hu-1
(P =0.0039), B.1.617.2 (Delta) (P = 0.0003), and
B.1.1.529 (Omicron) (Fig. 5A), the T cell re-
sponse against B.1.1.529 (Omicron) S1 protein
itself compared with spike MEP (P = 0.001),
Wuhan Hu-1 (P = 0.001), and B.1.617.2 (Delta)
(P = 0.001) was significantly reduced (Fig. 5,
B and C).

Notably, none (0/6) of HCWs with a pre-
vious history of SARS-CoV-2 infection during
the Wuhan Hu-1 wave responded to B.1.1.529
(Omicron) S1 protein (Fig. 5A). This suggests
that, in this context, B.1.1.529 (Omicron) in-
fection was unable to boost T cell immunity
against B.1.1.529 (Omicron) itself; immune
imprinting from prior Wuhan Hu-1 infection
resulted in the absence of a T cell response
against B.1.1.529 (Omicron) S1 protein. These
findings were further highlighted in paired
data showing the fall in T cell response in
individual HCWs across the three antigens:
On an individual basis, most HCWs retained
T cell recognition of B.1.617.2 S1 but commonly
showed impaired T cell recognition of B.1.1.529
S1 (Fig. 5C). Taken together with the data
shown in Fig. 4, the findings consistently
demonstrate that people initially infected
by Wuhan Hu-1 in the first wave and then
reinfected during the B.1.1.529 (Omicron) wave
do not experience a boost in T cell immunity
against B.1.1.529 (Omicron) at the level of nAb
and T cell recognition.
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Fig. 4. Ab and B cell immunity in
triple-vaccinated HCWs after infec-
tion during the B.1.1.529 (Omicron)
wave. (A) Graphical summary depict-
ing the SARS-CoV-2 infection and
vaccination history of HCWs studied
during the B.1.1.529 (Omicron)

wave. (B) Serum Ab binding against
SARS-CoV-2 N at 14 weeks (median,
14 weeks; IQR, 3 weeks) after third
vaccine dose in infection-naive HCWs
(blue, n = 11) or in HCWs with
laboratory-confirmed SARS-CoV-2
infection during the ancestral Wuhan
Hu-1 (red, n = 4), B.1.1.529 (Omicron,
black, n = 11), or Wuhan Hu-1 followed
by B.1.1.529 (Omicron, pink, n = 6)
infection waves. (C) Serum S1 RBD
(VOC) Ab binding against ancestral
Wuhan Hu-1, B.1.1.7 (Alpha), B.1.351
(Beta), P.1 (Gamma), B.1.617.2 (Delta),
and B.1.1.529 (Omicron) proteins in
infection-naive HCWs (blue, n = 11) or
HCWs previously infected during the
ancestral Wuhan Hu-1 (red, n = 4),
B.1.1.529 (Omicron, black, n = 11), or
Wuhan Hu-1 followed by B.1.1.529
(Omicron, pink, n = 6) waves.

(D) Serum Ab binding against ancestral
Wuhan Hu-1, B.1.1.7 (Alpha), B.1.351
(Beta), P.1 (Gamma), B.1.617.2 (Delta),
AY4.2 (Delta subvariant), and B.11.529
(Omicron) whole spike proteins in
infection-naive HCWs (blue, n = 11) or
HCWSs previously infected during the
ancestral Wuhan Hu-1 (red, n = 4),
B.1.1.529 (Omicron, black, n = 11), or
Wuhan Hu-1 followed by B.1.1.529
(Omicron, pink, n = 6) waves.

(E) Neutralizing antibody 1Cs against
Wuhan Hu-1 or VOC live virus isolates in
infection-naive HCWs (blue, n = 11) or
HCWs previously infected during the
ancestral Wuhan Hu-1 (red, n = 4),
B.1.1.529 (Omicron, black, n = 11), or
Wuhan Hu-1 followed by B.1.1.529
(Omicron, pink, n = 6) waves.

(F) Frequency of MBC specific for
ancestral Wuhan Hu-1, B.1617.2 (Delta),
and B.1.1.529 (Omicron) S1 and RBD
binding proteins in infection-naive HCWs
(blue, n = 11) or HCWs previously
infected during the ancestral Wuhan
Hu-1 (red, n = 4), B.L1.529 (Omicron,
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Prior infection differentially imprints Omicron nal HCW cohort (Fig. 6A and fig. S1). We first

T and B cell immunity

looked at the S1 RBD (ancestral Wuhan Hu-1

To investigate in more detail the impact of prior | and Omicron VOC) antibody binding responses
SARS-CoV-2 infection on immune imprinting, | across the longitudinal cohort at key vaccina-
we further explored responses in our longitudi- | tion and SARS-CoV-2 infection time points,

Reynolds et al., Science 377, eabq1841 (2022) 15 July 2022

exploring how different exposure imprinted
differential cross-reactive immunity and dura-
bility. This revealed that at 16 to 18 weeks
after Wuhan Hu-1 or B.1.1.7 (Alpha) infection,
unvaccinated HCWs showed no detectable
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Fig. 5. T cell responses in triple-vaccinated HCWs infected during the
B.1.1.529 (Omicron) wave. (A) T cell responses against ancestral Wuhan Hu-1
spike MEP pool or Wuhan Hu-1, B.1.617.2 (Delta), and B.1.1.529 (Omicron) VOC S1
protein for PBMCs taken from infection-naive HCWs (blue, n = 10) or HCWs with
laboratory-confirmed SARS-CoV-2 infection during the Wuhan Hu-1 (red,

n = 3), B.L.1.529 (Omicron, black, n = 11), or Wuhan Hu-1 followed by B.1.1.529
(Omicron, pink, n = 6) waves. PBMCs were taken 14 weeks (median, 14 weeks;
IQR, 3 weeks) after the third vaccine dose, and T cell responses were assessed
by IFNy ELISpot. Pie charts show the percent who had a detectable T cell

cross-reactive S1 RBD binding antibodies
against B.1.1.529 (Omicron) (Fig. 6C).
Hybrid immunity (the combination of prior
infection and a single vaccine dose) signifi-
cantly increased the S1 RBD binding anti-
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bodies against B.1.1.529 (Omicron) (P < 0.0001)
compared with responses of infection-naive
HCWs, which were undetectable after a single
vaccine dose. This increase was significantly
greater for previously Wuhan Hu-1 infected
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response against each antigen. (B) T cell responses against spike MEP pool and
S1 VOC protein for previously infection-naive triple-vaccinated HCWs infected
during the B.1.1.529 (Omicron, black, n = 11) wave. (C) T cell responses against
ancestral Wuhan Hu-1, B.1.617.2 (Delta), and B.1.1.529 (Omicron) S1 proteins
plotted pair-wise for infection-naive HCWs (blue, n = 10) or HCWs with
laboratory-confirmed SARS-CoV-2 infection during the Wuhan Hu-1 (red, n = 3),
B.1.1.529 (Omicron, black, n = 11), or Wuhan Hu-1 followed by B.1.1.529
(Omicron, pink, n = 6) waves. Statistical tests were performed using Prism 9.0.
(A) Mann-Whitney U test, [(B) and (C)] Wilcoxon matched-pairs signed rank test.

than B.1.1.7 (Alpha) infected HCWs (P < 0.0002)
(Fig. 6, B and C).

At 2 to 3 weeks after two vaccine doses, there
was a leveling up of S1 RBD B.1.1.529 (Omicron)
binding antibody, such that infection-naive,
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Fig. 6. SARS-CoV-2 infec-
tion imprints differential
Ab cross-reactivity to VOCs.
(A) Graphical summary
depicting the SARS-CoV-2
infection and vaccination
history of HCWs studied.
Infection-naive HCWs are
indicated in blue. HCWs
infected during the different
waves are indicated as
follows: ancestral Wuhan
Hu-1 (red), B.1.1.7 (Alpha, green)
and B.1.617.2 (Delta, purple),
B.1.1.529 (Omicron, black),
and Wuhan Hu-1 followed by
B.1.1.529 (Omicron, pink).

(B and C) Serum Ab binding
against ancestral Wuhan
Hu-1 S1 RBD (B) and
B.1.1.529 (Omicron) S1 RBD
(C) in infection-naive HCWs
(blue, n = 11 to 29) or in
HCWSs with laboratory-confirmed
SARS-CoV-2 infection

during the ancestral Wuhan
Hu-1(red, n =4 to 27), B.1.1.7
(Alpha, green, n = 8 to 35),
B.1.617.2 (Delta, purple, n = 6
to 7), B.1.1.529 (Omicron,
black, n = 11), or Wuhan
Hu-1 followed by B.1.1.529
(Omicron, pink, n = 6)
waves. Data are shown pre-
vaccination and at time
points after first, second,
and third dose of vaccine.
(D) Cross-reactive nAb ICsq
against ancestral Wuhan
Hu-1, B.1.1.7 (Alpha), B.1.351
(Beta), P.1 (Gamma),
B.1.617.2 (Delta), and
B.1.1.529 (Omicron) live
virus 2 to 3 weeks after third
vaccine dose in infection-
naive HCWs (blue, n = 24)
or HCWs with laboratory-
confirmed SARS-CoV-2
infection during the Wuhan
Hu-1 (red, n = 18), B.1.1.7
(Alpha, green, n = 13), or
B.1.617.2 (Delta, purple,

n = 6) waves and at

14 weeks (median, 14 weeks;
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(Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron)
live virus in infection-naive HCWs (n = 11) or HCWs with laboratory confirmed
infection during the B.1.1.529 (Omicron, n = 11), Wuhan Hu-1 (n = 4), or Wuhan
Hu-1 followed by B.1.1.529 (Omicron, n = 6) waves at 14 weeks (median, 14 weeks;
IQR, 3 weeks) after the third vaccine dose. Statistical tests were performed
using Prism 9.0. [(B) and (C)] Mann-Whitney U test.
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previously Wuhan Hu-1 or B.1.1.7 (Alpha) in-
fected HCWs made similar responses (Fig. 6,
B and C).

However, 20 to 21 weeks after the second
vaccine dose, differential B.1.1.529 (Omicron)
RBD Ab waning was noted, with almost all
(19/21) HCWs infected during the second B.1.1.7
(Alpha) wave no longer showing detectable
cross-reactive antibody against B.1.1.529
(Omicron) RBD (Fig. 6C). This was distinct
from HCWs infected by Wuhan Hu-1 during
the first wave, who demonstrated a signifi-
cantly higher cross-protective antibody response
against B.1.1.529 (Omicron) RBD (P < 0.0001)
(Fig. 6C). This indicates a profound differen-
tial impact of immune imprinting on B.1.1.529
(Omicron)-specific immune antibody waning
between HCWs infected by Wuhan Hu-1 and
B.1.1.7 (Alpha), as this differential is not seen in
Ab responses to ancestral Wuhan Hu-1 spike
S1 RBD (Fig. 6B).

Again, there was a leveling up back to sim-
ilar B.1.1.529 (Omicron) RBD binding across
infection-naive and previously infected HCWs
[Wuhan Hu-1, B.1.1.7 (Alpha), and B.1.617.2
(Delta)] 2 to 3 weeks after the third vaccine
dose (Fig. 6, B and C). Fourteen weeks after
the third vaccine dose, previously infection-
naive HCWs infected during the B.1.1.529
(Omicron) wave showed increased S1 RBD
B.1.1.529 (Omicron) binding responses, but
previously Wuhan Hu-1 infected HCWs did
not, indicating that previously Wuhan Hu-1
infected individuals were immune imprinted
to not boost antibody binding responses against
B.1.1.529 (Omicron) despite having been in-
fected by B.1.1.529 (Omicron) itself (Fig. 6C).

In fact, infection during the B.1.1.529 (Omicron)
wave imprinted a consistent relative hierar-
chy of cross-neutralization immunity against
VOCs across different individuals with potent
cross-reactive nAb responses against B.1.1.7
(Alpha), B.1.351 (Beta), and B.1.617.2 (Delta)
(Fig. 6, D and E). Comparative analysis of nAb
potency for cross-neutralization of VOCs em-
phasized the impact of immune imprinting
which effectively abrogates the nAb responses
in those vaccinated HCWs infected during the
first wave and then reinfected during the
B.1.1.529 (Omicron) wave. The doughnuts in
Fig. 6E highlight the extent to which the rel-
ative potency of nAb responses are attenuated
in previously Wuhan Hu-1 infected HCWs.

Discussion

At this stage in the pandemic, there is a view
that the global spread of B.1.1.529 (Omicron),
through its association with a relatively milder
disease phenotype and, possibly, a potential to
boost vaccine immunity, may herald the tran-
sition into a new, endemic relationship (28).
The case for vaccine-mediated immune pre-
conditioning as key mediator of the attenuated
phenotype is complex: Although functional
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neutralization by vaccine-primed sera is con-
siderably blunted against B.1.1.529 (Omicron),
three-dose vaccination efficacy against symp-
tomatic disease holds up, in the 50 to 70%
range (6-8). It has thus been proposed that
immune protection may be supported by
maintenance of relatively high T cell response
frequencies to viral epitopes unperturbed by
loss of antibody epitopes (13-18). A rationale
for this T cell-mediated protection comes from
animal studies showing the direct ability of
SARS-CoV-2-specific T cells to curtail lung
viral loads (29). This raised two key questions
with respect to understanding and manage-
ment of this wave: (i) Considering the very
diverse patterns of antiviral immunity shown
by ourselves and others to be determined by
differential immune imprinting, how would
differences in antigen exposure through infec-
tion and vaccination alter immune responses
against B.1.1.529 (Omicron) at the level of
binding antibody and nAb, MBC, and T cell
responses? (ii) Is the immune response after
infection during the B.1.1.529 (Omicron) wave
primed and fully available to support protec-
tive immunity? We examined immunity to
B.1.1.529 (Omicron) in a longitudinal HCW
cohort, considering cross-reactive immunity
primed by the varied spike exposures of three-
dose vaccination with or without hybrid im-
munity from any of the Wuhan Hu-1, B.1.1.7
(Alpha), or B.1.617.2 (Delta) infection waves,
and then the additive effect of actual infec-
tion during the B.1.1.529 (Omicron) wave. In
the first part of this paper, we report patterns
of response in differentially imprinted, triple-
vaccinated HCWs. In the second part, we con-
sider immune responses in those who went on
to suffer infection during the B.1.1.529 (Omicron)
wave despite triple-vaccination. There were sev-
eral unexpected findings. Although it is known
that cross-reactive antibody recognition is com-
promised by the mutations in B.1.1.529 (Omicron),
it was surprising that this was so profoundly
exacerbated by differential imprinting in those
who were previously infected by either Wuhan
Hu-1 or B.1.1.7 (Alpha). This adds an important
dimension to global control of B.1.1.529 (Omicron)
in light of the impact B.1.1.7 (Alpha) has had
on the global pandemic—by May 2021, B.1.1.7
(Alpha) accounted for 67% of all cases across
149 countries (30). That previous SARS-CoV-2
infection history can imprint such a profound,
negative impact on subsequent protective
immunity is an unexpected consequence of
COVID-19. While the notion that, generally,
hybrid priming by infection and vaccination
enhances immunity is widely agreed upon
(22), imprinted patterns such as the specific
combination of vaccination with infection during
the first ancestral Wuhan Hu-1 wave followed by
the B.1.1.529 (Omicron) wave require an addi-
tional term: “hybrid immune damping.” Molec-
ular characterization of the precise mechanism
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underpinning repertoire shaping from a combi-
nation of Wuhan Hu-1 or B.1.1.7 (Alpha) infection
and triple-vaccination using ancestral Wuhan
Hu-1 sequence, affecting immune responses to
subsequent VOCs, will require detailed analy-
sis of differential immune repertoires and their
structural consequences. The impact of differ-
ential imprinting was seen just as profoundly
in T cell recognition of B.1.1.529 (Omicron) S1,
which was not recognized by T cells from any
triple-vaccinated HCWs who were initially in-
fected during the Wuhan Hu-1 wave and then
reinfected during the B.1.1.529 (Omicron) wave.
Notably, although B1.1.529 (Omicron) infection
in triple-vaccinated previously uninfected indi-
viduals could indeed boost antibody, T cell, and
MBC responses against other VOCs, responses
to Omicron itself were reduced. This relatively
poor immunogenicity against itself may help
to explain why frequent B.1.1.529 (Omicron) re-
infections with short time intervals between in-
fections are proving a novel feature in this wave.
It also concurs with observations that mRNA
vaccination carrying the B.1.1.529 (Omicron)
spike sequence (Omicron third-dose after an-
cestral sequence prime and boost) offers no
protective advantage (31). Initial studies using
acute serum samples after B.1.1.529 (Omicron)
infection had indicated poor immunogenicity
and a tendency to elicit only Omicron-specific
responses in the unvaccinated and broader
responses in those imprinted after COVID-19
vaccination (32, 33), including unexpected
patterns of combinations that appeared to
ablate neutralizing responses to previously
seen VOCs (33).

Our T cell analysis, which depended on pro-
cessing of immunodominant epitopes from
whole antigen, revealed a more profound def-
icit than others. Studies in which T cell re-
sponses of vaccinees against spike peptide
megapools are screened show that, while
there may be a 20% drop in response due to
lost epitopes across the entire sequence, most
of the response is maintained (13-15, 17),
albeit with a significant minority showing a
completely ablated CD8 response to Omicron
peptide pools (I7). Other studies show that
around a fifth of responders to peptide panels
have a 50 to 70% drop in T cell response (16).
Our approach was to evaluate T cell recog-
nition using the dual approach of mapped
epitope pools spanning the mutated regions
and also whole, naturally processed antigen.
We found the greatest impairment of T cell
recognition when looking at epitope recogni-
tion after processing of whole antigen. Natu-
rally processed epitopes from uptake of whole
antigen would generally be considered more
representative of the real-life situation and
nearer to HLA-ligandome studies than syn-
thetic megapools of several hundred over-
lapping peptides, which have the potential
to drown out physiological response patterns
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under the noise of responses from cryptic
epitopes that may not feature in real-life nat-
ural responses. That is, megapool approaches
can, by their nature, underestimate the extent
of response ablation. The natural HLA-ligandome
of peptides shown to be elicited by natural
processing and HLAII presentation only par-
tially overlaps epitopes mapped from over-
lapping synthetic peptide panels (34, 35).
Our immunization of mice with B.1.1.529
(Omicron) mutant epitopes confirmed that
de novo T cell response repertoire can be elic-
ited, but this is not necessarily the same as
that generated during live infection.

The studies presented here have shown
that the high global prevalence of B.1.1.529
(Omicron) infections and reinfections likely
reflects considerable subversion of immune
recognition at both the B and T cell, antibody
binding, and nAb level, although with con-
siderable differential modulation through
immune imprinting. Some imprinted com-
binations, such as infection during the Wuhan
Hu-1 and Omicron waves, confer particularly
impaired responses.

Materials and methods
Study subjects

A total of 731 adult HCWs were recruited into
the COVIDsortium bioresource in March 2020
(19-24) (fig. S1). A cross-sectional case-controlled
substudy of 136 HCWs recruited 16 to 18 weeks
after the March 2020 UK lockdown reported
immunity to SARS-CoV-2 infection during the
first UK wave (Wuhan Hu-1) (19). SARS-CoV-2
infection was determined by baseline, and
weekly nasal RNA stabilizing swabs and Roche
cobas SARS-CoV-2 reverse transcriptase poly-
merase chain reaction (RT-PCR) test and base-
line and weekly Antibody testing for S1 using
the IgG EUROIMMUN enzyme-linked immuno-
sorbent assay (ELISA) and nucleocapsid using
the ROCHE Elecsys electrochemiluminescence
immunoassay (ECLIA). Antibody ratios >1.1
were deemed positive for the EUROIMMUN
SARS-CoV-2 ELISA, and >1 was considered
test positive for the ROCHE Elecsys anti-SARS-
CoV-2 ECLIA, as evaluated by UK Health
Security Agency (UKHSA), Porton Down, UK.
A cross-sectional, case-controlled vaccine sub-
study cohort of 51 HCWs at a mean time point
of 22 days (+2 days SD) after administration of
the first dose of BNT162b2 vaccines reported
immunity to vaccination in individuals with
and without a history of prior SARS-CoV-2
infection during the Wuhan Hu-1 wave (23).
The vaccine substudy recruited HCWs previ-
ously enrolled in the 16- to 18-week substudy.
It included 25 HCWs (mean age: 44 years; 60%
male) with previous lab-defined SARS-CoV-2
infection and 26 HCWs (mean age: 41 years;
54% male) with no laboratory evidence of
SARS-CoV-2 infection throughout the initial
16-week longitudinal follow-up. HCWs were
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followed up longitudinally (n = 51) at a me-
dian time point of 20 days [7, interquartile
range (IQR)] after administration of the sec-
ond dose of BNT162b2 (24). An additional
358 HCWs were recruited at 55 to 57 weeks
follow-up, 53 of whom were infected by the
B.1.1.7 (Alpha) VOC during the second UK wave
(24). At 71 to 72 weeks follow-up, 80 two-dose
vaccinated HCWs were re-recruited who were
either SARS-CoV-2 infection naive (n = 27) or
had been infected by Wuhan Hu-1 during
the first wave (n = 31) or B.1.1.7 (Alpha) during
the second UK wave (n = 22) (24). At 83 to
84 weeks, 62 HCWs had been recruited who
were either SARS-CoV-2 infection-naive (n =
25) or had been infected during the first
Wuhan Hu-1 (n = 18), second B.1.1.7 (Alpha,
n = 13), or third B.1.617.2 (Delta, n = 6) UK
infection waves (table S1). All 62 had received
a third dose of BNT162b2 at a median time
point of 18 days (12, IQR) previously. Thirty-
two HCWs were recruited at 94 to 96 weeks,
median 14 weeks (3 weeks, IQR) after third-
dose vaccination after the onset of the UK
B.1.1.529 (Omicron) wave (table S6). This com-
prised 17 HCWs with PCR-confirmed infection
during the Omicron wave. Eleven of these were
previously infection-naive, and six had prior
Wuhan Hu-1 infection. A contemporaneous
control group of HCWs not infected during
the Omicron wave was also recruited; this
comprised 11 infection-naive HCWs and four
with prior Wuhan Hu-1 infection. Lack of in-
fection was confirmed by longitudinal N se-
rology status (table S7).

Isolation of PBMCs

Peripheral blood mononuclear cells (PBMCs)
were isolated from heparinized blood using
Histopaque-1077 Hybri-Max" (Sigma-Aldrich)
density gradient centrifugation in SepMate tubes
(Stemcell), as previously described (20, 23, 24,).
Isolated PBMCs were cryopreserved in fetal
bovine serum (FBS) containing 10% dimethyl
sulfoxide and stored in liquid nitrogen.

Isolation of serum

Whole blood samples in SST vacutainers
(VACUETTE #455092) were clotted at room tem-
perature for at least 1 hour and then centrifuged
for 10 min at 800g. Serum was aliquoted and
stored at —80°C for SARS-CoV-2 antibody
detection.

Anti-N and anti-S1 serology

Anti-nucleocapsid and anti-spike antibody de-
tection testing was conducted at UK Health
Security Agency using the Roche cobas e801
analyzer. Anti-nucleocapsid antibodies were
detected using the qualitative Roche Elecsys
anti-SARS-CoV-2 ECLIA nucleocapsid assay
(Roche ACOV2, product code: 09203079190)
while anti-RBD antibodies were detected using
the quantitative Roche Elecsys anti-SARS-CoV-2
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ECLIA spike assay (Roche ACOV2S, product
code: 09289275190). Assays were performed
and calibrated as recommended by the man-
ufacturer. Anti-N results are expressed as a
cutoff index (COI) value based on the electro-
chemiluminescence signal of a two-point
calibration, with results COI > 1.0 classified as
positive. Anti-spike results are expressed as
units per milliliter (U/ml), similarly based on
a two-point calibration and a reagent-specific
master curve, with a quantitative range of
0.4 to 2500 U/ml. Samples with a value of
>1.0 U/ml are interpreted as positive for spike
antibodies, and samples exceeding >250 U/ml
are automatically diluted by the analyzer.

Recombinant proteins

‘Wuhan Hu-1 SARS-CoV-2 S1 spike protein and
B.1.617.2 (Delta) SARS-CoV-2 S1 spike protein
(T19R, G142D, del156-157, R158G, 1425R, T478K,
D614G, P681R) (Z03485-1 and Z03612-1, respec-
tively) were purchased from GenScript USA Inc.
B.1.1.529 (Omicron) SARS-CoV-2 S1 spike (A67V,
H69del, V70del, T951, G142D, V143del, Yi44del,
Y145del, N211del, L2121, ins214EPE, G339D,
S371L, S373P, S375F, K417N, N440K, G4468,
S477N, T478K, E484A, Q493R, G496S, Q498R,
N501Y, Y505H, T547K, D614G, H655Y) and
RBD (G339D, S371L, S373P, S375F, K417N,
N440K, G446S, S477N, T478K, E484A, Q493R,
(4965, Q498R, N501Y, Y505H) proteins (REC32006
and REC32007, respectively) were purchased
from the Native Antigen Company.

Peptides

Spike mapped epitope pool (MEP) comprises
a previously described pool of eighteen 12- to
20mer peptide epitopes (20, 23, 24) (table S5A).
B.1.1.529 (Omicron) and Wuhan Hu-1 peptide
pools are comprised of peptides with the
B.1.1.529 (Omicron) amino acid mutations
and deletions and the respective Wuhan Hu-1
sequences (table S5B). They contain the pre-
dicted HLAII binding motifs, as determined
by NetMHCIIpan4.0 (34) (table S9). Peptides
were synthesized by GL Biochem Shanghai
Ltd (China).

T cell assay by IFNy ELISpot

Interferon-y enzyme-linked immunosorbent
spot (IFNy ELISpot) assays were conducted
as previously described (20, 23, 24). Precoated
ELISpot plates (Mabtech 3420-2APT) were
washed four times with phosphate-buffered
saline (PBS), blocked for 1 hour (at room
temperature) with supplemented RPMI1640
(GibcoBRL) [10% heat-inactivated FBS; 1%
100x penicillin, streptomycin and r-glutamine
solutions (GibcoBRL)]. Two-hundred thousand
PBMCs were seeded per well and stimulated
for 18 to 22 hours at 37°C with SARS-CoV-2
recombinant protein [Wuhan Hu-1, B.1.617.2
(Delta), or B.1.1.529 (Omicron) SARS-CoV-2 S1
spike proteins (10 ug/ml)] or peptide pools

10 of 13



RESEARCH | RESEARCH ARTICLE

(10 ug per ml per peptide). Negative and posi-
tive plate controls were medium or anti-CD3
(Mabtech mAb CD3-2). ELISpot plates were
developed with 1 ug/ml biotinylated anti-
human IFNy detection Ab conjugated to alk-
phosphatase (7-B6-1-ALP, Mabtech), diluted
in PBS/0.5% FBS, adding 50 pul per well for
2 hours at room temperature followed by
50 ul per well BCIP/NBT-plus phosphatase
substrate (Mabtech), 5 min (at room temper-
ature). Plates were washed and dried before
analysis on an AID classic ELISpot plate reader
(Autoimmun Diagnostika GMBH, Germany).
ELISpot data were analyzed in Microsoft Excel.
The average of two culture media only wells
was subtracted from all protein/peptide-
stimulated wells, and any response that was
lower in magnitude than 2 SD of the sample-
specific control wells was not considered a
stimulation-specific response. Results were ex-
pressed as difference in (delta) SFCs per 10°
PBMCs between negative control and protein/
peptide stimulation conditions. Results were
excluded if negative control wells showed
>100 SFCs per 10° PBMCs (n = 4) or cell via-
bility was low, with <1000 SFCs per 10° PBMCs
in anti-CD3 positive control wells (n = 5). Re-
sults were plotted using Prism 9.0 for Mac
OS (GraphPad).

B cell ELISpots

Before B cell ELISpot assays, PBMCs were
cultured for 5 days (37°C/5% CO,) in 24-well
plates, 500,000 cells per well containing 1 pug/ml
TLR?7/8 agonist R848 plus 10 ng/ml recombi-
nant human IL-2 (Mabtech Human Memory
B cell Stimpack 3660-1). After 4 days, PBMC
stimulation ELISpot PVDF plates (Millipore
MSIPS4W10) were coated with PBS, purified
anti-human IgG MT91/145 (10 ug/ml, Mabtech
3850-3-250), and Wuhan Hu-1, B.1.617.2, or
B.1.1.529 SARS-CoV-2 S1 spike proteins (10 ug/ml)
and incubated at 4°C overnight. Plates were
washed five times and blocked for 1 hour with
RPMI1640 [supplemented with 10% heat-
inactivated FBS, 1% 100x penicillin, streptomycin,
and r-glutamine solutions (GibcoBRL)]. Pre-
stimulated PBMCs were washed twice before
seeding at 7500 to 15,000 cells per well for
anti-human IgG coated wells and 15,000 to
150,000 cells per well for SARS-CoV-2 spike
coated wells. Assays were run in duplicate.
Plates were incubated at 37°C for 18 to 20 hours.
For ELISpot development, plates were washed
five times with PBS/0.05% Tween 20 (PBST)
before incubation with 100 pl biotinylated anti-
human IgG MT78/145 (Mabtech 3850-6-250), in
PBS/0.5% FBS for 2 hours at room temperature.
Plates were washed five times in PBST and in-
cubated with 100 ul per well 1:1000 Streptavidin-
ALP (Mabtech 3310-10-1000), in PBS/0.5% FBS
for 1 hour at room temperature. Plates were then
washed five times with PBST, and spots were
developed by adding 100 pl per well BCIP/NBT
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substrate (Mabtech). Reactions were stopped by
washing in tap water, and plates were dried
before being analyzing on an AID classic ELISpot
plate reader (Autoimmun Diagnostika GMBH,
Germany). Analysis of ELISpot data was per-
formed in Microsoft Excel. Spots counted for
each well were adjusted for cell numbers seeded,
and the average of PBS-only coated wells was
subtracted from antigen-coated wells. The num-
ber of SARS-CoV-2 spike antigen-specific Ab
secreting cells (ASCs) was expressed as a percent
of the total number of IgG ASC.

B.1.1.529 (Omicron) RBD ELISA

Nunc 96-well immune ELISA plates were coated
with 1 pg/ml of B.1.1.529 (Omicron) Spike RBD
protein in carbonate buffer (Sigma Aldrich)
for 2 hours at 37°C before washing with PBS
(0.05% Tween) (PBST) and blocking at 37°C for
1 hour with PBS containing 1% bovine serum
albumin (BSA). Plates were washed in PBST
again before application of 50 ul of diluted sera
to each well. All serum dilutions were run in
duplicate, and a four-point dilution series was
run for each sample. After overnight incuba-
tion at 4°C, plates were washed with PBST, and
wells were incubated with 1:1000 dilution of
Biotin Mouse Anti-human IgG (BD Pharmingen,
555785) at room temperature for 1 hour. Plates
were washed again before application of 1:200
dilution of streptavidin horseradish peroxidase
(HRP) (Bio-techne, DY998) for 30 min followed
by a final wash and then assay development
using 3,3, 5,5;-tetramethylbenzidine (TMB) sub-
strate (Sigma Aldrich, T0440). Color develop-
ment was stopped after 5 min by the addition of
0.18 M H,SO, and OD450nm values for each
well measured using a FLUOstar Omega Plate
Reader. Analysis of ELISA data was performed
in Prism 9.0 for Mac OS (GraphPad). Data for
serial dilutions were plotted, and area under
the curve calculated for each individual se-
rum sample.

Multiplex variant-specific IgG antibody
measurement

Antibody titers against VOC-specific spike
antigens (RBD or spike) were measured using
the multiplex MesoScale Discovery (MSD) electro-
chemiluminescent immunoassay (V-Plex, MSD,
Gaithersburg). IgG binding antibody to the RBD
domain for the different VOCs were determined
using the V-Plex Panel 22 (Catalogue number
K15559U), which includes the RBD antigens of
“wild-type” SARS-CoV-2, B.11.529/BA.1 (Omicron),
B.11.7 (Alpha), B.1.351/B1.35L1 (Beta), P.1 (Gamma),
and AY.3/AY.4/B.1.617.2 (Delta). IgG binding
antibody to the full spike protein of the dif-
ferent VOC were determined using V-Plex
Panel 23 (Catalogue numb er K15567U) which
includes spike antigens of “wild-type” SARS-
CoV-2, AY.4.2 (Delta sublineage), B.1.1.529/
BA.1 (Omicron), B.1.1.7 (Alpha), B.1.351 (Beta),
P.1 (Gamma), B.1.617.2/AY.3/ AY.5 (Delta and
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Delta sublineages), and AY.4 (Delta alternative
sequence and sublineages) (36, 37). A full list
of each antigen and its included mutations
can be found in the supplementary materials
(table S2).

In brief, plates were run per manufacturer’s
instructions, with washing between incuba-
tions performed using a Biotek 405TS plate
washer. Plates were blocked for 30 min with
5% BSA before the addition of samples diluted
between 1:1000 and 1:100,000. Samples were
incubated for 2 hours, followed by addition of
the secondary anti-human IgG antibody (Sulfo-
tag) for 1 hour. Read buffer was added to plates
before reading immediately using the MSD
QuickPlex SQ 120 platform. Only results from
antigen spots within the detection range were
used for the final analysis. Results were re-
ported as arbitrary units per milliliter (AU/ml)
determined against a seven-point calibration
curve using serially diluted reference standard 1.

Authentic Wuhan Hu-1 SARS-CoV-2 and VOC
variant titration

SARS-CoV-2 isolate stocks [including Wuhan
Hu-1, B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma),
B.1.617.2 (Delta), and B.1.1.529 (Omicron)] used
in experiments (table S8) were prepared and
titrated as previously described (23, 24,).

Authentic Wuhan Hu-1 SARS-CoV-2 and VOC
microneutralization assays

SARS-CoV-2 microneutralization assays were
carried out as described previously (23, 24).
VeroE6 cells were seeded in 96-well plates
24 hours before infection. Duplicate titrations
of heat-inactivated participant sera were incu-
bated with 3 x 10* focus-forming units of
SARS-CoV-2 virus (TCID100) at 37°C for 1 hour.
Serum/virus preparations were added to cells
and incubated for 72 hours. Surviving cells
were fixed in formaldehyde and stained with
0.1% (w/v) crystal violet solution [crystal violet
was resolubilized in 1% (w/v) sodium dodecyl
sulfate solution]. Absorbance readings were
taken at 570 nm using a CLARIOStar Plate
Reader (BMG Labtech). Negative controls of
pooled pre-pandemic sera (collected before
2008) and pooled serum from neutralization-
positive SARS-CoV-2 convalescent individuals
were spaced across the plates. Absorbance for
each well was standardized against technical
positive (virus control) and negative (cells only)
controls on each plate to determine percentage
neutralization values. IC5, values were deter-
mined from neutralization curves. All authentic
SARS-CoV-2 propagation and microneutraliza-
tion assays were performed in a containment
level 3 facility.

In silico epitope prediction for B.1.1.529
(Omicron) and BA.2

In silico predictions of HLA-DRB1 peptide-
binding were performed using NetMHClIpan4.0
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(38) on the basis of a peptide length of 15
amino acids (tables S9 and S13). HLA core
binding sequences containing individual mu-
tations were selected if contained within a
peptide defined as a strong or weak binder
by the NetMHCIIpan-4.0 default parameters
of rank score <1% (threshold for strong binder)
and rank score <5% (threshold for weak
binder). For HLA-A, HLA-B, and HLA-C alleles,
analysis was performed using NetMHCpan-4.1
on the basis of peptide lengths of 8, 9, and
10 amino acids (tables S10 to S12 and S14 to
S16). Again, the default parameters of rank
score < 0.5% (threshold for strong binder) and
< 2% (threshold for weak binder) were used.

HLA-DRBI1*0401 transgenic T cell assays

Studies using HLAII transgenics carrying
DRB1*0401 in the context of a homozygous
knockout for murine H2-AB have been previ-
ously described (39, 40). Mice (7 to 8 weeks
old) were immunized in one hind footpad
with B.1.1.529 (Omicron) variant or Wuhan
Hu-1 pools or peptides containing 10 ug of each
peptide sequence in Hunters Titermax Gold
adjuvant (Sigma Aldrich). Popliteal lymph
nodes were collected at d10 and prepared as
single-cell suspensions. IFNy ELISpot assays
were performed in triplicate in HL1 serum-
free medium (Lonza) [supplemented with 1%
100x 1-glutamine and 0.5% 100x penicillin/
streptomycin solutions (GibcoBRL)]. PVDF
ELISpot plates (Merck Millipore MSIPN4550)
were coated with anti-mouse IFNy capture
antibody (Diaclone Murine IFN gamma ELISpot
Set, 862.031.020) overnight before seeding
200,000 lymph node cells per well and stim-
ulating (72 hours, 37°C with 5% CO,) with pep-
tide pools or individual SARS-CoV-2 Wuhan
Hu-1 or variant peptides (10 pug per ml per
peptide). Internal plate controls were culture
media alone and staphylococcal enterotoxin
B (SEB). Assays were developed using biotiny-
lated anti-mouse IFNy followed by streptavidin-
alkaline phosphatase conjugate and BCIP/NTB
substrate (Diaclone) before washing in tap
water, drying, and analyzing using an AID
classic ELISpot plate reader (Autoimmun
Diagnostika GMBH, Germany). Analysis of
ELISpot data was performed in Microsoft
Excel. The average from three culture media
wells was subtracted from peptide-stimulated
wells, and any response that was <2 SD of the
sample-specific control wells was not considered
a peptide-specific response. Results were ex-
pressed as difference in (delta) SFCs per 10°
PBMCs between the negative control and pep-
tide stimulation conditions. Results were plotted
using Prism 9.0 for Mac OS (GraphPad).

For transcriptomic analysis, lymph node
cells were cultured with no peptide or with
10 pg/ml Wuhan Hu-1 or B.1.1.529 (Omicron)
variant G142/del143-5 or Q493R/G496S/Q498R/
N501Y/Y505H peptides. At 24: hours, cells were
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harvested and lysed for RNA extraction. RNA
was extracted using an Agilent RNA microprep
kit. cDNA was prepared using an RT2 first
strand kit (Qiagen), and qPCR for target genes
was performed using RT? profiler PCR array
Mouse T Helper Cell Differentiation plates
(Qiagen PAMM-503Z). Data were analyzed
and plotted using the Qiagen GeneGlobe data
analysis tool and genes up-regulated by pep-
tide stimulation with P > 0.05 (by Student’s
t test) compared with no peptide stimulation
were identified.

Statistics and reproducibility

Data were assumed to have a non-Gaussian
distribution. Wilcoxon matched-pairs signed
rank test and a Mann-Whitney U test were
used for single, paired, and unpaired compar-
isons. Nonparametric tests were used through-
out. P < 0.05 was considered significant. Prism
9.0 for Mac was used for analysis.
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TCR-Vv6 usage distinguishes protumor from
antitumor intestinal yo T cell subsets
Bernardo S. Reis'*, Patrick W. Darcy?, lasha Z. Khan', Christine S. Moon?, Adam E. Kornberg?,

Vanessa S. Schneider™?, Yelina Alvarez’, Olawale Eleso, Caixia Zhu't, Marina Schernthanner’,
Ainsley Lockhart!, Aubrey Reed?, Juliana Bortolatto®, Tiago B. R. Castro', Angelina M. Bilate®,

Sergei Grivennikov*, Arnold S. Han?, Daniel Mucida

1,5

vd T cells represent a substantial fraction of intestinal lymphocytes at homeostasis, but they also
constitute a major lymphocyte population infiltrating colorectal cancers (CRCs); however, their temporal
contribution to CRC development or progression remains unclear. Using human CRC samples and murine
CRC models, we found that most yé T cells in premalignant or nontumor colons exhibit cytotoxic
markers, whereas tumor-infiltrating y8 T cells express a protumorigenic profile. These contrasting T cell
profiles were associated with distinct T cell receptor (TCR)-Vyd gene usage in both humans and mice.
Longitudinal intersectional genetics and antibody-dependent strategies targeting murine vé T cells
enriched in the epithelium at steady state led to heightened tumor development, whereas targeting yé
subsets that accumulate during CRC resulted in reduced tumor growth. Our results uncover temporal

pro- and antitumor roles for y3 T cell subsets.

ntestinal intraepithelial lymphocytes (IELs)

make up a large T cell population located at

the critical interface between the core of

the body and the intestinal lumen, which

is constantly exposed to food, commensal
microbes, and pathogens. Previous observations
have suggested an important role for IELs as a
first line of immunity against pathogens (7-4).
Among the main IEL subsets in mice or hu-
mans are T cells harboring the vy T cell receptor
(TCR). These yd IELs are finely tuned to local
epithelial signals and perform epithelial surveil-
lance, which is modulated through cross-talk
with the intestinal epithelium (3, 5). In addition
to their role in immune surveillance against
enteric infections, y8 T cells have been asso-
ciated with antitumor activity, including in
human colorectal cancer (CRC) (6-11). CRC
is currently the second most deadly cancer in
the United States (according to the American
Cancer Society, Inc.). The cumulative risk of
inflammatory bowel disease (IBD) patients de-
veloping CRC can reach 20%; however, most
CRC cases develop in patients without underly-
ing inflammation. In both scenarios, tumor-

ILaboratory of Mucosal Immunology, The Rockefeller
University, New York, NY 10065, USA. “Department of
Medicine, Division of Digestive and Liver Diseases, Columbia
University, New York, NY 10032, USA. *Department of
Biochemistry and Molecular Biology, Federal University of
Parana, Curitiba, PR, Brazil. “Department of Medicine and
Department of Biomedical Sciences, Cedars-Sinai Cancer
Institute, Cedars-Sinai Medical Center, Los Angeles, CA
90048, USA. SHoward Hughes Medical Institute, The
Rockefeller University, New York, NY 10065, USA.
*Corresponding author. Email: breis@rockefeller.edu (B.S.R.);
mucida@rockefeller.edu (D.M.)

tPresent address: Key Laboratory of Medical Molecular Virology,
School of Basic Medical Sciences, Shanghai Medical College, Fudan
University, Shanghai 200032, China.

Reis et al., Science 377, 276-284 (2022) 15 July 2022

elicited inflammation triggered by epithelial
disturbances and microbial invasion is essen-
tial for the survival of malignant cells and
tumor growth (12-15). In this study, we ad-
dressed whether epithelial-resident yd T cell
subsets could prevent CRC development and
whether phenotypically and functionally dis-
tinct yd T cell subsets play a contrasting role—
accelerating tumor progression.

Distinct profiles of infiltrating yé T cells in
both human and murine CRC

Interleukin-17 (IL-17)-producing yd T cells
preferentially use oxidative-phosphorylation
metabolism and have been associated with
increased tumor burden and poor survival in
human cancers (16-18). By contrast, glycolytic
interferon-y (IFN-y)-producing yd T cells have
been associated with protection against tumors
and a better prognosis (19, 20). To characterize
the gene signature of yd T cells found in the
intestines of CRC patients, we sorted yo T cells
from surgically dissected tumors and adjacent
nontumor areas, stimulated in vitro, and per-
formed single-cell RNA sequencing (scRNA-
seq) using the 10X genomics platform. We
collected 1825 tumor-infiltrating and adjacent
cells from five patients displaying at least
100 viable yd T cells per region (out of seven
patients screened) (table S1 and fig. S1, A and
B). Pooled analysis of 716 cells from tumors
and 1109 from nontumor areas revealed 10
different clusters (Fig. 1A). Tumor-infiltrating
v6 T cells showed an overall increased cyto-
kine signature (gene ontology: 0005126), in-
cluding I1-17-producing yd T cell-related genes,
such as CD9 and LGALS3 (2I) enriched in
clusters 2 and 5, when compared with cells

isolated from adjacent nontumor areas (Fig. 1,
B and C). By contrast, yd T cells isolated from
adjacent nontumor areas presented a cytotoxic-
related profile, including the expression of
GZMB and CXCRS3, enriched in clusters 0 and 1,
as well as the glycolysis-associated genes ENO1
and ALDOA (Fig. 1, B and C, and fig. S1, B
and C), an overall profile resembling IFN-y-
producing yd T cells (8). Clonal analysis of Y
T cells indicated clonal expansion in both non-
tumor and tumor areas, with an enrichment
for V31 gene usage by tumor-infiltrating yo
T cells, whereas cells isolated from both areas
displayed preference for Vy4 (Fig. 1, D and E,
and fig. S1, D to F). Additionally, we found a
correlation between gene signature clusters
and clonal expansion, which confirms that
expanded yd T cell clones from tumors are
enriched for IL-17-producing y3 T cell-related
signature (clusters 2 and 5), whereas expanded
clones in adjacent areas were enriched for
IFN-y-producing y8 T cell signatures (clusters
0 and 1) (Fig. 1E). Moreover, expanded clones
related to the major gene expression clusters
found in nontumor areas (TRVG4._TRDV1 bias
in cluster 1 and TRGV8_TRDV3 in cluster 0)
were reduced in tumor sites, whereas clones
related to the major gene expression clusters
found in tumor areas (TRVG4_TRDV1 bias in
clusters 2 and 5 and TRVG9_TRDV1 in cluster
3) were reduced in nontumor areas (Fig. 1E).
The above analyses indicate that yd T cells en-
riched in human CRC areas share similarities
with protumorigenic IL-17-producing vy T cells,
whereas cells found in tumor-adjacent areas
display a cytotoxic T lymphocyte (CTL)- or
IFN-y-producing y3 T cell signature, overall
related to antitumor function.

To functionally and mechanistically assess
the role of y3 T cells in CRC, we used two
distinct CRC mouse models: the chemical
azoxymethane-dextran sodium sulphate (AOM-
DSS) colitis-associated CRC (CAC) (22) and the
genetically inducible adenomatosis polyposis
coli (APC) deficiency (14, 23, 24) (fig. S2A). Our
initial characterization of yd T cells in naive ani-
mals confirmed a dominance by Vyl- and Vy7-
expressing subsets, followed by Vy4" and Vy6"
subsets at a low frequency (25-27), and changes
in the expression of CD8co. homodimers accord-
ing to proximal-distal and villus-crypt axes (fig.
S2, B to D). In CAC (AOM-DSS), we observed
that tumor-infiltrating v T cells adopt both
potentially anti- and protumor phenotypes,
with increased expression of CD1070. and IFN-y
[associated with antitumor responses (13, 28)]
as well as IL-17 [associated with protumori-
genic function (14, 28)] (fig. S2E). CD4* TCRof"
cells also display IFN-y- and IL-17-producing
phenotypes, but in contrast to yd T cells, ex-
pression levels upon restimulation are sim-
ilar between tumor and nontumor tissue sites
(fig. S2F). In the CAC model, ~40% of IL-17-
producing cells within the tumor are y3 T cells
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Fig. 1. Profiling of human 3 T cells in patients
with CRC identifies tissue-specific subsets.
¥8" T cells were sorted from tumor and adjacent
(nontumor) areas of human CRC colonic
resection tissue and processed for 10X genomics
RNA and TCR sequencing. Cells were stimulated
with phorbol myristate acetate (PMA) and ion-
omycin before RNA-seq. (A) Uniform manifold
approximation and projection (UMAP) plot
colored by tissue (left) and gene expression
cluster (right) of y8" T cells. (B) Gene set
enrichment analysis (GSEA) of y5* T cells
recovered from nontumor (blue) and tumor (red)
areas. (C) Gene expression heatmap and charac-
terization of y8* clusters based on GSEA hall-
marks. Contribution of nontumor (blue) and
tumor (red) cells in gene expression clusters is
depicted above the heatmap. (D) Circos plot

of shared clones between tissues (light gray) and
between patients (black), based on amino acid
CDR3 sequence. (E) Parallel plots depicting V
gene usage and gene expression clusters of
expanded clones found in nontumor (left) and
tumor (right) areas. Clones (represented by lines)
shared between tissues are colored.

and ~30% are CD4" T cells [T helper 17 (Ty17)
cells], whereas in nontumor areas, they corre-
spond to ~35 and 20%, respectively (fig. S2G).
Similar to what was observed in naive mice, Y3
T cells in healthy colon tissue display high ex-
pression of CD8co, whereas a CD8o,” popula-
tion expressing the exhaustion marker PD-1" is
prominent among tumor-infiltrating yé T cells
(fig. S2, H and I). PD-1 expression segregated
cells with potential antitumor (PD-1": IFN-y")
or protumor phenotypes (PD-1*: IL-17" and
IFN-y") (fig. S2, J and K).

To gain information about y3 T cell dynam-
ics during CRC progression, we longitudinally
analyzed CRC mice harboring inducible APC-
floxed alleles, Cdz2°"™® x APC"? (iCdz2*4).
Although virtually absent in naive mice, we
found that y3 T cells expressing IL-17 and PD-1
accumulate in the colonic tissue of iCdz2*4FC
mice upon tamoxifen injection, whereas the
frequency of CD8o." v3 T cells decreases (Fig. 2A).
Similar to our observations in the CAC model,
the frequency of y4 T cells producing IFN-y and
IL-17 also increases among tumor-infiltrating
lymphocytes (fig. S2L). Additionally, tumor-
infiltrating PD-1* (CD8o.") preferentially express

Reis et al., Science 377, 276-284 (2022) 15 July 2022

®Non-tumor
4\ ®Tumor 5.0

25
0.0
-2.5

RESPONSE_TO_IFN_|
IFN_GAMMA_RESPONSE
TNFA_SIGNALING_VIA_NFKB
RESPONSE_TO_IFN_BETA
RESPONSE_TO_IFN_ALPHA
NAIVE_VS_MEMORY_TH1_UP
REACT_OXYGEN_SPECIES_PATH
REG_OF_RECEP_SIGNAL_VIA_STAT
POS_REG_OF_LIPID_BIO_PROCESS
RECEPTOR_REG_ACTIVITY
CYTOKINE_RECEPTOR_BINDING
CYTOKINE_ACTIVITY

B
5 Noi

n-tum
3 Tumor

Non-Tumor

0000 OOGNOOOCS
©CONOUAWN—=O

or
4 2 0 2 4
Normalized Enrichment Score (NES)

BN ET

GZMA, GZMB

132, 1ISG15 Cytotixicity - IFN response

IFNG, TNF,

L4, CD40LG Allograft rejection

CD200, CTLA4 P "
121, CD44 IL2 STATS5 Signaling - Regulation
NDUFB4, ICAM1 .

LGALS3, VIM OXPHOS - Adhesion

DUSP1, CXCR4 a p "

NR4A1, MCL1 Hypoxia - TNFA signaling

LDHA, LAG3, ZBTB32 OXPHOS - Inflammation
CDBA, 1L26, TNF

PRDM1, IRF1
NFKB2, TNFAIP3

Allograft rejection - IL10 signaling

TNFA signaling

B Shared clones_Non-Tumor enriched
B Shared clones_Tumor enriched

Cells

100 cells

IL-17, whereas PD-1~ (CD8o") preferentially
secrete IFN-y, with no overlap between 11-17-
and IFN-y-producing yé cells. (Fig. 2, B to D,
and fig. S2, M and N). CD4" T cells did not
show significant differences in IL-17 and IFN-y
production between tumor or adjacent non-
tumor areas (fig. S20). In the APC loss model,
~60% of IL-17-producing cells within the tu-
mor are Yo T cells, whereas Ty17 cells constitute
only 20% (fig. S2P). Outside tumor areas, al-
most 70% of IL-17-producing cells are y3 T cells
and ~10% are Tyl7 cells upon in vitro restim-
ulation (fig. S2P). To further characterize
tumor-infiltrating yd T cells in the CAC model,
we sorted these cells on the basis of PD-1 ex-
pression and performed RNA-seq analysis.
Analogous to our observations in humans,
murine CD8a"PD-1" 5 T cells (blue) displayed
increased expression of cytotoxic-related genes
(e.g., Gzmb, Gzma, Lgals3, and Lag3), whereas
CD80, PD-1* y5 T cells (red) showed increased
expression of genes associated with I1.-17 and
protumorigenic responses (I5), such as IL-17,
Rorc, and IlIr1 (Fig. 2E). These results suggest
opposing phenotypes among y3 T cells found at
steady state or in nontumor areas, versus yd

T cells that accumulate during CRC in mice
and humans.

Our bulk RNA-seq analysis suggested diver-
gent TCR usage between tumor-infiltrating
CD80. PD-1" cells enriched in TergV6 tran-
scripts and CD8a"PD-1" y8 T cells enriched in
TergV7 transcripts (Fig. 2E). To directly in-
vestigate the TCR repertoire of murine tumor-
infiltrating yé T cells, we single-cell sorted y&
T cells from the tumor and adjacent nontumor
areas of CRC mice subjected to either AOM-
DSS or APC loss and performed single-cell TCR
sequencing analysis (scTCR-seq). In the APC
loss model, y3 T cells from nontumor areas are
clonally diverse, whereas tumor-infiltrating
v8 T cells show noticeable clonal expansions
(Fig. 2F and data S1). In the AOM-DSS model,
we observed some clonal expansion within the
Vy7 subset found in nontumor areas (Fig. 2F
and fig. S2Q), an effect possibly related to the
chronic inflammatory nature of this model (29),
although most clonal expansions were also
found in the tumor areas (Fig. 2F and data S2).
The expanded clones found in tumor areas in
both models were primarily Vy6*V31 clones
(Trgo6 and Trdv4 rearrangements), which are
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Fig. 2. Profiling tumor-infiltrating v8 T cells in CRC models reveals distinct
subsets. iCdx2**"C animals were treated with tamoxifen and euthanized at
indicated times for analysis of large intestine IELs (weeks O to 3) and tumor
areas (week 4 or T). (A) Frequency of CD8a" (right axis) and PD-1" or IL-17" (left
axis) cells among TCRyd" T cells from the large intestine before (week 0) and
after (weeks 1, 2, 3, and T) tamoxifen treatment. (B) Representative dot plot of
CD8a." and PD-1" among TCR y&" cells at 4 weeks after tamoxifen administration.
(C and D) Representative dot plot (C) and frequency (D) of IFN- y* (left) or IL-17*
(right) among tumor-infiltrating PD-1* or PD-1" TCR y&" cells (APC loss model).
(E) Volcano plot of differentially expressed genes from RNA-seq analysis of
sorted CD8o,"PD-1" (blue) or CD8a PD-1* (red) TCR & cells isolated from the
tumors of mice subjected to the AOM-DSS model. (F) scTCR-seq of y& T cells
from tumor or nontumor colonic tissues of four mice subjected to the AOM-DSS
(top) and four mice from the APC loss (bottom) models. Numbers in the centers of

the pie charts represent the number of clones (based on CDR3 aa sequence) per
total cells sequenced. Expanded clones are fused. Clones are colored based on Vy
usage. Purple clones represent expanded Vy6Val1 cells. (G) Pie charts of Vy
frequency among TCRy8" cells from large intestine tissue before (week 0) and after
(weeks 1, 3, and 4) tamoxifen treatment (APC loss model). (H and I) Vy usage by 8
T cells from tumor or nontumor colonic tissue of mice subjected to the AOM-DSS
protocol. Representative dot plot (H) and frequency (1) of Vy6* and Vy7" among
TCRy&" cells. (J) Frequency of Vy1¥, Vy4", Vy6", and Vy7" among tumor-infiltrating
TCRys* cells expressing IL-17, PD-1, or IFN-y. Representative data are from two
experiments with three to four animals per group. RNA-seq and TCR-seq data are
from pooled tumors. For cytokine staining, cells were stimulated with PMA and
ionomycin. Statistical P value differences are indicated. Statistics are by two-tailed
t test [(E) and (1)] and one-way analysis of variance (ANOVA) with Dunnett's multiple
comparison test (J). Error bars indicate SEMs.

rarely observed in nontumor areas or in the
early phase of tumor development (Fig. 2, F
and G, and fig. S2R). Flow cytometry analysis
confirmed the relative increase of Vy6™ cells
at the expense of decreased Vy7' vd T cells in
the tumor areas (Fig. 2, H and I). As suggested
by the bulk RNA-seq analysis, tumor-infiltrating
Vy7" and Vy1' T cells isolated from mice sub-
jected to AOM-DSS are mostly PD-1" and
IFN-y", whereas Vy6" cells express PD-1 and
IL-17 (Fig. 2J). Overall, tumor-infiltrating PD-1"
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and IL-17" y3 T cells are composed of Vy6
(56.5 + 5.2% and 712 + 7.5%, respectively),
whereas IFN-y" y8 T cells are composed of Vyl
(61.1 + 9.6%) and Vy7 (32.4 + 13.6%) in the CAC
model (Fig. 2J). Similar Vy distribution was
observed in tumor-infiltrating TCRy8* T cells
isolated from CRC mice subjected to APC loss
(fig. S2S). Immunofluorescence imaging of the
colonic tissue from tamoxifen-treated iCdz2**F¢
mice confirmed the preferential accumulation of
PD-1-expressing y6 T cells in tumor areas (fig.

S2T). The analyses above suggest that tumor-
infiltrating murine y3 T cells are composed of
two major functional groups based on Vy usage:
polyclonal Vy7" and Vy1" cells exhibiting an
antitumor cytotoxic program (resembling
IFN-y-expressing human subsets enriched
in clusters 0 and 1; Fig. 1A) and clonally ex-
panded Vy6"V31" cells that express PD-1 and
secrete IL-17 (resembling IL-17-expressing
human subsets enriched in clusters 2 and 5;
Fig. 1A).
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Antitumor activity by epithelium-resident
murine Vy1* and Vy7* v8 T cells

To address whether the phenotype of epithelium-
resident TCRyd T cells plays a role in restricting
CRC development, we first subjected Trdc™/~
knockout mice, which are deficient in y3 T
cells, to the AOM-DSS model (fig. S3, D to F).
Because Trdc™’~ animals are more susceptible
to the experimental DSS regimen (30), we used
alower DSS concentration (1%), which does not
result in noticeable inflammation or tumor
development in wild-type control mice (fig. S3,
E and A to C). In line with previous literature
(10), after the 1% DSS regimen, 77 rdc”/~ mice
displayed enhanced inflammation and signif-
icant increase in tumor development, again
suggesting an antitumor or anti-inflammatory
role for intestinal epithelium-resident yd T cell
populations (fig. S3, E and F). Because total
Trdc-deficiency also prevents the accumula-
tion of y§ cells during tumor progression, we
next aimed to preferentially restrict epithelium-
resident yd T cell function by inducible hemi-
zZygous or homozygous inactivation of Scl2al
ATrdc> PV or {TrdcP™) encoding the glu-
cose transporter Glutl. We have previously
reported that epithelium-resident yd T cells
control early invasion by Salmonella Typhi-
murium through a metabolic switch toward
glycolysis that is dependent on Glutl expres-
sion (3), an observation related to recent find-
ings showing that IFN-y-secreting, but not
IL-17-secreting, yd T cells are glycolytic and
exert antitumor activity (31). Our analysis of
human samples described above also pointed
to glycolytic yé T cells that were preferentially
found in the tumor-adjacent areas. We then
subjected iTrdc*5®%, iTrdc>™“YV* | and litter-
mate control mice to the AOM-DSS model
(Fig. 3A). Early targeting of Glutlin yd T cells
results in higher tumor number and load when
compared with that in control animals, with-
out affecting tumor size (Fig. 3B). Moreover,
although Glutl inactivation does not lead to
changes in CD8a, PD-1, or IL-17 expression by
v T cells, we detected a significant reduction in
IFN-y production by tumor-infiltrating y& T
cells in both i7rdc™?“Y* and iTrdc*S“ mice
when compared with littermate controls (Fig.
3, Cand D, and fig. S3G). We did not observe a
reduction in tumor-infiltrating y8/of cell ratio
or in the frequency of Vy7" cells in tamoxifen-
treated i7rdc™?“Y* mice (fig. S3H), which
overall reinforces the notion that Glutl does
not play a major role in y3 T cell maintenance
but is required for epithelium-resident yd
T cell function (3). Inactivation of Glutl in y3
T cells did not affect the frequency of IFN-y
production by TCRa3*CD8af" cells (fig. S3I).
By contrast, late Glutl targeting (after the sec-
ond DSS cycle) had no effect on tumor load or
tumor-infiltrating yd T cells (fig. S3, J to N).
These results suggest that epithelium-resident
vd T cells exert immunosurveillance against
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Fig. 3. Loss-of-function or depletion of epithelium-resident yé T cells results in increased tumor
numbers. (A to D) iTrdcS®#V* iTrdc5e%! and littermate control (iTrdcS'®?*™*/*) mice were subjected to
AOM-DSS treatment, and tamoxifen was administered twice a week starting 1 week before until 2 weeks after
AOM injection. Animals were analyzed 12 weeks after initial AOM injection. (A) Mean percentage of body
weight changes during AOM-DSS treatment. Gray bars represent DSS treatment. (B) Tumor number, size,
and load. Shaded areas bounded by dashed lines indicate means + SEMs of all control C57BL6/J mice
analyzed in fig. S3B (AOM-DSS model). (C and D) Flow cytometry analysis of y3 T cells from tumor or
nontumor colonic tissue. Frequency of CD8a" (left) and PD-1* (right) (C) and IFN-y* (left) and IL-17" (right)
(D) among TCRy&" cells in tumor or nontumor colonic tissue. (E to 1) Vy7~/~, Vy7*, and littermate control
mice (Vy7"*) were subjected to the AOM-DSS model and analyzed 12 weeks after initial AOM injection. All
groups were treated with 200 ug of anti-Vyl-depleting antibody (2.11) twice a week, starting 1 week before
AOM administration until the second DSS cycle. (E) Tumor number, size, and load. (F and G) Ratio of TCRy8/
aB (F) and Vy1/TCRap, Vy4/TCRap, Vy6/TCRaB, and Vy7/TCRop (G) among CD45" cells from colonic
tissue. (H and I) Frequency of CD8a." (left) and IFN-y* (right) (H) and PD-1" (left) and IL-17" (right) (I) among
TCRyS" cells. iTrdc®S°?2! data are pooled from three experiments with three to five animals per group. Vy7~/~
data are pooled from two experiments with three to five animals per group. For cytokine staining, cells
were stimulated with PMA and ionomycin. Statistical P value differences are indicated. Statistics are by one-
way ANOVA with Dunnett's multiple comparison test [(B) to (I)]. Error bars indicate SEMs.
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Fig. 4. Tumor-infiltrating IL-17* y3 T cells induce tumor growth in a

microbiota- and TCR-dependent manner. iCdx.
two intraperitoneal (I.P.) injections of 0.8 mg of tamoxifen and analyzed 5 weeks

ZAAPC

mice were treated with

after [(A) to (N)] or at the indicated time [(O) and (P)]. For recovery and
visualization of TCRys" cells, iCdx2**P°TrdcC™ reporter mice were used [(I)

to (P)]. Mice were treated with antibiotic mix (ABX) in the drinking water [(A) to

(H)] or treated twice a week with 400 pg of anti-TCRy8 blocking antibody
(UC7-13D5) for the last 2 weeks of the experiment [(I) to (N)]. For in vivo

quantification of cell proliferation, animals were treated with EdU in the drinking
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water for 1 week before analysis. (A and I) Protocol. (B and J) Tumor number,
size, and load. (C to H and K to N) Flow cytometry analysis of y& T cells

from tumor or nontumor colonic tissue. (C) Frequency of CD8a" cells among

TCRy&" cells. (D and E) Frequency of PD-1" (D) and IL-17* (E) among TCRy8"
cells. Vy6" (purple) versus Vy6~ (orange) contribution to PD-1"- and IL-17-

producing y& T cells is also shown. (F and G) Frequency of EdU incorporation

by Vy6~ or Vy6* among TCRy8" cells. (G) shows tumor-infiltrating cells.
(H) Frequency of Vy4* (left) and Vy6" (right) among TCRy&" cells. (K) y8¢"*/

TCRap ratio among CD45" cells. (L and M) Frequency of CD8a" (left) and
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PD-1* (right) (L) and IFN-y* (left) and IL-17* (right) (M) among y8°"* cells.
(N) Frequency of EdU incorporation by PD-1" or PD-1* among v8°* cells.
cells. Animals were treated with
a-TCRy$ blocking antibody (UC7-13D5) for 1 week before intravital imaging.
cells before and 3 weeks after tamoxifen
administration. Cells were tracked using Imaris (Bitplane AG) software. (P) Mean
speed of individual tracks. Data from antibiotic-treated (ABX) iCdx2*"® mice

are representative of three independent experiments with three to four animals

(0 and P) Intravital imaging of colonic y8¢FF*

(0) Representative images of y8F"*

epithelial tumors, and early functional impair-
ment of Glutl-dependent y3 T cells favors CRC
development.

To directly access an antitumor role of
epithelium-resident y3 T cells, we generated
VY7 /= mice by CRISPR-Cas9 genome editing
(fig. S4, A to E). At steady state, Vy7'/ ~ mice
display no changes in the tissues analyzed
besides the intestine, which shows an overall
reduction of yd T cells; a decrease was also
observed, albeit to a lesser degree, in Vy7*/ -
mice, which suggests allelic exclusion by the
unproductively rearranged TCR (fig. S4, B to
E). TCRap* T cells showed no differences in
the organs analyzed, except for an increase
in frequency of TCRof"CD8oa " natural IELs,
suggesting a compensatory mechanism in
the reduction of yd IELs (fig. S4C). VyT/ " mice
subjected to AOM-DSS treatment did not
show differences in tumor number, size, and
burden when compared with Vy7*/~ or Vy7*/*
littermate controls (fig. S5, A to G). Moreover,
although there was a significant reduction in
TCRy$ cells in nontumor areas of Vy7~/~ mice
(assessed by the ratio of TCRy3* to TCRaf"),
the frequencies of IFN-y, PD-1, and IL-17 ex-
pression by yd T cells were similar between
Vy7 /~and Vy7+/ ~ littermate controls (fig. S5, C
to E). Finally, tumor-infiltrating TCRof*CD4"*
and TCRaB"CD8o." cells did not show differ-
ences in cytokine production between Vy7~/~
mice and Vy7" /~ littermate controls (fig. S5G).
To address a possible compensatory role of
Vy1* ¥8 T cells in antitumor immunity in the
absence of Vy7" cells, we administered o-Vyl-
depleting antibodies (clone 2.11) starting
1 week before AOM-DSS treatment until the
second DSS treatment to Vy7~/~ mice, Vy7"~
mice, and littermate controls (Fig. 3, E to I).
Both Vy7~/~ and Vy7*/~ mice treated with
0-Vyl-depleting antibodies showed increased
tumor number and burden (Vy7*/~ group only)
compared with treated littermate controls
(Fig. 3E). Again, we observed a significant re-
duction in the ratio of TCRy8* to TCRaf" cells
in the tumor for both Vy7*/~ and Vy7~/~ mice
compared with littermate controls (Fig. 3F).
Additionally, we did not observe differences
in tumor-infiltrating Vy subsets besides Vy7*
cells, which suggests that antibody-mediated
depletion of Vy1 cells was restricted to early
stages of tumor progression (Fig. 3G). Never-
theless, we observed a reduced frequency of
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CD8aoo-expressing yd T cells in both tumor
and nontumor areas and an increased fre-
quency of PD-1* cells in nontumor areas in
Vyl-depleted Vy7~/~ mice compared with litter-
mate controls (Fig. 3, H and I). We did not
observe differences in IFN-y or IL-17 produc-
tion by tumor-infiltrating yd T cells (Fig. 3, H
and I). Tumor-infiltrating TCRof"CD4"* and
TCRoB"CD8a" cells did not show differences
in cytokine production between the groups
(fig. S5H). Together, these data suggest that
murine epithelium-resident Vy1* and Vy7*
intestinal y3 T cells are important in the early
control of tumor formation.

Protumor role of infiltrating murine Vy4*
and Vy6" v& T cells

Although our observations point to an impor-
tant antitumor function for epithelium-resident
vd T cells, previous studies have also described
that the tumor microenvironment, or the micro-
biome, can influence yd T cell subsets to have
an opposite, protumorigenic role during can-
cer progression (3). We therefore questioned
whether the clonally expanded Vy6* PD-1"
IL-17-producing yd T cells that accumulate
among tumor-infiltrating lymphocytes con-
tribute to CRC progression. We conditionally
deleted Roryt, which is the main transcription
factor linked to IL-17 production in T cells (32),
using the same strategy described above. To
specifically target yd T cells that accumulate
during CRC progression, we treated i7rdc k™
and littermate control mice with tamoxifen
after the second DSS cycle (fig. S6, A to H).
Although no differences in tumor numbers
or burden were noted, late Roryt deletion in
v8 T cells results in smaller tumors (fig. S6B).
Accordingly, this strategy leads to altered Vy
usage among tumor-infiltrating y86 T cells:
Tamoxifen-treated i7rdc R mice display sig-
nificantly decreased Vy6* and Vy4" popula-
tions when compared with littermate controls
(fig. S6C). Tamoxifen-treated i7rdc ™ mice
do not display changes in CD8aa-expressing yo
T cells (fig. S6D). However, late Roryt targeting
results in reduced frequency of PD-1"- and
IL-17-producing (71.2 and 39.08% suppres-
sion, respectively) tumor-infiltrating y3 T cells,
affecting both Vy6" and Vy4" populations (fig.
S6, C to E). Overall, we observed a 55% reduc-
tion in tumor-infiltrating Roryt” y3 T cells
in i7rdc¢*®°™ mice after tamoxifen treatment

per group. Data from iCdx2*A"°Trdc® " mice treated with UC7-13D5 are pooled
from three independent experiments with three to four animals per group.
Data from intravital imaging are representative of two experiments with two
animals per group. Statistics are by one-way ANOVA with Dunnett's multiple
comparison test [(C) to (G) and (K) to (N)], two-tailed t test [(B), (H), and (J)],
and Kruskal-Wallis test with Benjamin multiple comparison test (P). For
cytokine staining, cells were stimulated with PMA and ionomycin. Statistical

P value differences are indicated. Error bars indicate SEMs.

when compared with littermate controls (fig.
S6E). No difference was noted in Roryt expres-
sion or IL-17 production among CD4" T cells
(fig. S6F). Tumor-infiltrating CD8af" T cells
displayed increased IFN-y production in
iTrdc®®°™ mice when compared with litter-
mate controls (fig. S6G). IL-17 and additional
proinflammatory cytokines have been shown
to promote tumor growth through the recruit-
ment of monocytic myeloid-derived suppres-
sor cells (M-MDSCs), inflammatory monocytes
(both gated as CDI1b*Gr-1) and neutrophils,
or granulocytic MDSCs (G-MDSCs) (both gated
as CD11b*Gr-1"#") (14, 16, 17, 19, 33-35). Ac-
cordingly, we observed a significant decrease
in tumor-infiltrating CD11b*Gr-1™ cells in
iTrdc*R°™ mice when compared with littermate
controls (fig. S6H). These data indicate that
Roryt expression by yd T cells is an important
factor for the accumulation of IL-17-producing
Vy4* and Vy6" TCRy8" cells, which in turn con-
tribute to a protumorigenic microenvironment.

Changes in resident bacterial communities
have been associated with tumor burden in
CRC models (14) and were shown to affect
protumorigenic T cells, including Roryt" IL-17-
producing Vy6" y8 T cells, in both lung and
ovarian cancer models (33, 36). Because of
complex changes in gut microbiota compo-
sition after cycles of DSS treatment (36), we
focused on the impact of microbiota changes
and antibiotic treatment in the APC loss model.
16S ribosomal RNA (rRNA) sequencing from
feces of mice subjected to the APC loss model
revealed a sharp decrease in microbial diver-
sity as well as broad changes in bacterial com-
position that can be detected as early as 2 weeks
after tamoxifen administration and continue
in the following time points (fig. S7, A and B).
Consistent with a role of gut microbiota in
promoting tumor growth (74), subjecting
tamoxifen-treated iCdxz2"**° mice to a broad-
spectrum antibiotic cocktail (ABX; ampicillin,
vancomycin, metronidazole, and neomycin)
for only 1 week results in smaller tumors
while not affecting tumor number or burden,
which resembles changes observed upon late
Roryt targeting in the CAC model (Fig. 4, A
and B). CDSoa" yd T cells, primarily repre-
sented by Vy1" and Vy7" cells, display increased
frequency in both nontumor and tumor sites
in mice receiving ABX treatment (Fig. 4C).
Moreover, ABX treatment results in reduced
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Fig. 5. Redundant tumor-infiltrating IL-17-producing Vy6* and Vy4* y&
cells promote tumor growth. (A to L) Female Vy6~~ and Vy6™~ littermate
control mice were subjected to the AOM-DSS protocol and analyzed 12 weeks
after initial AOM injection. In (G) to (L), mice received injections of 200 pg

of a-Vy4—-depleting antibody (UC3-10A6) twice a week starting 1 week after the
second DSS cycle (last 6 weeks of experiment). (A and G) Tumor number, size,
and load. Shaded areas bounded by dashed lines indicate means + SEMs

of all control C57BL6/J mice analyzed in fig. S3B (AOM + DSS model). (B to F
and H to L) Flow cytometry analysis of y& T cells from tumor or nontumor colonic
tissue. (B and H) TCRy8/a ratio among CD45" cells from colonic tumor

+qu4 +aVy4

tissue. (C and 1) Frequency of Vy6" (left) and Vy4™ (right) among TCRy&"
cells. (D and J) Frequency of CD8a" (left) and PD-1* (right) among TCRys" cells.
(E and K) Frequency of IFN-y* (left) and IL-17* (right) among TCRy&" cells.

(F and L) Frequency of tumor-infiltrating Vy6* and Vy4* among IL-17-producing
TCRyS" T cells. Data from Vy6™~ and a-Vy4-treated Vy6™~ are pooled from
two and three experiments, respectively, with three to six animals per group.
For cytokine staining, cells were stimulated with PMA and ionomycin.

Statistical P value differences are indicated. Statistics are by one-way ANOVA
with Dunnett's multiple comparison test [(C) to (F) and (I) to (L)] and two-tailed
t test [(A), (B), (G), and (H)]. Error bars indicate SEMs.

frequency of IL-17- and PD-1-expressing yd
T cells (both >75% suppression), primarily
within the Vy6" subset (Fig. 4, D and E), even
though Vy6~ v T cells (mostly composed of
Vy4™) also contribute to PD-1 and IL-17 ex-
pression in tumor sites (fig. S2Q). To address
whether Vy6* cells accumulate during CRC
progression as a result of increased recruit-
ment or in situ proliferation, we performed
in vivo 5-ethynyl-2’-deoxyuridine (EAU) label-
ing. We observe higher proliferation rates in
Vy6* versus Vy6~ y8 T cells, which are reduced
(56.7%) upon ABX treatment (Fig. 4, F and G).
Although microbiota depletion in tamoxifen-

Reis et al., Science 377, 276-284 (2022) 15 July 2022

treated iCdz2*** mice led to a decrease in
intratumoral Vy6* vy T cells, it did not affect
Vy4" cells (Fig. 4H). Additionally, contrary to
what was observed upon late Roryt targeting
in the CAC model, we did not observe changes
in frequency of IFN-y-producing CD8of"
T cells or CD11b*Gr-1" (both high and interme-
diate) cells in tumor areas of ABX-treated ani-
mals (fig. S7, C and D). These observations
point to distinct susceptibility after micro-
biota manipulations by two main subsets of
tumor-accumulating y8 T cells. Specifically,
Vy6*, but not Vy4*, cells proliferate in response
to microbiota and depend on microbiota sig-

nals to sustain PD-1 and IL-17 expression as
well as to boost tumor growth.

Because their temporal dynamics and distinct
functional properties were segregated on the
basis of TCR V usage, we investigated a pos-
sible role for TCR engagement by epithelium-
resident versus tumor-infiltrating y§ T cells.
We treated iCdz2***C mice with anti-TCRyS
blocking (nondepleting) antibodies (UC7-13D5)
for 2 weeks starting 7 days before tamoxifen
administration, therefore targeting TCRyd-
mediated signaling primarily on epithelium-
resident Vy1* and Vy7" cells (fig. S7E). Early
TCRyd blockade did not affect tumor number
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or size (fig. S7F); yd/ap ratio (fig. S7G); or fre-
quencies of CD8a.*, PD-1*, and IL-17- and IFN-y-
producing y5 T cells compared with those in
control mice (fig. S7, H and J). Additionally,
although tumor-infiltrating PD-1" cells show
higher proliferation rates compared with PD-1"
counterparts, early anti-TCRyd treatment did
not affect proliferation rates (fig. S7I). TCRyd
blocking did not affect CD4" T cell prolifera-
tion (fig. S7K).

Next, we treated iCdz2*4° mice with anti-
TCRyd blocking antibody for 2 weeks starting
3 weeks after initial tamoxifen treatment, hence
also targeting TCRyd-mediated signaling on
tumor-infiltrating Vy4" and Vy6™" cells (Fig.
41). Late TCRyd blockade led to a significant
decrease in tumor size and burden but did not
change tumor number (Fig. 4J). The yd/ap
ratio, assessed by Trdc®™-driven green fluo-
rescent protein (GFP) signals, was reduced in
tumor areas, whereas the frequency of CD8a.0.*
v8 T cells both in tumor and adjacent areas
was increased (Fig. 4, K and L). Consistent
with a preferential effect of late TCRyd block-
age on tumor-infiltrating Vy4" and Vy6" cells,
we found a significant decrease in both PD-1*-
and IL-17-producing y3 T cells in tumor areas
(Fig. 4, L and M). TCR blockade did not lead to
changes in the frequency of IFN-y-producing
CD8oB" T cells or CD11b*Gr-1* (both high and
intermediate) cells (fig. S7, L. and M). In vivo
EdU labeling confirmed that the heightened
PD-1" 3 T cell proliferation rate in tumor areas
is TCR dependent (Fig. 4N). Late TCRyd block-
ing did not affect the proliferation of CD4*
T cells (fig. S7TN).

TCR engagement is associated with T cell
movement arrest (37). To investigate whether
the apparent TCR-dependent proliferation and
protumorigenic function of tumor-infiltrating
vd T cell subsets correlate with cell motility
changes, we performed live intravital multipho-
ton microscopy on cells from iCdx2***Trdc*™®
reporter mice immediately before and 1 and
3 weeks after tamoxifen treatment (Fig. 4, O
and P). Although we were unable to ascer-
tain tumor borders or pretumor regions in the
time points analyzed, total T cell displacement
was overall consistent along time points and
between cecal and colonic areas. Compared
with videos obtained in mice either before or
1week after tamoxifen treatment, colonic y3
T cells displayed reduced speed at 3 weeks
after tamoxifen, suggesting ongoing TCR engage-
ment (Fig. 4P and movies S1 and S2). Notably,
this time point coincides with accumulation of
VY6 cells in the colon of iCdz2**FC mice after
tamoxifen treatment (Fig. 2G). Consistent with
this notion, TCR blockade with in vivo anti-
TCRyd antibody treatment rescued cell ve-
locity to the levels observed before or early
after APC loss (Fig. 4P and fig. S70). These
results suggest that epithelium-resident anti-
tumor 8 T cell subsets may function in a TCR-
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independent manner, whereas the y3 T cell
subsets that accumulate during tumor pro-
gression function to boost tumor growth through
the TCR.

Our findings so far indicate that IL-17-
producing or PD-1-expressing tumor-infiltrating
v4 T cells are composed ~70 to 85% of microbiota-
dependent Vy6" and ~10 to 20% of Vy4" cells.
To directly assess the roles of Vy4" and Vy6*
v8 T cells in CRC progression, we generated
Vy4~/~ and Vy6~/~ mice by CRISPR targeting
of Trgv4 and Trgu6 genes, respectively (fig. S8,
A to E, and fig. S9, A to E). Fully backcrossed
Vy4~/~ mice were subjected to AOM-DSS and
show no differences in tumor number, tumor
size, or tumor-infiltrating yd T cells (aside from
Vy4) when compared with heterozygous litter-
mate controls (fig. S10, A to G). The ratio of
v6/af T cells among of tumor-infiltrating lym-
phocytes in Vy4~/~ mice remains the same as
the ratio observed in Vy4*/~ controls (fig. SI0B),
which suggests a compensatory expansion of
remaining y3 T cells, including Vy6" T cells, in
the absence of the Vy4" subset.

We next analyzed B6-backcrossed naive Vy6 7/~
mice, which display a decreased yd/of T cell
ratio in the fat tissue at steady state, suggest-
ing a lack of compensatory expansion of Vy4"
cells in noninflammatory settings (fig. S9B).
Like Vy4~~ mice, VY6~ mice subjected to
AOM-DSS displayed similar CRC develop-
ment, progression (Fig. 5A), and parameters
of tumor-infiltrating yd T cells to those seen in
Vy6*/ " littermate controls (Fig. 5, B to F). The
absence of an otherwise large intratumor Vy6*
population did not result in an altered y§/off
T cell ratio (Fig. 5B), explained by a compen-
satory increase in other yd T cells, particu-
larly Vy4" cells in tumor settings (Fig. 5C).
In the absence of Vy6* cells, we observed a
sharp increase in tumor-infiltrating Vy4"
cells producing IL-17 (Fig. 5F). To address
whether deletion of Vy6 led to biased clonal
expansion in the remaining cells, we performed
scTCR-seq in Vy4* cells in Vy6~/~ mice sub-
jected to AOM-DSS (data S3). We identified
large clonal expansions in Vy6~/~ mice, albeit
similar to those observed in littermate control
mice, both in tumor and nontumor areas (fig.
S10, H and I). We did not observe differences
in tumor-infiltrating CD4" T cells between
Vy6~'~ and Vy6*/~ mice (fig. S10J). The overall
similar tumor development and composition of
tumor-infiltrating v T cells in Vy4~/~ and Vy6 7~
mice raised the possibility that tumor-infiltrating,
PD-1" IL-17-producing Vy4" and Vy6" popu-
lations play redundant roles in promoting
CRC growth.

To address possible compensatory and re-
dundant roles between tumor-infiltrating Vy4:*
and Vy6* v T cells, we treated Vy6~/~ and
Vy6+/ ~ littermate control mice with deplet-
ing anti-Vy4 antibody (UC3-10A6) starting
after the second DSS cycle until analysis. In

contrast to untreated VyG'/ ~ mice, Vy4-depleted
Vy6‘/ ~ mice developed significantly smaller tu-
mors than Vy4-depleted Vy6"/~ littermate con-
trol mice, although no significant changes in
tumor numbers or load were noted (Fig. 5G).
In contrast to previous strategies, Vy4-depleted
VyG’/ ~ mice display an ~50% reduction in
tumor-infiltrating yd/0f T cell ratio (Fig. 5H).
Vy4-depleted Vy6’/ ~ mice also display en-
hanced intratumoral CD8oa* yd T cells when
compared with Vy4-depleted Vy6™~ mice (Fig.
5J), similar to what was observed in ABX- or
o-TCR&y-treated mice in the APCloss mouse
model. Additionally, and consistent with a func-
tional redundancy between Vy4" and Vy6" y8
T cells, Vy4-depleted VY6~ mice show ~80%
reduction in the frequency of PD-1"- and IL-17-
producing 4 T cells within the tumor (Fig. 5, J
to L). We did not observe changes in cytokine
production by CD4* or CDSo* T cells (fig. S10,
K and L) or in the frequency of CDI1Ib*Gr-1"™
cells; however, Vy4-depleted Vy 6/~ mice showed
a significant decrease in CD11b*Gr-1"" cells at
tumor sites (fig. SI0M), a phenotype likely also
linked to the suppression of intratumoral IL-17
secretion by T cells. Hence, in sharp contrast
to an antitumor role by epithelium-resident
subsets, dominated by Vy1* and Vy7* v T cells,
these data suggest redundant roles of tumor-
infiltrating Vy4* and Vy6* y8 T cells in pro-
moting CRC progression.

Discussion

Tumor-infiltrating lymphocytes are essen-
tial components of antitumor responses and
represent major targets for immunotherapies
(6, 11, 19, 38). The cytokine and metabolic
profiles of the y3 T cell subsets found in hu-
man and murine CRC implied opposing roles
by yd T cells found in the nontumor or steady-
state epithelium versus yd T cells that accu-
mulate during cancer progression. Gain- and
loss-of-function studies in mouse models con-
firmed that epithelial surveillance by steady-
state IFN-y-producing cytotoxic yd populations
helps prevent tumor initiation, whereas accu-
mulating intratumor y8 T cells supports tumor
progression.

Specialized dendritic epidermal T cell (DETC)
v8 T cells in the skin, mostly composed of Vy5"
cells, have been shown to suppress tumor de-
velopment through an NKG2D-dependent cyto-
toxic mechanism (2, 39, 40), whereas dermal
v8 T cells, precommitted to IL-17 production
and expressing Vy4: or Vy6, were shown to pro-
mote tumor growth (19). Although these ob-
servations are parallel to our findings, whether
such anatomical segregation can also be ob-
served in the intestinal epithelium versus the
lamina propria in specific conditions (27) re-
mains to be determined. Our observations in
the intestine indicate that yd IELs in pre- or
nontumor areas harbor a diverse TCR repertoire
while sharing primarily Vy1 or Vy7 segments,
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particularly in the APC loss model. The accu-
mulation of Vy7* IELs was previously linked
to binding of the germline Vy7 chain to Btnl
proteins—a tissue-specific selection not as-
sociated with the TCRy3 CDR3 region (27).
Analogous to changes we observed in y3 T cells
during CRC progression, previous studies de-
scribed an irreversible expansion and reper-
toire reshaping of yd T cells in chronically
inflamed conditions, such as in celiac patients
(40). Another important parallel with this
study is their observation that yé T cells from
patients with active disease acquire a proin-
flammatory cytokine profile in contrast to yd
T cells isolated from patients in remission,
which are primarily cytotoxic (40).

Our data collected from human specimens re-
vealed expanded Vy4V31 and Vy8V33 epithelial-
resident cells located in tumor-adjacent areas
with strong cytotoxic gene signatures, suggest-
ing antitumor activity paralleling murine Vyl
and Vy7. However, in contrast to a clear func-
tional segregation of murine yd T cells based
on their Vy usage, intratumor Vy4V3d1 cells dis-
played gene signatures associated with an
intratumor metabolic adaptation and pro-
tumorigenic function. Along this line, a re-
cent study on breast cancer proposed that
tumor-infiltrating V81" cells may have an
immunosuppressive function (41). It is possi-
ble that this discrepancy between human and
mouse data could be result of their disparate
timing of CRC progression. A long-term expo-
sure to the tumor microenvironment has been
proposed to suppress an antitumor cytotoxic
function by human gut-resident V81" clones
(6). Additionally, metabolic disorders have
been linked to a decrease in tissue-resident
v8 T cells during early tumorigenesis (9). Sup-
porting the possibility of metabolic adaptation,
a recent study has uncovered a metabolism-
driven dichotomy in yd T cell function: IL-17-
producing yd T cells were found to be dependent
on oxidative phosphorylation, thriving in lipid-
rich environments such as tumors, whereas IFN-
y-producing y3 T cells were found to require
glycolysis for their energy expenditure (37). Con-
versely, previous observations have suggested
arole for clonally restricted IL-17-producing
T cells, including y§ cells, in tumor progres-
sion (14, 33, 36). These studies are in line with
our observations that, like their response to
invading bacteria (3), IFN-y-producing vy T cells,
particularly the Vy1" and Vy7" subsets, display
antitumor activity dependent on Glutl expres-
sion, whereas IL-17-producing y8 T cells, par-
ticularly the Vy6Vd1 clone, were highly expanded
in tumor areas.

Our study has several limitations. Although our
results and previous literature (14, 16, 17, 19, 33, 34)
point to a tumor-progression role for intra-
tumoral IL-17, which downstream mecha-
nisms induced by IL-17—such as neutrophil
and MDSCs recruitment—are necessary for
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the regulation of tumor growth remain to
be defined. Because IL-17 production by yd
T cells in the gut has also been linked to tissue
repair (42), it remains possible that in addi-
tion to IL-17, additional factors or molecules
expressed by Vy4" or Vy6" cells aid tumor
growth in the balance with tissue-repair mech-
anismes. It remains unclear whether high PD-1
expression, specific localization within the
tumor, or other factors distinguish a tumor
progression role for yd T cells versus other
IL-17-secreting cells, such as Ty17 cells. Addi-
tionally, our studies did not define the mech-
anisms by which the tumor microenvironment
mediates the accumulation of microbiota-
dependent Vy6* and microbiota-independent
Vy4" subsets that aid tumor growth; it is pos-
sible that analogous mechanisms to the Btnl-
dependent Vy7 selection are used (26, 27, 43, 44,).
In fact, a recent study has suggested that the
expression of Btnl2 by tumor cells can specif-
ically recruit protumorigenic IL-17-producing
v6 T cells (45). Although the reduced number
of patients and cells analyzed limit broader
generalizations regarding public clones, TCR
usage biases, and linked signatures, our analy-
ses of infiltrating y8 T cells in human CRC
provide an important parallel for the mech-
anistic details uncovered in murine studies.
Studies using larger cohorts of CRC patients
with variable tumor stages and analyzing a
larger number of cells could further clarify
pro- and antitumor activity by specific human
v6 subsets. Nonetheless, our results caution
against broad targeting of yd T cells in future
immune-therapy strategies, yet they also open
possibilities of specific targeting of y3 T sub-
sets based on V gene usage or their metabolic
adaptation.
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ASTEROIDS

Spacecraft sample collection and subsurface
excavation of asteroid (101955) Bennu
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Carbonaceous asteroids, such as (101955) Bennu, preserve material from the early Solar System, including
volatile compounds and organic molecules. We report spacecraft imaging and spectral data collected during
and after retrieval of a sample from Bennu'’s surface. The sampling event mobilized rocks and dust into a debris
plume, excavating a 9-meter-long elliptical crater. This exposed material is darker, spectrally redder, and
more abundant in fine particulates than the original surface. The bulk density of the displaced subsurface
material was 500 to 700 kilograms per cubic meter, which is about half that of the whole asteroid. Particulates
that landed on instrument optics spectrally resemble aqueously altered carbonaceous meteorites.

The spacecraft stored 250 + 101 grams of material, which will be delivered to Earth in 2023.

arbonaceous asteroids contain materials

that are billions of years old and pre-

serve a record of the earliest stages of

Solar System evolution (7). Hydrated

minerals and organic compounds in car-
bonaceous chondrite meteorites—which are
thought to be fragments of these asteroids—
indicate that they may have transported water
and prebiotic organic molecules to Earth (2).
However, meteorites must survive atmosphe-
ric entry, are exposed to terrestrial contami-
nation, and lack geologic context. The Origins,
Spectral Interpretation, Resource Identifica-
tion, and Security-Regolith Explorer (OSIRIS-
REX) mission has a primary goal to collect a
pristine sample of surface material, from a
well-characterized carbonaceous asteroid, and
return it to Earth (3, 4).
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OSIRIS-REx spent about 2 years surveying
(101955) Bennu, a ~500-m-diameter carbona-
ceous rubble-pile asteroid [for example, (4-6)].
The microgravity environment (7) and un-
expectedly rough terrain (5) posed challenges
for collecting a sample (4). Nevertheless, after
global observations of the surface, a site nick-
named Nightingale was chosen for sampling
(4, 8). We describe the sample collection pro-
cess and its results.

Site of sample collection

Nightingale is situated within the 20-m-diameter
Hokioi crater [center coordinates of about
56° 43° (9)] (Fig. 1A). This site was selected
on the basis of spacecraft navigation and
safety considerations (4, 10) and an expected
higher abundance—relative to the generally
boulder-dominated asteroid (5)—of surface
particles <2 cm in diameter (1), the size class
that is ingestible by the spacecraft’s Touch-
and-Go Sample Acquisition Mechanism
(TAGSAM) (fig. S1) (9). Spectroscopic obser-
vations indicated that minerals present at
Nightingale include hydrated phyllosilicates
(6, 12, 13), the iron oxide magnetite (5, 12, 14),
organic molecules (6, 15, 16), and carbonates
(6, 17). In panchromatic images, Nightingale
exhibits a salt-and-pepper appearance (Fig.
1B), suggesting that Bennu’s two primary
lithologies—dark with low thermal inertia and
brighter with higher thermal inertia (14, 18)—
might both be sampled. Hokioi crater is spec-
trally redder than the average surface of
Bennu and thus is thought to be among the
youngest features on the surface (14). The
crater’s midlatitude location limits the peak
temperatures it experiences to ~360 K (versus
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~390 K at Bennu’s equator) (19), reducing the
thermal processing of material there (20).

Sample collection operations and initial
surface response

On 20 October 2020, the spacecraft left orbit
and descended toward the surface of Bennu
for sample collection, guided by autonomous
optical navigation (fig. S2) (9). TAGSAM (fig.
S1), which comprises a circular sample collec-
tion device connected to the spacecraft by a
pogo stick-like arm, briefly contacted the
asteroid before the spacecraft’s back-away
thrusters fired (fig. S2)—hence, the moniker
Touch-and-Go (TAG) for the sampling maneu-
ver. We investigated the sampling event using
data acquired by the SamCam imager, which
is part of the OSIRIS-REx Camera Suite
(OCAMS); the NavCam 2 imager, which is
part of the Touch-and-Go Camera System
(TAGCAMS); and the spacecraft’s inertial
measurement unit (IMU) (9).

Contact and immediate disturbance

TAGSAM contacted the surface at latitude
55.8993° longitude 41.8412° with a down-
ward velocity of 10.05 + 0.004 cm s (fig. S3),
within 73 cm of the targeted location (9).
Camera and IMU data indicate an initial sur-
face contact force of between 10 and 15 N (21).
One second after contact, TAGSAM released a
jet of nitrogen gas to fluidize unconsolidated
surface material and guide it into the collec-
tion chamber. About 6 s after contact, the
spacecraft retained a downward velocity of
~4 cm 57", We attribute the velocity change of
6 cm s~ to TAGSAM gas release. The space-
craft then fired eight of its 4.5-N thrusters,
initiating the back-away maneuver. Three sec-
onds of thruster firing arrested the residual
downward velocity, then the spacecraft began
to retreat from Bennu. By then, TAGSAM had
penetrated 48.8 cm into the subsurface. The
thrusters fired for a total of 25.7 s, with
TAGSAM rising above the original surface
height 16.6 s after initial contact. The space-
craft then drifted away from Bennu on a hy-
perbolic trajectory, at about 30 cm s

The surface of Bennu responded to contact
as a compliant, viscous fluid, providing mini-
mal resistance to the downward motion of the
spacecraft (fig. S4 and movie S1) (21). This
response is consistent with simulations of
TAGSAM interacting with regolith (unconso-
lidated rocks and dust) that has near-zero
interparticle cohesion (21-23) and low-gravity
experiments in which loose material is easily
mobilized (24).

Images collected by SamCam 0.8 + 0.1 s
after contact (0.32 s before gas firing) showed
evidence of surface disturbance in all direc-
tions around TAGSAM (Fig. 1, C and D). We
interpret fig. S5 and movie S2 as showing
TAGSAM partially disrupting a ~20-cm-long
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Fig. 1. The Nightingale sample site. (A) Hokioi
crater, in a mosaic of images taken by the

OCAMS PolyCam imager on 3 March 2020 with

a pixel scale of 4 mm. The box indicates the

area shown in (B). (B) PolyCam image taken

3 March 2020 with a pixel scale of 0.3 cm, showing
a close-up of Hokioi crater. The green circle

has a diameter of 32 cm, the same size as TAGSAM,
indicating where surface contact occurred.

(C) SamCam image of the TAGSAM contact point
collected on 20 October 2020, 38 s before surface
contact. The green circle is the same as in (B). The
image has been cropped to show the same field

of view as in (D). (D) SamCam image of TAGSAM
contacting Bennu, collected 0.8 s after the first
indication of surface interaction from the IMU,

0.32 s before gas bottle firing. Bennu north (+z) is
up in all images.

Fig. 2. Dust and debris mobilized by sampling.
(A) NavCam 2 image taken immediately before
surface contact, at 21:49:49 UTC on 20 October 2020.
The shadow of the TAGSAM arm runs through the
middle of the image. Pixel scale is 1 mm. (B) Post-
contact NavCam 2 image taken at 21:49:50 UTC, with
the same field of view as in (A), showing a cloud of
submillimeter dust emanating from the TAGSAM
contact point (below the field of view). Pixel scale is
1 mm. (C) Pre-contact, high-altitude NavCam2

image taken at 21:42:41 UTC. The TAGSAM contact
point is out of the field of view, west of the scene. The
image has been cropped to show a similar field of
view as in (D). Pixel scale is 15 mm. (D) Post-contact,
high-altitude NavCam 2 image taken at 21:51:13

UTC, showing the lofted debris plume. Pixel scale

is' 9 mm.

Lauretta et al., Science 377, 285-291 (2022) 15 July 2022 2 of 7
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boulder near the eastern edge of its contact
point. Another boulder, 40 cm long and to
the southeast of TAGSAM, responded like a
rigid plate, tilting up and launching small par-
ticles perched on its surface (fig. S6 and movie
S3). These different responses support the in-
ference (from remote sensing) that Bennu’s
boulders have a range of strengths (18, 25).

Mobilization of dust

Comparing the NavCam 2 image acquired right
before surface contact (Fig. 2A) to the image
taken 0.1 s after gas release (Fig. 2B) shows a
cloud of unresolved fine particulates emanating
from the contact point. We used the NavCam 2

Fig. 3. Changes in surface appear-
ance and topography after
sampling. (A) Pre-sampling image
collected on 7 March 2019. (B) Post-
sampling image collected on 7 April
2021 (final flyby). These images have a
pixel scale of about 5 cm. (C) Pre-
sampling DTM based on OLA data,
with a ground sample distance of

5 c¢cm. (D) Post-sampling DTM con-
structed by using stereophotoclinom-
etry (9), with a ground sample
distance of 5 cm. The change in
topography between (C) and (D) is
real, whereas different surface tex-
tures in (C) and (D) are due to the
different DTM construction methods.
(E) Pre-sampling slope map, based on
the OLA DTM and calculated surface
accelerations (7). (F) Difference in
height between the pre- and post-
sampling DTMs (9). The deformation
near the center is the TAG crater.

All DTMs are viewed from an angle
of ~68°, and Bennu north (+z) is up in
all images.

Lauretta et al., Science 377, 285-291 (2022)

images in Fig. 2, A and B, to constrain the mass
and particle sizes of this dust cloud. We mea-
sured the optical depth of the dust component
and integrated over distance from the center of
the outflow. The reduction in brightness be-
tween the two images constrains the optical
model, which indicates average opacity of 0.47,
generated by submillimeter particles (9).

‘We combined the opacity measurement with
an estimated particle size frequency distribu-
tion (PSFD) with a maximum size of 3 mm (9),
chosen on the basis of the cumulative PSFD
from other populations of particles observed at
Bennu (77, 26-28) and a theoretical distribution
(9). We derived a dust mass of 1.8 (-1.1/+1.2) kg.

15 July 2022

Assuming a particle density similar to that of
carbonaceous chondrites (2000 kg m™?), this
mass is equivalent to a dust layer 3.2 (-2.2/+3.2)
mm thick spread over a 60-cm-diameter circle
(twice the diameter of TAGSAM). Previous
studies had indicated little to no dust on Bennu’s
surface, with layer thicknesses tens of micro-
meters or less (13, 18). Therefore, the subsur-
face must contain dust that was blown to the
surface by the gas release.

Debris plume

Images collected during back-away show a high-
opacity debris plume with a large spatial extent,
smooth texture (relative to the unperturbed
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surface), and well-defined shadows (Fig. 2, C
and D, and fig. S7). Quantitative image analy-
ses (9) indicate that this optically dense, lofted
debris plume had a vertical and lateral velocity
distinct from the asteroid surface. The mor-
phology of the plume was due to a combination
of subsurface excavation by TAGSAM gas re-
lease and pressure from the thruster exhaust.
The thruster exhaust modified the debris plume,
arresting the lateral velocity of finer particu-
lates while permitting larger boulders to con-
tinue their eastward motion, indicated by
shadows on a flat, bright boulder (movie S4:).
There was a steep gradient in dynamic pres-
sure surrounding the thruster plumes, causing
a range of effects, from total redirection of all
particles to only affecting small particulates.
NavCam 2 images show an object in the
plume colliding with a stationary rock on the
surface, while a nearby tumbling rock spins
almost in place, relative to Bennu (movies S4
and S5). The impact occurs at ~10 cm s,
breaking the impactor apart and changing its
direction, before it disappears into the heavily
shadowed region. PolyCam images collected
during a later flyby (9) show that a 1.25-m
boulder, which was directly under one set of
thrusters, was transported 12 m to well out-
side Hokioi crater (fig. S8 and movie S6).
These observations support our interpreta-
tion that TAGSAM partially disrupted a boul-
der at the contact point. We suggest that some

Fig. 4. Changes in surface A
optical properties after

sampling, measured with

OCAMS. (A and B) Reflectance
changes in (A) MapCam and

(B) PolyCam data before and

after sampling (TAG). (C) Plot of
reflectance change across Hokioi
crater. (D) Absolute reflectance
from MapCam color filters. The error
bars indicate the 1% relative
uncertainty between filters (9).

The horizontal gray bars indicate
the absolute radiometric uncertainty.
(E) The same spectra normalized

to 0.55 um. The error bars indicate 0.9
the relative uncertainty of +0.25%

between pre- and post-TAG

imaging (9).
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of the fine material in the debris plume was
produced during the sampling event through
the destruction of initially larger rocks. We
measured the size of moving particles in the
debris plume in consecutive NavCam 2 images
(9). We found a power-law PSFD from 2.5 to
30 cm with an index of -3.3 + 0.4, whereas
previous high-resolution measurements of
Nightingale found an index of -2.3 + 0.3 (fig.
S9 and table S1). This difference indicates
that the material mobilized by sampling con-
tained a higher proportion of fine particulates
than the precontact surface.

Properties of the subsurface exposed

by sampling

The spacecraft, which had been drifting away
from the asteroid since sample collection, re-
turned to Bennu on 7 April 2021 for a final
flyby to characterize the newly exposed sub-
surface (fig. S10 and tables S2 and S3). Obser-
vations were taken 3.7 km from Bennu in a
series of north-south linear scans, optimized
for the PolyCam telescopic imager, which
obtained images at 5 cm pixel scale (nadir
resolution) (9). Observations were also taken
by the MapCam multispectral imager at
25 cm pixel scale, the OSIRIS-REx Thermal
Emission Spectrometer (OTES) at 28.2 m
footprint, and the OSIRIS-REx Visible and
InfraRed Spectrometer (OVIRS) at 14.1 m
footprint (9).

MapCam

Crater formed by spacecraft interaction
Comparison of PolyCam images, collected
during the global survey of Bennu in 2019 and
the final flyby in 2021 (Fig. 3, A and B), shows
changes to the Hokioi crater caused by the
sampling event. We applied stereophotoclin-
ometry to the final flyby images to construct a
digital terrain model (DTM) with 5-cm ground
sample distance (Fig. 3D) (9). We registered
portions of the images to landmarks exterior
to Hokioi crater that were not affected by
sampling and compared the results with a
previous DTM constructed at the same reso-
lution, using OSIRIS-REx Laser Altimeter
(OLA) data taken before sampling (Fig. 3C)
(9). We found that the sampling event re-
moved the edge of a preexisting debris apron
at the base of the Hokioi crater wall (Fig. 3, A
and C, and fig. S8) and replaced it with a
crater (centered at 55.997° 44.971°) with
several boulders at its bottom, which we nick-
name the TAG crater (Fig. 3, B, D, and F; and
figs. S8, S11, and S12). This excavated crater
is elliptical (9.0 by 6.5 m), with its long axis
oriented north to south. Its average lateral
dimension is 7.8 + 1.8 m, and its depth is 0.68 +
0.1 m. The displaced volume is 12.2 + 0.9 m>. It
is surrounded by decimeter-scale rocks that
were transported by the sampling event into
an arc (fig. S8), resembling the stone rings
seen around small impact craters elsewhere
on Bennu’s surface (29).
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The differences between the pre- and post-
sampling DTMs indicate that the elliptical
shape of the TAG crater arises from two fac-
tors. First, the sampling event occurred on a
20° to 30° north-to-south slope, relative to
Bennu’s gravity vector (Fig. 3E). We infer that
a transient crater formed when the gas re-
lease led to upslope steepening, in excess of
the angle of repose, especially to the north and
northwest. This interaction would have led
to subsequent mass wasting, producing the
elliptical shape and the rock accumulations at
the crater center (Fig. 3B and fig. S8). In mass
movements on Earth (30) and on asteroids
(81), larger blocks can surf on the finer par-
ticles of regolith, flowing downslope, and are
the last to be buried. Second, the sampling
event excavated surface material along the
north-south long axis of the TAG crater and
along a line running along its short axis from
the west-southwest to east-northeast (Fig. 3F
and figs. S11 and S12). These shallow trenches
of material loss correspond to the orientation
of the back-away thrusters, so we conclude
that they were produced when the spacecraft
pulled away from the surface. We estimate
that the thrusters increased the volume of the
crater by ~40% (figs. S11 and S12).
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Elliptical morphology and accumulation of
larger rocks at the crater bottom can occur in
low-velocity (<500 m s™) impact experiments
on a 20° to 25° slope in Earth gravity (32-34).
Surface flow due to parallel erosion of the
walls of a transient crater can lead to sorting,
with coarser pebbles and less dense materials
floating to the top, whereas smaller fines are
buried below (3I). In such flows, large rocks
tend to move to the toe of the flow and can
be partially buried when they come to a stop
at the center of the crater, as more flow follows
behind. Depth profiles through the TAG crater
indicate removal of up to 20 cm of material over
abroad region in the north and north-northeast
(fig. S11), along the steepest areas of the Hokioi
crater wall. This portion of the wall likely
readjusted through surface failure, in response
to the formation of the TAG crater.

Physical properties of the subsurface

We applied crater scaling relationships (35-37)
and used the known energy of the gas released
to assess the physical properties of the rubble
in which the TAG crater formed (table S4) (9).
As an upper bound, we assumed that the en-
tire 8-m (average diameter) TAG crater is the

result of TAGSAM gas release. As a lower
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bound, we removed the possible contribution
to the crater size from thruster effects, yielding
a 5-m average diameter (fig. S12).

For rubble-pile asteroids, intermolecular at-
traction may result in cohesive forces between
particles, with values approximately equal to
the gravitational force (23, 38). For both crater
sizes considered, however, a nearly cohesion-
less (<0.001 Pa) granular material is required
(fig. S13, G to I). Even under these conditions,
the energy associated with TAGSAM gas re-
lease does not reproduce the observed crater if
the bulk density of the regolith is equal to that
of the global Bennu average [1190 kg m™ (5)].
Instead, the observed crater size indicates a
local bulk density of 500 to 700 kg m ™ (fig.
S13, G to I). This range is consistent with in-
dependent results from spacecraft acceler-
ometer data and granular mechanics models
(21). This density, combined with the estimated
excavation volume, suggests that the sampling
event mobilized at least 6000 + 650 kg, which
is substantially more than predicted (39).

Particle size differences

We counted particles in PolyCam images of
the sample site (fig. S14) taken during the final
flyby to determine the PSFD of the newly
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Fig. 5. Changes in surface spectral properties measured with OVIRS. Data collected with OVIRS (color) are overlain on a pre-sampling PolyCam image of the
sample site. (A) Spectral slope from 0.5 to 1 um before sampling. (B) Reflectance at 0.55 um before sampling. (C and D) Same as (A) and (B), but after sampling. The

sampling location is indicated with the white cross.
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exposed subsurface (fig. S9 and table S1) (9).
Before sampling, particle counts from PolyCam
images of Nightingale, obtained at the same
imaging conditions as the final flyby, yielded
a PSFD power-law index of -1.9 + 0.2 (II).
The final flyby data have a power-law index of
-2.5 + 0.1 (fig. S9). The sampling event thus
decreased the exponent in the power-law dis-
tribution of visible particles. The change in
PSFD is likely a combination of particle frag-
mentation from TAG combined with a subsur-
face reservoir of fine particles (Fig. 2, A and B).

Optical and spectral differences

Post-sampling MapCam and PolyCam data
(figs. S15 and S16) (9) show that Nightingale is
darker overall, with normal albedo decreased
by 5% (Fig. 4, A to C). However, a greater
amount of high-reflectance material [relative
to the generally dark surface (5, 14, 28)] is
visible near the contact point after sampling
(Fig. 3, A and B). MapCam color data show
that the Nightingale surface became spectrally
redder in the wavelength range 0.55 to 0.85 ym
and an absorption band near 0.55 um, which is
indicative of magnetite, is deeper than before
sampling (Fig. 4, D and E, and table S5) (5).

The post-sampling surface is also spectrally
redder and darker in OVIRS spectra (Fig. 5),
compared with data collected before sampling
(6). The visible-near-infrared spectral slope
(0.5 to 1 um) at the sampling site increased by
58% (figs. S17 and S18 and table S5). Reflec-
tance at 0.55 um decreased by ~5% relative
to previous observations, after accounting for
reduced optical throughput (9). These changes
do not extend past the edge of Hokioi crater
(fig. S18 and table S5). The OVIRS detector was
too warm during the post-sampling observa-
tions to determine changes at longer wave-
lengths. Comparison of pre-sampling (13) and
post-sampling OTES spectra shows no detect-
able change in thermal properties of the sur-
face at Nightingale (figs. S19 to S21) (9).

Previous work on color variation across
Bennu’s surface proposed that the most fresh-
ly exposed surfaces are among the reddest and
darkest (74); our results support this interpre-
tation. We attribute the spectral changes to
the exposure of fresh, organic-rich material (sup-
plementary text).

Properties of the collected sample
In-flight inspection of the sample

SamCam took images of TAGSAM 2 days after
sampling (22 October 2020). SamCam and the
TAGCAMS imager StowCam acquired further
images 8 days after sampling (28 October 2020),
just before TAGSAM was stowed in its protec-
tive return capsule (9). These images showed
that the TAGSAM collection chamber was
packed with sample (fig. S22), with the aver-
age brightness of the chamber reduced to 1.5%
of its pre-sampling value. The images also
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Fig. 6. Spectroscopic comparison of Bennu to
carbonaceous chondrite meteorites. From top to
bottom, the lines are an example Bennu surface
spectrum acquired by OTES before sampling [type
T1 (13)]; the spectrum of the contaminating
particulates on the instrument mirror after
sampling; and spectra of aqueously altered Cl and
CM chondrites (13), which are proposed Bennu-
analog meteorites. Spectra are offset vertically for
clarity; the Bennu T1 spectrum is scaled by

300% for comparison of spectral features. The
small Mg-OH plus magnetite (mt) absorption from
~700 to 535 cm™ (~14.3 to 18.7 um) in the
particulate spectrum was not detectable in Bennu
surface observations but is common among the Cls
and CMs. IRF, instrument response function.

showed 23 particles, up to 4 mm in diameter,
clinging to the TAGSAM contact pads (fig.
S23 and table S6). The pattern of specular and
diffuse reflection on each pad across different
illumination conditions indicates the presence
of unresolved particles. More than 260 sub-
millimeter particles adhered directly to other
parts of TAGSAM (fig. S23 and table S6). We
anticipate that submillimeter dust mobilized
by the sampling event (Fig. 2, A and B) is also
trapped in the pads.

These images also showed that TAGSAM
was overflowing and losing particles (fig. S24,).
Several pebbles with long axes up to 3 cm were
visibly wedged in the chamber mouth, prop-
ping open the mylar flap that was intended to
prevent material from escaping (fig. S22).

To characterize the sample loss, we tracked
1804 individual particles leaving TAGSAM in
the SamCam verification images taken 2 days
after sampling (9). During this verification
sequence, the TAGSAM wrist motor performed
nine different articulations, each imaged by
SamCam with multiple exposure times. Each
tracked particle was observed in at least three
images, allowing their trajectories to be esti-
mated and traced back to TAGSAM, by using
methods previously developed to track par-
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ticles ejected from Bennu’s surface (26, 27, 40).
The median estimated range from the camera
to the particles at the time of their first ob-
servation was 2.4 m, and the median estimated
particle velocity was 0.8 cm s (fig. S25). We
observed the largest number of particles (560,
or 31% of all escaping particles observed) leav-
ing just after the first movement of the wrist
(fig. S24A). Fewer escaping particles were ob-
served with each successive wrist movement
(fig. S24, B to H), until the wrist reversed di-
rection, at which point the number of escaping
particles increased (fig. S241I).

We estimated the size and mass of each
tracked particle (fig. S25) (9). The escaping
particles had a flake-like shape (fig. S26),
which is consistent with particles naturally
ejected from Bennu (27, 41). Their long dimen-
sions ranged from 0.004 to 23 mm, with a
mean of 0.92 mm. We estimate that at least
55 g of material left TAGSAM, with a mean par-
ticle mass of 0.03 g and an average mass loss
rate of 2.2 g min™' throughout the imaging
sequence. The tracked particles are only a frac-
tion of the total particles in the images, which
in turn are likely only a fraction of the total
particles that escaped. Thus, these results rep-
resent a lower bound on the sample mass lost.

Sample mass from momentum transfer analysis

To estimate the mass of the collected sample,
the spacecraft was programmed to hold an
inertially fixed attitude while the TAGSAM
arm moved to determine the exchange of mo-
mentum between TAGSAM and the reaction
wheels (42). This activity was performed three
times: before sampling (zero mass), 2 days
after sampling (concurrent with SamCam veri-
fication imaging), and 8 days after sampling
(concurrent with SamCam and StowCam veri-
fication imaging). Analysis of the momentum
transfer (42) indicates that at 2 days after
sampling, TAGSAM contained 317 + 101 g of
sample. This mass is consistent with a predic-
tion of 252 to 575 g (8) based on empirical
formulations of TAGSAM performance under
the observed sampling conditions. By the next
measurement (8 days after sampling), just
before sample stowage, the same technique
was used to measure a sample mass of 250 +
101 g (42), indicating that TAGSAM lost 67 g
in the interim.

Size-frequency distribution of particles
on TAGSAM

We measured the diameters of particles on
top of TAGSAM in SamCam images during
back-away. Even though these particles were
removed before sample stowing, we obtained
their PSFD as an approximation for that of the
captured sample (fig. SOA and table S1) (9).
The obtained PSFD follows a power law with
an average index of -2.2 + 0.3. This value is con-
sistent with the power-law index of -2.3 + 0.3
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measured at Nightingale before sampling
(I11). However, given the observed friability of
Bennu particles, the PSFD of the sample after
experiencing atmospheric entry forces upon
delivery to Earth in 2023 might not resemble
that of either Nightingale or the initially col-
lected sample.

Composition of particulates on
instrument optics

The mobilization of a dust cloud and debris
plume resulted in the accumulation of partic-
ulates on the optics of the OSIRIS-REX science
instruments (table S7) (9). After sample collec-
tion, OTES was found to have experienced a
~15% decrease in signal, of which only about
~1% can be attributed to fluctuations in the
measured instrument temperature. We used
this optical contamination to spectrally char-
acterize the particulates (Fig. 6) by taking the
ratio of OTES observations of space before and
after sampling (9). Because the instrument,
and thus the particulates, are hotter than the
background space, the contaminant spectrum
is analogous to an emission spectrum (43).
This spectrum resembles that of Bennu’s
surface (12, 13), with features attributed to
stretching and bending modes in phyllosilicate
minerals (Fig. 6). Absorption bands due to
magnetite are deeper than on Bennu’s surface.
In addition, we observed a compound absorp-
tion band centered near 605 cm™ (~16.5 um),
which we attribute to an Mg-OH stretching
mode in hydrated Mg-rich phyllosilicates, plus
a stretching mode in magnetite (44, 45).
Mg-rich phyllosilicates are diagnostic of high
degrees of aqueous alteration (7)—that is, sec-
ondary mineralization owing to rock-fluid in-
teractions that took place early in Solar System
history, on the precursor bodies of carbona-
ceous asteroids. Previous analyses of OTES
data posited that Bennu’s phyllosilicates were
Mg-rich (72), but we could not confirm this
because the 605 cm™ compound absorption
was not detectable and the silicate stretching
band was distorted by thin dust deposits (13).
Our post-sampling particulate spectrum sub-
stantiates the previously published interpreta-
tion (12) of Bennu as analogous to the most
aqueously altered, chemically primitive (46)
carbonaceous meteorites: the CI (Ivuna-type)
and CM (Mighei-type) carbonaceous chondrites.

Conclusion

TAGSAM collected a much greater sample
than the mission’s requirement of 60 g (3, 4),
which we attribute to the soft, noncohesive,
low-bulk-density surface and upper subsurface
(top ~50 cm) of Bennu. Although large particles
(a few centimeters) wedged in the TAGSAM
flap led to the loss of some collected sample,
hundreds of grams were stowed for return to
Earth (42). Our observations of dust mobiliza-
tion and surface changes suggest that the sam-
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ple may have different textural properties than
the surface and should include material
that has undergone different degrees of space
weathering (14).
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HEART DISEASE

Hematopoietic loss of Y chromosome leads to cardiac
fibrosis and heart failure mortality

Soichi Sano?*, Keita Horitani', Hayato Ogawa'f, Jonatan Halvardson®, Nicholas W. Chavkin'*,

Ying Wang't, Miho Sano'§, Jonas Mattisson®, Atsushi Hata®, Marcus Danielsson®, Emiri Miura-Yura®,
Ammar Zaghlool®, Megan A. Evans’, Tove Fall®, Henry N. De Hoyos®, Johan Sundstrom’],
Yoshimitsu Yura't, Anupreet Kour?, Yohei Arai', Mark C. Thel", Yuka Arai', Josyf C. Mychaleckyj?,
Karen K. Hirschi?, Lars A. Forsherg®°*, Kenneth Walsh'*

Hematopoietic mosaic loss of Y chromosome (mLOY) is associated with increased risk of mortality and age-
related diseases in men, but the causal and mechanistic relationships have yet to be established. Here, we show
that male mice reconstituted with bone marrow cells lacking the Y chromosome display increased mortality
and age-related profibrotic pathologies including reduced cardiac function. Cardiac macrophages lacking

the Y chromosome exhibited polarization toward a more fibrotic phenotype, and treatment with a transforming
growth factor pl-neutralizing antibody ameliorated cardiac dysfunction in mLOY mice. A prospective study
revealed that mLOY in blood is associated with an increased risk for cardiovascular disease and heart
failure-associated mortality. Together, these results indicate that hematopoietic mLOY causally
contributes to fibrosis, cardiac dysfunction, and mortality in men.

he human male-specific Y chromosome
is relatively small in size and contains a
limited number of genes that regulate
sex determination and spermatogenesis
(D). Beyond sex determination, there is a
paucity of information about the biological
role of the Y chromosome, partly because of
challenges in determining genetic variation
caused by the inter- and intrachromosomal
repeat sequences. However, insights into the
physiological role of the Y chromosome can be
aided by studies that address the mosaic loss
of chromosome Y (mLOY) in the blood, a con-
dition in which a fraction of hematopoietic
cells display a loss of the Y chromosome. This
phenomenon is the most prevalent post-
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zygotic mutation in leukocytes (2). The fre-
quency of hematopoietic mLOY increases
with age and smoking status (3, 4) and is
associated with the condition of clonal hema-
topoiesis of indeterminate potential (CHIP)
(5, 6). Although the technology to assess mLOY
is evolving, it has recently been reported that
mLQOY is detectable in 40% of 70-year-old
males and 57% of 93-year-old males (4, 7). Loss
of the Y chromosome is prevalent in hemato-
logic malignancies and may be a factor in the
prognosis of these diseases. Whereas most
men with mLOY never progress to a hema-
tologic cancer, epidemiological studies have
shown that mLOY in blood is associated with
shorter life span (2, 8) and increased incidence
of various age-associated diseases, including
solid tumors and Alzheimer’s disease (2, 9).
Furthermore, mLOY has previously been as-
sociated with secondary major cardiovascular
events in atherosclerotic patients after carotid
endarterectomy (Z0) and with prior heart at-
tack and stroke self-reported at baseline in the
UK Biobank study (8). It has been reported
that mLOY is in part a manifestation of in-
herited genomic instability and a marker of
biological aging (4). However, because of the
descriptive nature of epidemiological studies,
it is unknown whether mLOY plays a causal
role in disease development. Here, we mod-
eled hematopoietic mLOY in mice and exam-
ined its role in fibrosis and cardiac dysfunction.
Together with these results, prospective analy-
ses of UK Biobank data suggest that mLOY in
leukocytes directly contributes to heart failure.

Results
Age-related pathologies are accelerated in mice
with mLOY in blood

We constructed a mouse model of hemato-
poietic mLOY by using CRISPR-Cas9 gene

editing to target repeat DNA sequences that
are specific to the centromere of the Y chro-
mosome. Guide RNAs (gRNAs) and a tomato
red fluorescent protein (tRFP) marker were
delivered to lineage-negative bone marrow
cells through the lentivirus vector before
transplantation into lethally irradiated, wild-
type male mice (Fig. 1A). To decouple the Cas9
gene from the lentivirus vector and to max-
imize gene-editing efficiency, donor bone
marrow cells were isolated from ROSA26-
Cas9 knock-in mice that express the Cas9
endonuclease systemically (11). Two LOY-
gRNAs, LOY-gRNA1 and LOY-gRNA2, tar-
geting different repeat sequences within the
centromere were evaluated for the efficiency
of Y chromosome ablation by fluorescent
in situ hybridization (FISH) analysis of X and
Y chromosomes in tRFP* blood cells collected
from mice reconstituted with bone marrow
cells. As a control, we used a lentivirus encod-
ing a gRNA designed to not target any region
of the genome in the ROSA26-Cas9 knock-in
donor cells. Y chromosome ablation efficiency
was ~95 and 80% for LOY-gRNA1 and LOY-
gRNA2, respectively (Fig. 1, B and C). Thus,
unless otherwise indicated, the mouse model
of mLOY used a lentivirus vector that ex-
presses the LOY-gRNA1 transcript and the
tRFP* marker protein to assess cell transduc-
tion. Y chromosome ablation in vivo was
validated by karyotype analysis using lineage-
negative bone marrow cells isolated from
mLOY and control mice that were immor-
talized by lentivirus-mediated HoxB8 over-
expression (Fig. 1D). Consistent with the
ablation of the male sex chromosome, the
Y chromosome-encoded transcripts Kdmsd,
Uty, Eif2s3y, and Ddx3y were not detectable
in the circulating tRFP* leukocytes of the mLOY
mice (Fig. 1E). Because of the inefficiency of
bone marrow progenitor cell transduction
by the lentivirus vector, blood chimerism, de-
fined as a percentage of tRFP* white blood
cells, ranged from 49 to 81% in various experi-
ments (mean = 64.9 + 4.0%), which is con-
sistent with the levels of mLOY in men that
have been associated with various disease pro-
cesses (2, 9). These levels of chimerism were
maintained for 12 months (fig. S1A). Focus-
ing on each immune cell population, chime-
rism was higher in myeloid cells compared
with B and T cells, consistent with observa-
tions of mLOY in men (12) (fig. S1B).

The phenotypic consequences of mLOY were
evaluated in aging male mice. No obvious
hematological abnormalities were observed in
mLOY or control mice during the follow-up
period (fig. S1C). However, mice with the
mLOY condition displayed shorter life spans
compared with control mice (Fig. 1F). Serial
echocardiographic analyses revealed the de-
velopment of an accelerated age-associated
cardiomyopathy in the mLOY mice, with greater
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Fig. 1. Y chromosome deficiency in A
hematopoietic cells shortens

life span and accelerates

age-related cardiac dysfunction.

(A) Schematic of this study. Lethally
irradiated male C57BL6/J mice

were reconstituted with hemato-

poietic stem cells transduced with
lentivirus encoding Y chromosome

Control or LOY BM cells

B % of total cells

100
80
60
40
20

0

Con 1

Genotypes

oXY
e LOY

Control LOY

targeting gRNA (LOY-gRNA) or D Control LOY
control gRNA and designated as - > = - = 815 .
; i 1 2 3 4 5 . a

mLOY anq cqntrol mice, respectively. 0w on (‘r if k TR S
Phenotypic differences between A 7 . 5 o 6 7 8 9 10 e 1.0
mLOY and control mice during the 86 M s % 8 || ¢ 28 s e B 3 o Control
natural aging process were analyzed. PO T I I éi' 13= %4 ;5. o 05 e mLOY
(B) Efficiency of Y chromosome w6 17 o1 10 X Y|l o7 s e x =
ablation analyzed by FISH. tRFP* g 80 e a | @] se sz ¥ e 1O § 0
peripheral blood cells were collected Kdm5d Uty Eif2s3y Ddx3
from mice reconstituted with bone m y eSSy Baey
marrow cells transduced with lentivi-
rus encoding a control gRNA or F %Survival G FS (%) H Fibrotic area (%) | Fibroblasts (/mg)
either of two different LOY-gRNAS: 100+ 50 e 3 . o 800 -
LOY-gRNAL or LOY-gRNA2. The per- 40 °

- 80 - 600
centages of Y chromosome-deficient 30 2 <] °
(LOY) cells and Y chromosome- 60 20 - 0® 400
sufficient cells (XY) in total blood 40+ 18 200 ° Te
cells are shown. Approximately 20~ p=0.0124 10 F‘ﬁ
200 cells were analyzed for each 0 0 0
condition. Unless otherwise indi- 200 400 600 (d) 13 101215 (m)

cated, all subsequent studies were

performed with hematopoietic stem cells transduced with LOY-gRNAL

(C) Representative images of FISH analysis of peripheral blood cells collected from
mLOY and control mice. Green and red fluorescence indicate the X and

Y chromosomes, respectively. (D) Karyotype analysis of LOY and control cells.
Hematopoietic stem cells collected from mLOY and control mice were
immortalized by lentivirus-mediated HoxB8 transduction and subjected to
karyotype analysis. (E) mRNA expression of genes on the Y chromosome in RFP*
peripheral blood leukocytes in mLOY and control mice (n = 3 per group).

(F) Kaplan-Meier survival curve for mLOY and control mice after BMT. The x axis
indicates time after BMT (day) (control, n = 37, mLOY, n =

cardiac dysfunction detected in older mice
(Fig. 1G and fig. S2A). Consistent with the de-
velopment of an age-associated cardiomyopathy,
mLOY mice displayed a small increase in heart
mass at the termination of the experiment,
but there were no differences in body weights
between the mLOY and control genotypes over
the course of the experiment (fig. S2B). The
mLOY condition led to an increase in myocar-
dial fibrotic area (Fig. 1H), as determined by
quantitative analysis with picrosirius red stain-
ing of cardiac sections (fig. S2C), and an in-
crease in the quantity of myocardial MEF-SK4*
fibroblasts, as assessed by flow cytometry (Fig.
1I). Consistent with this fibrotic response, the
mLOY condition also led to increased left ven-
tricular filling pressure, which is indicative of
diastolic dysfunction (fig. S2D). These cardiac
changes were observed despite modest reduc-
tions in blood pressure in the mLOY mice (fig.
S2E) and no changes in the serum concen-
trations of renin 1 and angiotensin II (fig. S2F).

Sano et al., Science 377, 292-297 (2022) 15 July 2022

38). (G) Sequential

Although further analyses of how mLOY af-
fects the renin-angiotensin system are warranted,
these experimental results are consistent with
observations of diminished self-reported hyper-
tension in cardiovascular disease patients with
mLOY (10). At the 15-month time point after
bone marrow transplantation (BMT), mLOY
mice also showed accelerated fibrotic response
in the lung interstitium (fig. S3A), and greater
pulmonary fibrosis could also be observed in
young mice after the intratracheal adminis-
tration of bleomycin (fig. S3B). Histological
analysis of the kidneys also revealed a greater
degree of fibrosis in the mLOY mice compared
with control mice at 15 months after BMT
(fig. S3C). Finally, assessments of cognitive
function revealed that aging mLOY mice
(15 months after BMT) had short-term work-
ing memory deficits in the Y-maze and novel
object recognition tests, but these phenotypes
were not observed in young mLOY mice
(2 months after BMT) (fig. S4). Collectively,

echocardiographic analysis of mLOY and control mice after BMT at the indicated time
points (month) (n = 8 to 10 per group). (H) Quantitative analysis of fibrotic area in
heart section at 15 months after BMT (n = 8 to 9 per group). (I) Flow cytometric
analysis of fibroblast counts in heart tissue at 15 months after BMT (n = 6 to 7 per
group). The absolute numbers of cells were normalized by tissue weight. Dots in all
panels represent individual samples. Data are shown as mean + SEM. Statistical
analyses were performed using unpaired Student's t test [(E) and (H)], Student’s

t test with Welch's correction (1), log-rank test (F), and two-way repeated-measures
ANOVA with Sidak's multiple-comparisons tests (G). FS, fractional shortening; RFP;
red fluorescent protein, Con; control. *P < 0.05, **P < 0.01, ****P < 0.0001.

these results indicate that mLOY mice can re-
capitulate aspects of the mLOY phenotype
observed in men and suggest that accelerated
tissue fibrosis could be a mechanistic feature
of this condition. Because a potential relation-
ship between mLOY and cardiac dysfunction
has not been reported previously, further in-
vestigations focused on the role of mLOY in
heart failure are warranted.

mLOY is associated with death from
cardiovascular disease and heart failure in men

mLOY has been associated with preexisting
cardiovascular disease (8, 10). However, a pro-
spective analysis of mLOY with mortality from
cardiovascular disease with substantial follow-
up time is lacking. Thus, we investigated male
survival data extracted from the UK Biobank
in November 2020 (median follow-up time,
11.5 years) and conducted three different types
of analysis to evaluate whether mLOY in leu-
kocytes was associated with risk for death
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Fig. 2. Mosaic LOY in leuko- A
cytes is associated with all-

cause mortality and death

caused by cardiovascular

diseases in men. (A) Results

from the primary multivariable-
adjusted Cox proportional

hazards regression for mLOY

1.0 1.5

0.5

and mortality from diseases
of the circulatory system (ICD10
codes 100 to 199) modeled with

a penalized spline approach

and mLOY as a continuous vari-
able. The solid red line repre-
sents the strength of association

Log Hazard Ratio (ICD10 100-199)

over the spectra of LOY mosaicism, and the dotted black lines denote the 95%
confidence limits of the model. A linear regression analysis supported a positive
slope of the association (P value for = 0.0009). The analyzed dataset was
extracted from the UK Biobank with an average follow-up time of 11.5 years, and
the model was adjusted for confounding effects from age, smoking, alcohol
consumption, body mass index, ancestry, blood pressure, total cholesterol, and

caused by cardiovascular diseases. The per-
centage of blood cells lacking chromosome Y in
each male participant at baseline was estimated
using intensity data from single-nucleotide
polymorphism array experiments (fig. S5 and
table S1). In the first analysis, a continuous
estimate of mLOY was used as an explanatory
variable in a multivariable-adjusted Cox pro-
portional hazards regression for mLOY and
death caused by cardiovascular disease, ad-
justed for the confounding variables outlined
in table S2. The dependent variable in this
primary model was mortality from any car-
diovascular disease during follow-up, as in-
dicated by a registered primary or secondary
cause of death from the 10th revision of the
International Statistical Classification of Dis-
eases and Related Health Problems (ICD10)
codes 100 to 199. This survival analysis estab-
lished that mLOY in leukocytes is associated
with death from overall cardiovascular disease
in men [hazard ratio (HR) = 1.0054 per 1% in-
crease in LOY, 95% confidence interval (CI) =
1.0022 to 1.0087, adjusted P = 0.0010, events =
6222). Using a penalized splines approach, the
association could be illustrated over the full
spectrum of LOY mosaicism (Fig. 2A), and a
dose-response relationship was observed, in-
dicating that mLOY might have a direct phys-
iological effect. Exploratory Cox models using
a binary LOY variable (defined from the spline
analysis as described in fig. S6A) showed that
men with LOY in >40% of leukocytes at study
entry displayed 31% increased risk of dying
from any disease of the circulatory system
during follow-up (Fig. 2B, HR = 1.31, 95% CI =
1.02 to 1.70, adjusted P = 0.0382, events =
6222). To identify the specific cardiovascular
outcomes that might be driving the overall
association, we next investigated associa-
tions between mLOY and each of the ICD10

Sano et al., Science 377, 292-297 (2022) 15 July 2022
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codes within 100 to 199 and with at least 200
observed events using analogous Cox models
(table S3). The specific causes of death asso-
ciated with mLOY included hypertensive heart
disease (I11; HR = 3.48), heart failure (I50;
HR = 1.76), congestive heart failure (150.0;
HR = 2.42), and aortic aneurysm and dissec-
tion (I71; HR = 2.76) (Fig. 2B). Because comor-
bidities are common among cardiovascular
conditions, other registered cardiovascular-
related causes of death showing association
with mLOY (but normally not considered as
primary causes of death) are summarized in
fig. S6B. Next, cardiovascular diseases pooled
on the basis of medical features and clinical
resemblance were investigated using analo-
gous survival models (table S4). In these ex-
tended analyses, there was no significant
association between mLOY and death from dis-
eases encompassing multiple etiologies of heart
failure (HR = 1.65, 95% CI = 0.95 to 2.86, ad-
justed P = 0.0745, events = 1102). However,
mLOY was associated with death caused by
associated aortic and peripheral arterial dis-
eases (HR = 2.79, 95% CI = 1.30 to 5.97, adjusted
P = 0.0082, events = 279). Finally, corroborat-
ing prior analyses from the UK Biobank that
used a shorter median (7-year) follow-up period
(8), it was found that men with mLOY in >40%
of leukocytes at study entry displayed a 41%
increased risk of dying from any cause during
the follow-up (Fig. 2B).

mLOY worsens the outcome of experimental
heart failure in mice

To further investigate the relationship between
mLOY and cardiac dysfunction, 12- to 16-week-
old (4 weeks after BMT) male mice were sub-
jected to transverse aortic constriction (TAC)
surgery (Fig. 3A). Although TAC in mice does
not completely replicate nonischemic heart

diabetes. (B) Results from exploratory analyses using analogous multivariable
adjusted Cox models with mLOY as a binary variable (at a 40% threshold).
Shown are results from analyses of all-cause mortality (ICD10 codes AQO to
U99), all diseases of the circulatory system (ICD10 codes 100 to 199), as well as
specific cardiovascular causes of death with at least 200 events and significant
association with mLOY at the 0.05 o level. n, number of events.

failure, this widely used model produces car-
diac dysfunction, left ventricle hypertrophy,
and fibrosis phenotypes that are prevalent in
the elderly (13). In agreement with observa-
tions in the older unchallenged mice, echo-
cardiographic analysis revealed a greater
progressive decline in cardiac function in
mLOY mice compared with control mice after
TAC (Fig. 3B and fig. S7A). The mLOY mice
also displayed a marginally greater increase
in the ratio of heart weight to tibia length, as
well as an increase in the ratio of lung weight
to tibia length that is indicative of lung con-
gestion resulting from cardiac dysfunction (Fig.
3C). Transcripts encoding atrial natriuretic pep-
tide A and the ratio of transcripts encoding
myosin heavy chains /o, a marker of advanced
heart failure, were up-regulated in the hearts
from mLOY mice compared with those from
control mice (Fig. 3D). Histological analysis
revealed greater interstitial and perivascular
fibrosis in both the left ventricle and atrium of
mLOY mice after TAC (Fig. 3E and fig. S7, B
and C). Consistent with the increase in fibrosis,
flow cytometric analysis of heart cells revealed
that the number of MEF-SK4* fibroblasts was
higher in the hearts from TAC-treated mLOY
mice compared with control (Fig. 3F). By con-
trast, there was no detectable difference in
the number of cardiac endothelial cells or the
average myocyte cross-sectional area between
the experimental groups that had undergone
TAC (Fig. 3, G and H), indicating that the
predominant cellular effect of mLOY is on the
fibroblast content of the heart.

Accelerated cardiac dysfunction could also
be demonstrated in mice transplanted with
lineage-negative bone marrow cells that were
transduced with a gRNA that targets a dif-
ferent centromeric repeat in the Y chro-
mosome (mLOY-gRNAZ2). The efficiency of
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Fig. 3. Y chromosome deficiency in hematopoietic cells accelerates cardiac
dysfunction in response to pressure overload. (A) Schematic of experimental
study for assessing cardiac dysfunction of mLOY mice in the pressure overload model.
mLOY mice were generated using LOY-gRNAL. At 4 weeks after BMT, mLOY mice or
control mice were subjected to TAC. (B) Sequential echocardiographic analysis of
mLOY and control mice after TAC at the indicated time points (control, n = 6; LOY, n =7).
(C) Heart weight (HW) and lung weight (LW) relative to tibial length (TL) in control
sham mice and mice 4 weeks after TAC (control sham, n = 6; control mLOY, n = 6;
control TAC, n = 6; mLOY TAC, n = 7). (D) Gene expression of the heart failure markers
Nppa and b/a-MHC in heart tissue in sham mice and mice 4 weeks after TAC
(control sham, n = 6; control mLOY, n = 6; control TAC, n = 6; mLOY TAC, n =7).
(E) Representative images and quantitative analysis (control sham, n = 6; control
mLQY, n = 6; control TAC, n = 6; mLOY TAC, n =7) of fibrotic area in heart sections in

sham and 4-week after TAC. Scale bar, 100 um. (F and G) Flow cytometric analysis
of fibroblast (F) and endothelial cell (G) counts in heart tissue in sham mice and
mice 4 weeks after TAC. Fibroblasts and endothelial cells are defined as CD45~
CD31"MEF-SK4" and CD45°CD31", respectively. The absolute numbers of cells
were normalized by tissue weight (n = 3 to 4 per group in sham mice; n = 6 to
12 per group in TAC mice). (H) Mice with mLOY show comparable hypertrophic
response of cardiac myocytes after TAC. Quantitative analysis of cross-sectional
area of myocytes (CSA) in heart section at 4 weeks after TAC (n = 6 to 7 per
group). Dots in all panels represent individual samples. Data are shown as mean +
SEM. Statistical analyses were performed using two-way repeated-measures
ANOVA with Sidak's multiple-comparisons tests (B). Statistical analyses were
performed using two-way ANOVA with Tukey’s multiple-comparisons tests [(C),
(D), (E), (F), and (G). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Y chromosome ablation achieved by mLOY-
gRNNA2 was comparable but slightly less than
that of mLOY-gRNA1 (Fig. 1B and fig. S8A).
Transduction with mLOY-gRNA2 did not af-
fect white blood cell counts, hemoglobin, or
platelet counts (fig. S8B). However, TAC led
to greater cardiac dysfunction, increased heart
and lung weights, higher concentrations of
serum brain natriuretic peptide (BNP), and
higher numbers of cardiac fibroblasts in the
mLOY-gRNA2-treated mice compared with
control mice (fig. S8, C to F). These data cor-
roborate the results with the mLOY-gRNA1
reagent and provide additional support for
the finding that Y chromosome deletion in
blood cells contributes to cardiac dysfunction
and an accelerated fibrotic response.

Sano et al., Science 377, 292-297 (2022) 15 July 2022

Y chromosome deficiency modulates the
transcriptional profile of cardiac macrophages
Myeloid cells typically display the greatest ex-
tents of Y chromosome deficiency in the blood
of men (72). In the experimental model, analy-
sis of the cardiac immune cell populations
revealed higher numbers of CCR2" cardiac
macrophages in TAC-treated hearts from mLOY-
gRINAI mice compared with those from con-
trol mice (fig. S9A), suggesting that cardiac
macrophages derived from Y chromosome-
deficient hematopoietic stem cells have al-
tered functional properties. To test whether
Y chromosome deficiency in myeloid cells ac-
counts for the accelerated heart failure pheno-
type, anti-granulocyte receptor-1 (anti-GR-1)
antibody, which blocks neutrophil and mono-

cyte recruitment to injured tissue (14), was ad-
ministered to the different experimental groups
of mice. In mLOY mice that underwent TAC,
treatment with anti-GR-1 antibody attenuated
the accelerated cardiac dysfunction (fig. S9B)
and reversed the elevations in heart weight and
serum BNP (fig. S9, C and D). Treatment with
anti-GR-1 antibody also reversed the increase
of the number of cardiac fibroblasts observed
in the mLOY mice, but it did not affect the quan-
tity of vascular endothelial cells (fig. SOE). Col-
lectively, these results suggest that loss of the
Y chromosome in myeloid cells can largely ac-
count for the pathological cardiac phenotype
in the mLOY mouse model.

To address the mechanistic aspects of mLOY-
mediated cardiac dysfunction, single-cell RNA
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Fig. 4. Inhibition of TGFB1 reverses cardiac dysfunction in mLOY mice
after TAC. (A) Single-cell RNA sequencing from CD45"RFP* cardiac cells 7 days
after TAC shown by uniform manifold approximation and projection (UMAP)
dimensionality reduction, with inflammatory and fibrotic macrophages and
expression of Il1b and Lyvel highlighted. (B) PHATE dimensionality reduction
showing cells separated from control (gray) or mLOY (red) samples, with
nonactivated, inflammatory, and fibrotic phenotypes labeled. Quantification of the
relative percentage of control or mLOY cells contained in the inflammatory or
fibrotic macrophage clusters. (C) Heatmap of transcription factor regulons within
inflammatory or fibrotic macrophages related to Il1b or Tgfbl expression,
respectively, that was generated using SCENIC analysis of control and mLOY
cells. (D) Activation of TGFpL signaling in the heart accessed by immuno-
fluorescent staining of phosphorylated SMAD2 (pSMAD?2). The number of
pPSMAD2* cells per view field and the percentage of pSMAD2" fibroblasts (right)
are shown. Fibroblasts are defined as vimentin® cells (n = 6 fields per group).

pSMAD2" and pSMAD2" fibroblasts are indicated by green and orange arrows,
respectively. Scale bar, 50 um. (E) At 4 weeks after BMT, mLOY mice or control
mice were subjected to TAC. Anti-TGFB1 antibody or isotype control was
intraperitoneally injected every 3 days for 4 weeks. Shown is sequential
echocardiographic analysis of mLOY and control mice after TAC operation at the
indicated time points (n = 6 to 7 per group). (F) Representative images and
quantitative analysis of fibrotic area in heart section at 4 weeks after TAC
procedure (n = 6 to 8 per group). Scale bar, 1000 um. (G) Flow cytometric
analysis of fibroblast content in heart tissue at 4 weeks after TAC. The absolute
numbers of cells were normalized by tissue weight (n = 7 to 8 per group). Dots in
all panels represent individual samples. Data are shown as mean + SEM.
Statistical analyses were performed using chi-square test (B), unpaired Student's
t test (D), two-way repeated-measures ANOVA with Sidak's multiple-comparisons
test (E), and one-way ANOVA with Tukey's multiple-comparisons test [(F) and
(G)]. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

sequencing was performed on BMT-derived
(RFP") immune cells (CD45") from mLOY and
control mice at 7 days after TAC. Seurat analy-
sis of gene expression enabled the clustering
of immune cell populations, and the reduced
expression of Y chromosome-encoded genes
could be detected in various clusters (fig. SI0A).
CD68" macrophages accounted for the largest
portion of immune cells, which displayed po-
larization based on the expression of the marker
genes I11b and Cer2™, which will henceforth
define an inflammatory subpopulation, and
the marker genes Lyvel and Mrcl, which will
henceforth define a fibrotic subpopulation
(Fig. 4A and fig. S10B). PHATE (potential of
heat diffusion for affinity-based trajectory em-
bedding) analysis to assess differentiation
progression and branching revealed a trajec-
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tory from nonactivated macrophages to a con-
tinuum of inflammatory and fibrotic macro-
phages (fig. S10C), with the fibrotic macrophage
subpopulation containing a greater percent-
age of mLOY cells and the inflammatory mac-
rophage subpopulation containing a greater
percentage of control cells (Fig. 4B). Consist-
ent with the interpretation that mLOY promotes
macrophage polarization toward a fibrotic
phenotype, analysis with the SCENIC (single-
cell regulatory network inference and cluster-
ing) regulatory gene network algorithm
revealed that profibrotic regulons were en-
riched by the mLOY condition in the fibrotic
macrophages (fig. S10D). Conversely, proin-
flammatory regulons were suppressed by the
mLOY condition in the inflammatory macro-
phage subpopulation. Further analyses revealed

that the mLOY condition promoted the enrich-
ment of regulons specifically associated with
transforming growth factor-B1 (TGFp1) signal-
ing in the fibrotic macrophage subpopulation,
whereas regulons associated with interleukin-
1B (IL-1B) signaling were down-regulated by
mLOY in the inflammatory subpopulation
(Fig. 4C). The mLOY condition promoted the
expression of the transcript encoding TGFf1
in the fibrotic macrophages, but not in the
inflammatory macrophages, whereas the tran-
script encoding galectin-3, another secreted
profibrotic protein, was up-regulated by the
mLOY condition in both macrophage popu-
lations (fig. S10E).

The phenotypic transition of Y chromosome-
deficient cardiac macrophages was also evident
in a bulk transcriptome analysis of BMT-derived
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(RFP") cardiac macrophages. As shown in the
principal components analysis plots, mLOY
macrophages isolated from heart displayed a
transcriptomic profile distinct from that of
control cardiac macrophages (fig. S11A). Gene
set enrichment analysis (GSEA) revealed that
differentially expressed transcripts related to
“TGFp signaling” were enriched in mLOY
macrophages (fig. S11B). In addition, GSEA
revealed that differentially expressed tran-
scripts related to “TGFp binding,” including
LTBP1, LTBP3, LTBP4, and thrombospondin,
which facilitate the localization, secretion, and
activation of TGFp1, as well as other profibro-
tic factors, were up-regulated in macrophages
in the mLOY condition (fig. S11C). In marked
contrast, bulk or single-cell analysis revealed
little or no differences in transcriptomes of
cardiac monocytes, cardiac neutrophils, or
blood neutrophils between the mLOY and con-
trol conditions (fig. S11, D to G).

Consistent with the transcriptome analyses,
elevated TGFp1 protein and SMAD2 phos-
phorylation in the myocardium could be de-
tected by immunoblot analysis in the mLOY
condition compared with control at 1 week
after TAC (fig. S12, A and B). Elevated TGFp1
protein in the mLOY condition could also be
detected by fluorescence immunohistochem-
istry (fig. S12C). Although TGFp1/macrophage
colocalization was found to a greater extent in
the mLOY condition, most of the TGFp1 signal
was localized to other cell types or matrix in
the myocardium, consistent with its putative
role in a feedforward signaling loop and its
affinity for extracellular matrix. Furthermore,
the total number of phosphorylated SMAD2*
cells was higher in mLOY mice compared
with control mice at 1 week after TAC, as
confirmed by quantitative analysis of phos-
phorylated SMAD2" fibroblasts identified by
co-immunostaining with vimentin (Fig. 4D).

TGFp1 neutralization reverses the cardiac
dysfunction observed in mLOY mice

To assess the role of profibrotic signaling in
accelerated cardiac dysfunction caused by the
experimental mLOY condition, mice that had
undergone TAC were treated with control im-
munoglobulin G or a monoclonal antibody
directed toward TGFp1. Sequential echocardio-
graphic analysis revealed that treatment with
anti-TGFB1 monoclonal antibody partly reversed
the accelerated cardiac dysfunction observed
in mLOY mice (Fig. 4E and fig. S12D). The
anti-TGFp1 antibody also reversed the mLOY-
mediated increases in serum BNP concentra-
tion, heart weight, and lung congestion (fig.
S12, E and F). Consistent with the recognized
functions of TGFf1 in promoting fibroblast
proliferation and their conversion to myofi-
broblasts that produce higher amounts of
matricellular proteins, the neutralizing anti-
TGFp1 antibody suppressed the increase in

Sano et al., Science 377, 292-297 (2022)
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fibroblast number and extracellular matrix
deposition that was associated with the mLOY
condition but did not alter endothelial cell
number (Fig. 4, F and G, and fig. S12G).

Discussion

Tissue fibrosis is a hallmark of aging and is
estimated to contribute to 45% of deaths in
industrialized countries (13). Myocardial fibrosis
results from the activation of cardiac-resident
fibroblasts and is often associated with heart
failure, a major cause of mortality and mor-
bidity in the elderly. Myocardial fibrosis can be
triggered by bone marrow-derived macro-
phages that acutely infiltrate the heart in re-
sponse to various forms of cardiac injury or
progressively replace the cardiac-resident, yolk
sac-derived macrophages with age (15, 16).
Here, we provide evidence in mouse models
that supports a causal link between hemato-
poietic mLOY and age-dependent cardiac dys-
function and heart failure in men. We report
that Y chromosome-deficient cardiac macro-
phages overactivate a profibrotic signaling
network, leading to cardiac fibroblast prolif-
eration and activation, excessive matrix pro-
duction, and diminished heart function. The
observation of profibrotic signaling in mLOY
is unexpected compared with findings of how
CHIP mechanistically contributes to cardio-
vascular disease. Whereas there is a high co-
occurrence of mLOY with CHIP (5, 6), and
both are associated with cardiovascular dis-
ease mortality, including heart failure (17, 18),
CHIP appears to largely promote pathological
processes through the overactivation of IL-13/
IL-6 inflammatory signaling in myeloid cells
(19-22). 1t is increasingly recognized that
chronic diseases are caused by a spectrum
of inflammation- and fibrosis-driven events
(23). However, the interrelationship between
inflammation and fibrosis is not simply recip-
rocal in that chronic inflammation will promote
fibrosis, whereas fibrosis can function in the
resolution of inflammatory processes. Thus, the
somatic mosaicism that develops in the hema-
topoietic system with age may give rise to a
complex interplay of pro- and anti-inflammatory
processes that can differentially affect disease
development. Finally, our experimental studies
also found that a neutralizing TGFp1 antibody
could reverse the pathological cardiac pheno-
types caused by mLOY. In view of recent ef-
forts to treat heart failure, idiopathic pulmonary
fibrosis, and some cancers with antifibrotic
approaches (24-27), men with mLOY could
represent a patient subpopulation that ex-
hibits a superior response to this class of ther-
apeutic agents.
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SURFACE CHEMISTRY

Selectivity in single-molecule reactions
by tip-induced redox chemistry

Florian Albrecht'*{, Shadi Fatayert, lago Pozo®f, Ivano Tavernelli*, Jascha Repp®,

Diego Pefia®*, Leo Gross™*

Controlling selectivity of reactions is an ongoing quest in chemistry. In this work, we demonstrate
reversible and selective bond formation and dissociation promoted by tip-induced reduction-oxidation
reactions on a surface. Molecular rearrangements leading to different constitutional isomers are
selected by the polarity and magnitude of applied voltage pulses from the tip of a combined scanning
tunneling and atomic force microscope. Characterization of voltage dependence of the reactions and
determination of reaction rates demonstrate selectivity in constitutional isomerization reactions and
provide insight into the underlying mechanisms. With support of density functional theory calculations,
we find that the energy landscape of the isomers in different charge states is important to rationalize the
selectivity. Tip-induced selective single-molecule reactions increase our understanding of redox
chemistry and could lead to novel molecular machines.

ontrolling selectivity in reactions is a

central goal in chemistry. In solution,

such control can be achieved by steer-

ing the valence electrons through the

pH value or the electrochemical poten-
tial, for example. By these means, however,
the reaction conditions are altered to such a
degree that the basic mechanisms governing
selectivity often remain elusive. The explora-
tion of how external electrostatic fields and
charge-state manipulation affect chemical
bonding is still in its infancy (7).

Investigating surface chemistry by means
of scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) offers the
possibility to study basic chemical mechanisms
under atomically well-defined conditions. The
reaction itself can even be directly triggered
with the tip of a scanning tunneling micro-
scope at will (2, 3). Spurred by advances in
molecular characterization by STM (4) and
AFM (5), novel tip-induced reactions and
reaction mechanisms have been discovered
(6-11). Typically, in tip-induced chemistry, pre-
cursors are designed on which specific bonds
can be broken, dissociating designated mask-
ing groups (3). The demasking can in turn
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enable or cause other reactions, such as inter-
molecular bond formation (3, 11, 12), intra-
molecular bond formation (7), or skeletal
rearrangements (13).

Control over configurational switching (74),
bond formation and dissociation (75), and hy-
drogen tautomerization reactions (16-18) could
be achieved by means of charge attachment and
charge-state manipulation. By means of the
electric field, control of configurational isomers
(19) and control of the yield of a Diels-Alder
reaction (20) were demonstrated. Furthermore,
selectivity between molecular translation and
desorption, controlled by inelastically tun-
neling electrons (21), and selective bond dis-
sociation resulting from adsorbate-substrate
bond alignment (22) were achieved. Even tip-
controlled artificial molecular machines (23)
have been demonstrated: for example, a mol-
ecule translated by molecular motors driven
by inducing alternating conformational and
configurational isomerization reactions (24).

Here, we showcase the potential of tip-
induced electrochemistry for obtaining chem-
ical selectivity in single-molecule reactions,
that is, we demonstrate that multiple consti-
tutional isomerization reactions can be con-
trolled and selected by voltage pulses from
the tip. Through selection of a specific voltage
pulse, we formed different transannular cova-
lent bonds.

As our molecular precursor, we synthesized
5,6,11,12-tetrachlorotetracene [1 (C;sHgCly);
see Fig. 1 and supplementary materials (SM),
schemes S1 and S2, for details on the syn-
thesis]. We deposited 1 by thermal sublima-
tion on a Cu(111) substrate partly covered with
Nacl islands of one- to three-monolayer (ML)
thickness, at a sample temperature of 7'~ 10 K.
Experiments were performed at 7' = 5 K, on
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molecules on 2-ML NaCl on Cu(111), unless
noted otherwise. All images reported were
obtained with CO-functionalized tips (5). All
AFM images are recorded in constant-height
mode at a sample voltage, I/, of 0 V.

Figure 2A shows an AFM image of 1. The
differences in brightness of the Cl atoms re-
sult from steric hindrance between neighbor-
ing Cl atoms, causing different adsorption
heights (fig. S1). Using voltage pulses from
the probe tip located above the molecule, we
dissociated Cl atoms. We observed a threshold
voltage of about +3.5 V, with tunneling cur-
rents on the order of I = 1 pA, for the dissociation
of the first two Cl atoms from 1. Often, the
molecule also moved on the surface by a few
nanometers when a voltage pulse was applied.

Figure 2B and fig. S2 show the partly de-
chlorinated intermediate 2 (C,gHgCl,), with
two Cl atoms of 1 dissociated (other partly
dechlorinated intermediates that were ob-
served are given in fig. S3 and table S1). The
AFM image of 2 reveals a 10-membered ring
on the dechlorinated side, exhibiting charac-
teristic sharp and bright features above the
triple bonds (7). This suggests that a retro-
Bergman cyclization reaction (7) had taken
place with intermediate 1a as the transition
structure. With voltage pulses of +4 to +4.5V,
we dissociated the remaining chlorine atoms
in 2, creating different structures with the
chemical formula C,sHg. We observed consti-
tutional isomers 3, 4, and 5 (Fig. 2, C to E,
respectively; see also figs. S4 to S6) and, in rare
occasions, other isomers (fig. S7).

These molecules are highly strained and
presumably very reactive, and none of them
had been previously reported. Because of the
inert NaCl surface and low temperature, they
are stable under the conditions of our experi-
ment for |V| < 0.7 V. The isomers differ in
their central part, where they either exhibit a
10-membered ring (as in 3), a four-membered
ring fused to an eight-membered ring (as in
4), or two fused six-membered rings, yielding
a chrysene-like carbon backbone (as in 5).
In most cases (62%), we found structure 3
directly after the dissociation of all chlorine
atoms (table S2).

Figure 1 shows a plausible synthetic route
for the formation of these strained isomeric
hydrocarbons. At first, the cleavage of two Cl
atoms from intermediate 2 probably gener-
ates sigma diradical 2a, which could evolve
through a Cope-type rearrangement to yield
structure 3. This reaction then possibly pro-
ceeds in a transiently charged state (see the
“Details on dehalogenations” section of the
supplementary text). This would be in accord-
ance with the mechanism previously proposed
for enediyne cyclizations, which is facilitated
by the formation of radical-anionic species
(25). While 3 is a plausible resonance struc-
ture with two cumulene moieties, alternative
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structures combining enyne and cumulene
groups (3') or two enynes (3'") within the
central 10-membered ring can also be con-
sidered. The transannular C-C bond forma-
tion between the radicals in structure 3" would
lead to the formation of diyne 4, whereas the
C-C bond formation between radicals in 3’
would afford the chrysene-based bisaryne 5.
First, we characterize on the NaCl surface
the products 3, 4, and 5. The STM-measured
maps of electronic resonances are shown in
Fig. 3 and fig. S8, accompanied by density
functional theory (DFT) calculations. We find
that 4 and 5 are charge neutral, with the
shape of the imaged frontier orbital densities,
of the highest occupied and lowest unoccupied
molecular orbital (HOMO and LUMO, respec-
tively), in agreement with the DFT calcula-
tions (Fig. 3, A to K, and fig. S9). For 4, we did
not observe the positive ion resonance (HOMO)
for voltages up to —2 V (fig. S10). For 3, the
experiment shows that the molecule is in its
anionic charge state. This is consistently in-
dicated by the scattering of interface-state
electrons (fig. S11), Kelvin probe force spec-
troscopy (table S3), and STM maps of the
electronic resonances (Fig. 3, B and C) and
their comparison with theory (figs. S12 and
S13). The identification of structure 3 as a
radical anion agrees with the expected ten-
dency of sigma radicals to be reduced, in
contrast to closed-shell compounds 4 and 5.
Moreover, our measurements reveal that
the anion of 3 undergoes a Jahn-Teller distor-
tion that is also found by B3LYP-based DFT
(Fig. 3P) and explains the symmetry breaking
with respect to the long molecular axis that is
observed for both electronic resonances (Fig.
3, B and C). Structurally, the Jahn-Teller dis-
tortion of the anion 37 features an inward
bend on one long side of the 10-membered ring
(Fig. 3P) and can be observed in high-resolution
AFM images (Fig. 3M and fig. S4). The first
electronic resonance at negative bias shows
two lobes of increased orbital density on the
side of the inward bend (Fig. 3, B and H, and
fig. S12). Whereas the first electronic reso-
nance at positive bias exhibits increased den-
sity on the side opposite to the inward bend
(Fig. 3, C and I, and figs. S12 and S13), in excel-
lent agreement of experiment and theory.
Next, we study tip-induced reactions be-
tween 3, 4, and 5. When we applied pulses
of relatively large bias, > +2.5 V with 7 on the
order of 10 pA, we could transform molecules
between all of these three structures—with
limited control of the outcome, however. A
rearrangement after a bias pulse of V'= +2.5V
mostly resulted in structure 5 (~50% of the
attempts) and less often in structures 4 or 3
(25% each). Structure 5 was stable for |V| <2 V.
However, voltage pulses of || < 2 V, when
applied to 3 and 4, resulted in different re-
actions, depending on the applied voltage.

Albrecht et al., Science 377, 298-301 (2022)
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Fig. 1. Reaction scheme. Tip-induced reactions promoted by voltage pulses are indicated with the respective
sample voltages V. For 3 and 5, different resonance structures are displayed. The intermediates 1a and

2a might be transiently charged. We also observed partly dehalogenated intermediates other than 2 (see
fig. S3), indicating several pathways for the initial formation of 3, 4, and 5.

A

Histograms showing the outcome of volt-
age pulses with currents of 0.5 pA applied
above 3 and 4 as initial structures are shown
in Fig. 4, A and B, respectively (see also figs.
S14 and S15). Our findings are as follows: (i)
At [V] < 0.7V, 8 and 4 are stable. (ii) At -1.7V <
V < -0.9 V, bidirectional switching occurs
between 3 and 4. That is, 3 can be con-
verted into 4 (transition labeled o) and vice
versa (transition B), and only with a small
probability (<10%) structure 5 is formed. (iii)
At +0.9 V < V < +1.7 V, unidirectional switch-
ing from 4 to 3 occurs. That is, 4« is converted
into 3 (transition y), but 3 is stable at these
voltages. (iv) At V' = -1.9 V, structure 3 is
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Fig. 2. AFM images of precursor, intermediate,
and products. Constant-height, CO-tip AFM
images of precursor 1 (A), intermediate 2 (B),
and products 4 (C), 3 (D), and 5 (E) on NaCl.
(A), (B), and (D) on 2-ML NaCl, and (C) and (E) on
1-ML NaCl. Scale bars, 0.5 nm. For images at
different tip-height offsets and imaging parame-
ters, see figs. S1, S2, and S4 to S6.

transformed into 5 with a high yield, and struc-
ture 4 is transformed into either 3 or 5.

Switching between the structures was pos-
sible on 1-, 2-, and 3-ML Na(l islands with
similar threshold values. The data shown in
Fig. 4 were measured on 2-ML NaCl. The ob-
served voltage dependence allows us to select
outcomes of tip-induced rearrangements. We
can select which transannular C-C bond is
formed within the 10-membered ring of struc-
ture 3. We dominantly generated structure 4
with pulses in the range of —-1.1 to -1.7 V, and
structure 5 with V' = -1.9 V, demonstrating
selectivity in single-molecule constitutional
isomerization reactions.
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STM, electronic resonances

HOMO not
observed

+1.7V

Fig. 3. Characterization of products by STM, DFT, and AFM. (A to E) STM
images at the first electronic resonances at negative and positive sample voltage.
(F to K) Simulated orbital maps of the frontier orbitals, considering the finite
resolution of the tip (see fig. S9). (L to N) AFM images. All experimental images

Fig. 4. Tip-induced transitions between 3 and
4. Histograms (A and B) show the outcome in
dependence of V applied for 10 s at constant current
of 0.5 pA above molecule 3 (A) and 4 (B) on

2-ML NaCl. (C) Reaction rate as a function of
tunneling current. Transitions o and B were
probed at V = -1.3 V, transition y was probed

at V =11V. The extracted slopes are 1.86 + 0.18
for o, 1.90 + 0.26 for B, and 1.61 + 0.76 for y.
(D) Energy level diagram for V = 0 V, associated
with the observed charging and structural
transitions between 3 and 4, assuming

equal free energies of 4° and 37%. N denotes

the number of excess electrons.

For the transitions between 3 and 4, we
investigated the respective reaction rates (Fig.
4C). These were measured at IV = -1.3 V for
transitions o (from 3 to 4 at negative 1) and
B (from 4 to 3 at negative ") and at V'= +1.1V
for y (from 4 to 3 at positive ), as a function
of current by using different tip heights. The

Albrecht et al., Science 377, 298-301 (2022)

DFT, orbital maps
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DFT, structure

135 14
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were recorded on 2-ML NaCl, with the molecules next to 3-ML NaCl islands.
(0 to Q) DFT-calculated structures on NaCl with the bond length indicated by
color. The DFT calculations of 3 are shown in the anionic charge state, those
for 4 and 5 are shown in the neutral charge state. Scale bars, 0.5 nm.
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slopes of the linear fits in the double logarith-
mic plot are 1.86 + 0.18 for o, 1.90 + 0.26 for
B, and 1.61 = 0.76 for y. This indicates that
transitions o and B are two-electron processes.
For v, the error is too large to differentiate
between a one-electron and a two-electron
process.
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Figure 4D visualizes the transitions between
3 and 4. The transitions o and y coincide with
the onset of ionic resonances of the initial
structures, as probed by STM (Fig. 3, B and A,
respectively), suggesting that these transitions
involve (de)charging the initial structure. Note
that at electronic resonance, the charge state
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is transiently changed by charge transfer be-
tween tip and molecule. After a typical life-
time on the order of a few picoseconds on
2-ML Nacl, the molecular charge ground state
is restored by charge transfer between mole-
cule and metal substrate (4). The structural
relaxation that follows a charge transition can
oscillate for several tens of picoseconds (26).

For Fig. 4D, we calculated on a NaCl sur-
face the ground state energies of 3 and 4 in
different charge states and the related relaxa-
tion energies A (see SM) (27). The relatively
large energy of the intermediate 8%, for
the transition from 37" is rationalized by the
Jahn-Teller distortion of 37 The calculated
energies for the charge transitions are in good
agreement with the resonances measured by
STM when assuming similar energies for 4°
and 37, A partial voltage drop across NaCl
of ~20% can be considered for this junction
geometry (27).

The observed two-electron process for o in-
dicates that in addition to the charge transi-
tion, a second charge carrier is needed to
provide additional energy in an inelastic elec-
tron tunneling (IET) process (28). In contrast,
transition B involves no charging of the initial
structure 4°, but probably only by IET pro-
cesses a transition to 3° occurs, which is sub-
sequently charged from the substrate to 377,
the charge ground state of structure 3. In
transition y, the LUMO of 4, shown in Fig. 3G,
is transiently occupied. This orbital exhibits a
nodal plane along the long axis of the mol-
ecule and therefore is an antibonding state
with respect to the central bond of 4, facil-
itating its rupture (29) and thus the transi-
tion to 3. Note that at small currents of =
0.5 pA, the reaction rates are on the order of
minutes, and thus orbital density images can
be obtained (Fig. 3, A to C). Our results in-
dicate that these reactions are triggered by
electron attachment rather than by the elec-
tric field alone. That the effect of the latter is
small can be rationalized by the reaction co-
ordinates, that is, the molecular plane and
the movement of atoms, being parallel to the
substrate, whereas the electric field applied
by the tip is orthogonal with respect to the
substrate and the reaction coordinates.

On-surface calculations (fig. S16) show that
in both the neutral and negative charge state,
5 has a lower energy than 3 and 4, explain-
ing the observed dominant switching to 5 at
larger biases and its stability for || < 2.0 V.
Gas-phase calculations (fig. S16) indicate that
the reaction barriers (both in neutral and
negative charge states) to 5 are higher than
the ones between 3 and 4, explaining the in-
creased voltages needed to switch to 5, com-
pared with switching between 8 and 4. The
high barrier between 4 and 5 in the neutral
and negative charge states (fig. S16) suggests
that the observed transformation from 4 to 5

Albrecht et al., Science 377, 298-301 (2022)

at IV'= -1.9 V (Fig. 4B) proceeds via structure
3 as intermediate.

The switching at higher bias |V| > 2.0 V
and increased currents on the order of 10 pA
is less controlled and more challenging to
understand, and its detailed description is
beyond the scope of this work. Because of the
large bias, several successive and branching
charge transitions and structural rearrange-
ments must be considered. Also, current-
induced catalytic reduction of the barrier might
play a role (30). In addition, the switching be-
tween all three structures at = 2.5V could
include higher excited states, for example,
occupation of the LUMO+1, which for 5 is
accessed at V' = 2.5V (fig. S17). It might pro-
ceed via dianionic charge states, which show
similar ground state energies for all three
structures (fig. S16), and the transient occu-
pation of the dianion is observed for 3 by
resonant tunneling in Fig. 3Cat IV'=1.1V.

Our experiment shows that for a molecule
on a surface, several chemical transformations
between multiple constitutional isomers can
be controlled by tip-induced redox chemistry.
With different voltages and polarities, we se-
lectively activated one, two, or all three transi-
tions between three different isomers (3, 4,
and 5). We demonstrated directed and rever-
sible switching between two non-ground state
isomers (3 and 4) and selectively formed
transannular covalent bonds deliberately trans-
forming 3 to either 4 or 5. We learned that
the selectivity of the reactions is facilitated by
changes of the energy landscape as a function
of the transient charge state, accessed by the
bias applied. The charge ground states can, in
general, be adjusted via the substrate’s work
function (31).

The insights obtained in redox reactions
studied by tip-induced electrochemistry will
be useful to better understand redox reac-
tions that are important in organic synthe-
sis (32) and nature (33). For future artificial
molecular machines (23), controlled, revers-
ible, and selected switching between more
than two different constitutional isomers, as
demonstrated in our work, could enable novel
functionalities. In addition, increased work-
load and operation at elevated temperatures
could be facilitated by the relatively high en-
ergy barriers, on the order of 1 eV, involved in
constitutional isomerization reactions.
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SOLAR CELLS

Efficient and stable perovskite-silicon tandem solar
cells through contact displacement by MgF,

Jiang Liu'*, Michele De Bastiani', Erkan Aydin’, George T. Harrison, Yajun Gao', Rakesh R. Pradhan’,
Mathan K. Eswaran®, Mukunda Mandal?, Wenbo Yan', Akmaral Seitkhan', Maxime Babics!,

Anand S. Subbiah?, Esma Ugur?, Fuzong Xu', Lujia Xu', Mingcong Wang?, Atteq ur Rehman,

Arsalan Razzaq!, Jingxuan Kang!, Randi Azmi', Ahmed Ali Said", Furkan H. Isikgor', Thomas G. Allen?,
Denis Andrienko?, Udo Schwingenschlogl, Frédéric Laquai', Stefaan De Wolf'*

The performance of perovskite solar cells with inverted polarity (p-i-n) is still limited by recombination at
their electron extraction interface, which also lowers the power conversion efficiency (PCE) of p-i-n
perovskite-silicon tandem solar cells. A MgF, interlayer with thickness of ~1 nanometer at the
perovskite/Cgg interface favorably adjusts the surface energy of the perovskite layer through thermal
evaporation, which facilitates efficient electron extraction and displaces Cgo from the perovskite surface
to mitigate nonradiative recombination. These effects enable a champion open-circuit voltage of

1.92 volts, an improved fill factor of 80.7%, and an independently certified stabilized PCE of 29.3% for a
monolithic perovskite-silicon tandem solar cell ~1 square centimeter in area. The tandem retained ~95%
of its initial performance after damp-heat testing (85°C at 85% relative humidity) for >1000 hours.

ntegrating high-performance wide-bandgap

perovskite solar cells onto silicon solar

cells can lead to very high power conversion

efficiencies (PCEs) by minimizing carrier

thermalization losses (7-6). Although initial
research explored n-i-p tandems, recent work
has focused on the p-i-n configuration, in which
the n-type electron-collecting contact faces sun-
ward (7-9), and on improving performance
through device optics and optimizing perovskite
composition (10-15). More recently, atten-
tion has turned to the interface between the
perovskite and the hole transport layer (HTL)
to reduce voltage losses. Approaches include
molecular passivation of NiO,, (16, 17) and the
use of self-assembled monolayers (SAMSs) such
as 2PACz and Me-4PACz, anchored on ox-
ides, to reduce open-circuit voltage (V) losses
18, 19).

Despite this progress, state-of-the-art PSCs,
especially those incorporating wider-bandgap
perovskites (e.g., ~1.68 eV as frequently used
for tandem applications), have an undesirably
large V. deficit when compared to the the-
oretical radiative limit. This problem mainly
stems from substantial charge carrier recom-
bination and an energy level mismatch at the
perovskite interface with the electron trans-
port layer (ETL) (20-22), which most com-
monly consists of evaporated Cgo. Inserting
an ultrathin LiF layer at the perovskite/Cgo
interface alleviates this issue to a certain ex-
tent, yet this may result in reduced device sta-
bility, usually attributed to the deliquescent
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behavior and high ion diffusivity of Li salts
(19, 23-25). Two-dimensional (2D) perovskites
and some fullerene derivatives prepared by
solution processes have been previously used
to passivate the perovskite/Cgo rear interface
in single-junction p-i-n PSCs (26, 27). However,
in the p-i-n tandem configuration, the perovskite/
Cg interface faces sunward, which demands
interfacial layers with a high transparency,
high stability, and good thickness control. To
this end, we systematically investigated alter-
native evaporated metal fluorides (such as
NaF, CaF,, and MgF,) as the interlayer at the
perovskite/Cg, interface. We demonstrated
that the charge transport and recombination
interfaces could be carefully tuned with MgF,,
interlayers, enabling a certified stabilized PCE
of 29.3%.

We fabricated monolithic perovskite-silicon
tandem solar cells from silicon heterojunc-
tion bottom cells using crystalline silicon (c-Si)
wafers with double-side texture (Fig. 1A) to
reduce the front reflection and improve light
trapping in our devices (8, 16). We verified the
ultrathin nature of the fluoride-based inter-
layers, inserted at the electron-selective top
contact, with cross-sectional high-resolution
scanning transmission electron microscopy
(HR-STEM; Fig. 1B and figs. S1 and S2). The
magnified STEM images and energy-dispersive
x-ray (EDX) spectroscopy mapping clearly out-
line the perovskite/MgF,/Cgso/Sn0,/1Z0 top
contact structure, identifying the presence of
a ~15-nm Cg, layer and a ~20-nm SnO, layer.
The latter acts as a buffer against damage from
sputtering of the indium zinc oxide (IZO) trans-
parent top electrode (28). We note that after
perovskite deposition, all subsequently de-
posited films were obtained by vapor depo-
sition techniques that yield highly accurate
and reproducible layer thicknesses. For in-

stance, because the fluoride-based film is ther-
mally evaporated, the resulting interlayer is
highly uniform in thickness and less affected
by the surface roughness of the underlying
perovskite, unlike typical solution-processed
interlayers (27).

We investigated the energy-level alignment
of our perovskite layers with LiF, NaF, CaF,
and MgF, overlayers by ultraviolet photoemis-
sion spectroscopy (UPS) and low-energy in-
verse photoemission spectroscopy (LE-IPES)
for occupied and unoccupied states, respec-
tively. As shown in Fig. 1C, the work function
(WF) of the bare perovskite is ~4.97 eV. By
coating the perovskite with a thin fluoride-
based layer, the WF systematically shifts to-
ward smaller values. Both MgF, and CaF,
caused a larger WF shift than did LiF and
NaF (Fig. 1C and fig. S3). With the presence
of metal fluoride interlayers, the valence band
maximum of the perovskite, determined with
a Gaussian fitting method (29), was lowered
relative to its Fermi level (Er); this implies that
the metal fluorides caused a downward band
bending at the perovskite interface that fa-
vored electron extraction.

Kelvin probe force microscopy measure-
ments conducted in an ambient environment
confirmed the trend of the UPS results (fig. S4)
(30); that is, the MgF, and CaF, samples dis-
played a larger WF shift than did the LiF and
NaF samples (fig. S5). To further evaluate such
band bending as a function of ETL thickness,
we conducted additional UPS/LE-IPES mea-
surements (figs. S6 and S7) that allowed us to
map out the band structure at the perovskite/
ETL interface. The perovskite/Cg, sample dis-
played negligible band bending (fig. S6), which
is consistent with previous work on the MAPbI,/
Cgo interface (31). However, the presence of a
MgF, interlayer led to energy band bending
at the perovskite surface (Fig. 1D). Also, the
lowest unoccupied molecular orbital (LUMO)
of the Cg, layer bent down toward the perov-
skite interface, which implies that the MgF,, layer
promoted the formation of electron-selective
contacts with low interfacial resistance (32).

Moreover, the MgF,, interlayer also displaced
Cgo from the perovskite surface, thus suppress-
ing interface recombination (see below). The
thinness of the metal fluoride interlayer (thick-
ness 0.5 to 1.5 nm) ensures that collected elec-
trons can reach the LUMO of the Cg, layer
through quantum mechanical tunneling or
via pinholes, thus enabling the selective ex-
traction of electrons. Once the electrons trans-
ferred to Cgp, they became the majority charge
carriers and were easily transported through
the Cg layer and collected by the SnO,/1ZO
transparent electrode. Furthermore, x-ray
photoelectron spectroscopy (XPS) results (fig.
S8) showed that the evaporated ultrathin
(~1 nm) MgF, films strongly deviated from
their bulk stoichiometric (x = 2) composition,
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Fig. 1. Interface structure and electronic properties. (A) Schematic of the
monolithic perovskite/silicon tandem solar cell built from a double-side textured
silicon heterojunction cell. (B) High-angle annular dark-field (HAADF) image

in HR-STEM and the corresponding EDX mapping at the ETL side. (C) Valence
band and photoelectron cut-off region of the perovskite, and perovskite/

with an x value in the range 1.0 + 0.2. We ex-
pect this substoichiometric nature to produce
a transverse electric dipole in this layer that
promotes electron extraction.

To evaluate enhanced contact passivation
with fluoride interlayers, we quantified the
nonradiative recombination losses at the
perovskite/ETL interface through absolute
photoluminescence (PL) imaging under 1-sun
equivalent illumination. This method let us
extract the quasi-Fermi-level splitting (QFLS
or Ap) in the perovskite layer, which relates to
the upper voltage limit of complete devices
(33, 34). Figure 2A and fig. S9 show that the
mean QFLS of IZO/2PACz/perovsKite struc-
tures without ETL was ~1.285 €V, whereas the
1Z0/2PACz/perovskite/Cgo sample exhibited a
sharp decline of QFLS with a mean value of
1179 eV. The LiF- and MgF,-treated samples
displayed QFLS values of 1.198 and 1.217 €V,
respectively. The HTL side remained unchanged,
so we associated the undesired lower QFLS with
trap-assisted recombination at the perovskite/
ETL interface. Structural disorder or molecu-
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lar imperfections in fullerene-based ETLs com-
monly have a strong band tail state (35, 36) that
may interact electronically with the perov-
skite layer to form undesired recombination
channels.

Time-resolved photoluminescence spectros-
copy further revealed that the 1ZO/2PACz/
perovskite structure supported a very slow
carrier decay process with an average carrier
lifetime of ~1.6 us (Fig. 2B and table S1). Coat-
ing Cg, directly onto the perovskite expectedly
caused a large reduction in PL lifetime to 26 ns,
but the use of a MgF,, interlayer prolonged
the average PL decay time to 83 ns, compared
to 38 ns for the perovskite/Cgo sample.

Transient absorption spectroscopy (TAS;
see fig. S11) revealed a sharp negative band
peaking at 718 and 710 nm for bare and Cgo-
coated perovskite samples, respectively, that
could be assigned to ground-state photo-
bleaching. As expected, the TAS signals of the
perovskite/Cgo sample exhibited faster decay
of the bleaching peak than their perovskite/
MgF,/Cgo counterparts. By globally fitting the

1 nm-interlayer using UPS and IPES spectra. The conduction band minimum
(CBM) and valence band maximum (VBM) were determined by fitting the spectral
edge using Gaussian function. All samples were deposited on 120/2PACz coated
c-Si substrates. (D) Energy level diagram of the perovskite/Cgq interface with

TA decay curves of the three samples under
four laser excitation conditions to a diffusion
equation (fig. S10), we obtained a first-order
charge-carrier decay constant k; of 3.48 x
10° s (1/k; ~ 2.87 us). This value was consist-
ent with our PL decay and the electron-hole
diffusion length of ~12 um, which is much lon-
ger than the perovskite thickness, as desired
for efficient solar cells.

These results indicate that the trap states
causing nonradiative recombination mainly
reside at the perovskite/ETL interface. To in-
vestigate the origin of these trap states, we
conducted density functional theory (DFT)
calculations with the structural model of the
perovskite/Cgo interface shown in Fig. 2C.
The density of states (DOS) calculated at the
relaxed contact distance showed the forma-
tion of deep trap states within the perovskite
bandgap (Fig. 2C, inset). Similar calculations
on prototypical FAPbI; perovskite confirmed
the formation of such induced states (fig. S12).
Notably, these states are not created by defects
in the perovskite but are induced by proximity
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Fig. 2. Photoluminescence and transient absorption spectra. (A) Quasi-
Fermi-level splitting (QFLS) mapping for the perovskite, perovskite/Cgg,
perovskite/LiF/Cgq, and perovskite/MgF,/Cgo samples on a 2PACz-

coated Si cell under 1-sun equivalent light intensity. Scale bar, 50 um.

(B) Time-resolved photoluminescence spectra of the bare perovskite

with Cgo and are similar to metal-induced gap
states in metal/semiconductor contacts (37, 38).
The MgF,, interlayer displaced Cg, away from
the perovskite and suppressed the induced trap
states. On the basis of these findings, we argue
that a key role of the interlayers is the blocking
of the gap state-assisted recombination chan-
nels, thus suppressing charge recombination at
the perovskite/ETL interface. In addition, DFT
calculations showed that without interlayers,
partial electron transfer from the perovskite
into the Cg, (fig. S16) created a barrier for
electron extraction.

To verify improved charge extraction at the
perovskite/Cg, interface, we fabricated single-
junction p-i-n devices with metal fluoride-
based interlayers, as well as control samples
without an interlayer. The solar cell with a
MgF,, contact displacer reached a /. of 1.23 V,
representing an absolute enhancement of
~50 mV relative to the control (fig. S17) and an
enhancement of ~20 mV versus a LiF inter-
layer. These results agreed well with our energy-
level and surface-passivation analyses. Notably,
the FF improved to 81.1%, which we attributed
to enhanced charge extraction and suppressed
interface recombination at maximum power
point conditions. In addition, we tested CaF,
devices and found that they also show re-
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1500

o

markable V. and FF, implying that the alkali-
earth metal fluoride as a contact displacer is a
generic route to improve device performance.

‘We fabricated monolithic perovskite/silicon
tandem solar cells using a double-textured Si
bottom cell with a submicrometer random
pyramid structure (fig. S19). The MgF,-based
device showed a remarkable reverse-scan PCE
of up to 30.5% with a short-circuit current den-
sity Ji. of 19.8 mA/em?, V. of 1.92 V, and FF of
80.7% (Fig. 3A). The control tandem showed a
best PCE of 28.6% with a J,. of 19.8 mA/cm?,
Voe 0f 1.85 V, and FF of 77.9% under reverse
scan. The device statistics (Fig. 3, B and C, and
fig. S20) corroborated that the PCE improve-
ment was mainly the result of enhanced V.
and FF. One unencapsulated MgF,-based tan-
dem was certified at Fraunhofer ISE CalLab,
showing a reverse-scan PCE of 29.4% with a Jy.
0f 19.8 mA/cm?, V,. of 1.91 V, FF of '77.6%, and
steady-state PCE of 29.3% (Fig. 3D and fig. S21).
Integrating the calibrated external quantum
efficiency (EQE, Fig. 3E) over the AM 1.5G spec-
trum yielded J. values of 20.0 and 19.8 mA/cm?
for the perovskite and c-Si subcells, respectively,
which agreed with our tandem J. values of
~19.8 mA/cm?. Our optical analysis revealed
that the optical loss, in addition to some re-
flection, mainly came from parasitic absorp-

and the perovskite films coated with different ETL structures.

(C) Schematic model and DOS of a wide-bandgap perovskite as a
function of the distance d to the Cgo molecule. The inset of the
enlarged DOS shows the induced midgap states when Cg is in close
proximity to perovskite.

tion in the IZO transparent top electrode
and Cg layer (fig. S22), which accounted for
equivalent values of 0.64 and 0.62 mA/cm?,
respectively.

To evaluate the perovskite subcell device
performance, we conducted electrolumines-
cence (EL) measurements on tandem devices.
With an injected current density of 22 mA/cm?,
we observed well-resolved EL spectral mapping
with peaks positioned at ~735 nm (Fig. 3, F
and G), corresponding to the perovskite band-
gap energy of ~1.69 eV. Under any current
injection condition, the MgF,-based tandem
showed a relatively higher EL emission inten-
sity than the control device, indicating a higher
internal voltage (fig. S24). Combining the EL
spectra results of the perovskite subcell un-
der distinct current injection conditions with
Suns-V,. data of the c-Si single-junction cell,
we constructed so-called pseudo-J-V curves
of our perovskite/silicon tandem (Fig. 3H),
free of any series resistance (Rg) losses. For
the MgF,-based tandem, we obtained a pseudo-
Ve of 1.93 V, which is remarkably near the
Voe of 1.92 V from standard J-7 measure-
ments. A pseudo-FF of 84.8% and pseudo-PCE
of 32.5% could also be estimated, implying
that ~3% in absolute PCE was lost to series
resistance.
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Fig. 3. Photovoltaic performance and pseudo-J-V characteristics. (A) J-V
curves of the champion tandem cell. (B and C) Histogram of V,. (B) and
PCE (C) for the tandem solar cells fabricated in this study. (D) Stabilized
power output of one MgF,-based tandem device, certified by Fraunhofer ISE

CalLab. (E) EQE spectra of the certified tandem device. (F and G) Absolute
EL mapping of perovskite subcell without and with MgF, interlayer under
injection current of 22 mA/cm?. (H) Reconstructed pseudo-J-V characteristics
of our tandem device.

We explored the effect of the interlayer on
device stability by monitoring the photovoltaic
performance of the control and fluoride-based
tandems without encapsulation under contin-
ual standard AM 1.5G illumination (Fig. 4A).
The control device benefited from light soak-
ing; its PCE increased from 27.2% initially to
28.0% after 10 min of illumination. The J-V
curves (fig. S26) demonstrated that the light
soaking improved V. and FF; we speculate
that continuous illumination caused a slight
favorable adjustment of the energy alignment

at the perovskite/ETL interface. The fluoride-
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based devices did not appear to benefit from
this (Fig. 4B and fig. S26), possibly because
of the improved energy-level alignment at
their perovskite/ETL interface. On a longer
time scale, the LiF-based tandem, reputed to
have low stability (19), showed a gradual
performance drop from 29.1% to 27.5% in air,
whereas the MgF,-based tandem retained
nearly >99% of its initial PCE after 260 min,
which we attribute to MgF, being nonhygro-
scopic and having a lower metal ion diffusiv-
ity. The control device maintained relatively
stable but displayed lower absolute V. and FF

values than the MgF,-based devices after the
light-soaking period.

In addition, we subjected our encapsulated
tandem device to damp-heat testing (85°C with
85% relative humidity, IEC 61215:2021 stan-
dard; Fig. 4C and fig. S27). The MgF -treated
tandem device did not show any V. or Jg
degradation after more than 1000 hours and
retained 95.4% of its initial PCE. The V. even
improved slightly, indicating that the perov-
skite itself and the interfacial layers were suf-
ficiently tolerant to thermal stress. The FF
showed a slight drop, which may be related
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Fig. 4. Stability tests. (A) Evolution of the photovoltaic performance under
continual AM 1.5G illumination for more than 4 hours in air. J-V scans were
performed every ~5 min. The inset is the photo of one device under test with a
black aperture mask on it. (B) J-V curves of the tandem devices with MgF,

to the increase in the series resistance of the
contact electrode. In contrast, the LiF-treated
tandem showed an obvious drop in PCE after
an initial 125-hour testing (Fig. 4C and fig.
S27). These results indicated that our MgF,-
tandem devices, with a reasonable encapsula-
tion scheme, could pass the damp-heat test
protocol of the IEC 61215:2021 standard.
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SOLAR CELLS

Accelerated aging of all-inorganic, interface-stabilized

perovskite solar cells

Xiaoming Zhao', Tianran Liu%2, Quinn C. Burlingame3, Tianjun Liu®, Rudolph HolleylIl’,
Guangming Cheng®, Nan Yao®, Feng Gao®, Yueh-Lin Loo®*

To understand degradation routes and improve the stability of perovskite solar cells (PSCs), accelerated
aging tests are needed. Here, we use elevated temperatures (up to 110°C) to quantify the accelerated
degradation of encapsulated CsPblz PSCs under constant illumination. Incorporating a two-dimensional
(2D) Cs,Pbl,Cl, capping layer between the perovskite active layer and hole-transport layer stabilizes the
interface while increasing power conversion efficiency of the all-inorganic PSCs from 14.9 to 17.4%.
Devices with this 2D capping layer did not degrade at 35°C and required >2100 hours at 110°C under
constant illumination to degrade by 20% of their initial efficiency. Degradation acceleration factors
based on the observed Arrhenius temperature dependence predict intrinsic lifetimes of 51,000 +
7000 hours (>5 years) operating continuously at 35°C.

1though the power-conversion efficien-
cies (PCEs) of metal halide perovskite
solar cells (PSCs) can now exceed 25%,
long-term operational instability issues
must be addressed before they can be
commercialized (I-3). The most stable and
efficient PSCs have reported T, lifetimes (the
time at which the PCE drops to 80% of its
initial value) of just a few hundred or thousand
hours (4-7) under continuous illumination,
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Fig. 1. Device structure and
photovoltaic characterization.
(A) lllustration of the capped
device structure used in this
work with a 2D Cs,Pbl,Cl, layer ‘
atop the 3D perovskite active

layer. (B) Current-density versus
voltage (J-V) characteristics
under reverse voltage scan
(inset: stabilized power output)
and (C) external quantum effi-
ciency (EQE) spectra and
integrated Js¢ of capped and
uncapped champion solar cells.

1

20 nm TiO,

100 nm Au

5 nm Al,O,

versus the >20-year lifetimes required for most
commercial applications. Despite an encourag-
ing report of PSCs with a Tg, of more than
1 year, the PCE of the solar cells is relatively
low (<13%) (8). Accelerated aging tests can
facilitate rapid PSC stability screening (9-1I).
An effective accelerated stress test can quan-
tify the lifetime acceleration factor (AF) that
relates the lifetime under a defined standard
operating condition to the lifetime under ele-
vated stress conditions. Thermal and high-
intensity illumination stress tests with AFs
have been developed for organic- and silicon-
based PVs (11-15), but developing robust AFs
for PSCs is challenging given their complex
sensitivities to temperature, light, and electrical
bias (10, 16, 17).

Here, we thermally accelerated the degra-
dation of encapsulated CsPbl; PSCs operating
under constant illumination at their maximum

cr | 7 ogopoposo

~50 nm CuSCN £ B AAAL

~500 nm CsPbl;
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power point (MPP) with temperatures from
35° to 110°C. The PCE degradation rate fol-
lowed an Arrhenius temperature dependence
that was slowed substantially by incorporating
a two-dimensional (2D) Cs,PbI,Cl, capping
layer between the perovskite active layer and
the hole transport layer (HTL). This 2D layer
stabilized the perovskite/HTL interface and
suppressed ion migration into the HTL, result-
ing in a Tg, lifetime of >2100 hours at 110°C.
With an experimentally determined AF of 24.2 +
3.5, this lifetime corresponds to an extrapolated
Tgo 0f 5.1 + 0.7 x 10* hours—or more than 5 years
of continuous operation at 35°C.

The most efficient PSCs have been based on
hybrid organic-inorganic perovskites, which con-
tain volatile organic cations, such as methyl-
ammonium (MA™) and formamidinium (FA").
To maximize the thermal stability and photo-
stability of our solar cells, we chose inorganic
CsPbl; as the photoabsorber (18-20), despite
its solar cells exhibiting slightly lower effi-
ciencies. Inorganic CsPbI3 PSCs with the struc-
ture shown in Fig. 1A were fabricated both
with (capped) and without (uncapped) a 2D
Cs,PbI,Cl, layer between the CsPbl; absorber
and the CuSCN HTL. The all-inorganic stack
that includes TiO,, Al,O3, and CuSCN transport
layers, as well as fluorinated tin oxide (FTO)
and Cr/Au electrodes, was designed to max-
imize the thermal stability and photostability
of these devices, as discussed in supplemen-
tary text 1 and fig. S1. Photovoltaic character-
ization of representative as-fabricated devices
is shown in Fig. 1, B and C, and fig. S2 and
listed in table S1, with population statistics as
shown in fig. S3. Capped PSCs have improved
fill factors (FFs) and open-circuit voltages (Voc'’s),
leading to a champion PCE of 17.4% compared
with 14.9% for uncapped devices. This PCE is
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Fig. 2. Characterization of 2D perovskite capping layers. (A) GIWAXS patterns of a Cs,Pbl,Cl,/CsPbls
perovskite stack taken at a surface-sensitive incident angle of 0.15° Characteristic reflections of Cs,Pbl,Cl,
are indicated. (B) Azimuthally integrated GIWAXS traces collected on uncapped and capped samples at
incident angles of 6 = 0.15° (more surface-sensitive) and 6 = 0.30° (less surface-sensitive). For reference,
the critical angle is 6 = 0.24° The diamond indicates the (002) reflection of Cs,PbCl,l, and the clover
indicates the (110) reflection of CsPbls. (C) XPS ClI 2p depth profiling of the Cs,Pbl,Cl,/CsPbls stack.

(D) Transient photoluminescence of capped and uncapped films on glass, excited from the film side.

the highest among fully inorganic PSCs in
which all the functional materials in the stack
are inorganic.

Depositing a thin 2D perovskite capping
layer can stabilize the surfaces of organic-
inorganic hybrid perovskites, such as FAPbI;
and MAPDI; (21), but this approach has not
yet been successfully implemented with in-
organic perovskites. This challenge stems from
the stronger binding strength of Cs* compared
to MA™" or FA*, which prevents cation exchange
between the Cs* of CsPbl; and the organic
ligands in the applied hybrid organic-inorganic
2D perovskite precursor solution (22-25). To
avoid this problem, we deposited a fully in-
organic Cs,PbI,Cl, 2D layer by treating the
CsPbl; surface with a CsCl solution followed
by thermal annealing. Grazing-incidence wide-
angle x-ray scattering (GIWAXS) patterns (Fig. 2A
and fig. S4) showed two new reflections emerg-
ing on CsPbl; films after CsCl treatment cor-
responding to the (002) and (004) reflections
of 2D Cs,PbI,Cl,. Increasing the incident angle
of the x-ray beam resulted in a decrease in the
relative intensity of these reflections (Fig. 2B),
suggesting that the 2D layer formed preferen-
tially on the CsPbl; surface. The interfacial
nature of this 2D layer was also confirmed by
cross-sectional scanning electron microscopy
(SEM) imaging of the device (fig. S5). We esti-
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mated the thickness of the capping layer to be
20 nm by tracking chlorine content on the film
surface with x-ray photoelectron spectroscopy
(XPS) while depth etching (Fig. 2C).

To study the surface passivation effect of this
capping layer, we measured time-resolved
photoluminescence (TRPL) transients (Fig. 2D).
The lifetime of the device increased from 14
to >62 ns in the presence of the capping layer,
suggesting that it effectively suppressed non-
radiative recombination at the CsPbI; surface
and extended the lifetime and diffusion length
of charge carriers (26). This observation is
consistent with the observed V/oc increase in
capped PSCs (Fig. 1B), whose PV character-
istics are tabulated in table S1. This trend was
also comparable to previous reports of 2D and
3D PSCs based on organic-inorganic hybrid
perovskites that benefited from surface passi-
vation (26-28).

To evaluate the stability of capped and un-
capped PSCs, Ny-encapsulated solar cells (fig. S6)
with both structures were aged at their MPP
under illumination from a metal halide solar
simulator (spectrum shown in fig. S7) at 35°,
59°¢, 85° and 110°C. Our stability studies used
solar cells having the same device configu-
ration as those for PV characterization, includ-
ing encapsulation and the light aperture. The
evolution of the normalized PCE (averaged

from three subcells) for both device types at
these operating temperatures, and the evolu-
tion for the unnormalized data, normalized
short-circuit current (Jsc), Voc, FF, and external
quantum efficiency (EQE), are shown in figs. S8
to S10. Figure S11 shows the operational sta-
bility of 2D and 3D PSCs without encapsulation
operating at 110°C, confirming the robustness
of our solar cell packaging. Heating the solar
cells reversibly reduced their PCEs (29), which
accounts for the differences in the initial PCE
of the unnormalized data set in fig. S8. We
observe a clear temperature dependence of
the PCE degradation rate that can be fitted to
a biexponential function of the form

PCE(t) = Alxexp(—kgast X t)+
A2xexp(—kgow X t) + B (1)

with a fast and slow degradation rate, k., and
kqow- Here, A1, A2, and B are constants and ¢ is
time. We fit the data collected across the tem-
perature range using this function with an
R? > 0.95, except for the data acquired on the
capped solar cells operating at 35°C because
no PCE degradation was observed, even after
3531 hours of continuous operation (Fig. 3B).
To estimate an activation energy for the
degradation processes corresponding to Ky,
and kg ow, We assume an Arrhenius temper-
ature dependence to the degradation rates

— Ea
k(T) = Aexp (kB—T) (2)
where k(T) is a degradation rate at temper-
ature 7, A is constant, E, is the activation
energy of degradation, and kg is Boltzmann’s
constant (11-15). Rearranging Eq. 2, the activa-
tion energy is equivalent to the slope:

oin(k(T))
-=2 3)
2(a)

The temperature-dependent degradation
rates were plotted as a function of inverse tem-
perature in Fig. 3C and fitted to Eq. 3. Degra-
dation rates could be adequately described by
a single Arrhenius function across the entire
temperature range. This finding suggested
that the same degradation mechanism domi-
nated the entire temperature range, which is
an important criterion for a reliable accelerated
aging test (9). We observed that the activa-
tion energies associated with the fast and slow
degradation of each type of PSC were compa-
rable, suggesting that the two degradation rates
probed a single physical process. As we will dis-
cuss in detail below, we speculate that ion
migration is the dominant degradation mecha-
nism. The E,’s that describe the degradation for
capped PSCs are nearly twice those for un-
capped PSCs, suggesting that the 2D Cs,PbI,Cl,
layer stabilizes the devices against thermal
degradation stemming from ion migration.

E, =
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Fig. 3. Accelerated aging of PSCs operating at elevated temperatures.
Operational stability of (A) uncapped and (B) capped PSCs operating at 35° 59°,
85° and 110°C, with standard deviation envelopes. The encapsulated devices

were held at their MPP under constant full-spectrum

density = 120 mW/cm?) in (65 + 26)% relative humidity air. Data points
represent average PCE of three devices fabricated and tested under the same
condition. The solid lines are biexponential fits to the data. (C) Natural logarithm
of degradation rates (k.st and kgow) Versus 1/kgT obtained from biexponential

fits to PCEs for uncapped and capped PSCs, where T is the aging temperature.

To extract a meaningful degradation rate at
standard operating conditions, k., from the
accelerated degradation rate at high temper-
atures, k..., we define an AF (11):

Kace <Ea{1 1 D
AF =2 —exp 2 | —— 4
kref P kB Tref Tanc ()

where T,.. and T, are the operating temper-
atures during aging at accelerated and stan-
dard operating conditions (defined as 1 sun
intensity, 35°C). Because kg iS primarily
responsible for long-term degradation and
the E,’s of the two rates are nearly identical,
we used the E, extracted from kg, and Eq. 4
to obtain AFs for each T, (specifically 59°
85° and 110°C) (Fig. 3D). On the basis of these
AFs, we can define an equivalent operating
time at T = 35°C for devices aged at elevated
temperatures by multiplying their aging time
by the acceleration factor (Fig. 3, E and F).
When processed in this manner, all of the
data collapsed onto a universal curve for both
capped and uncapped solar cells, which fur-
ther confirmed that the same mechanism,
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albeit hastened at elevated temperatures, was
responsible for degradation across the entire
temperature range. With this dataset, we can
make Ty, lifetime predictions for capped de-
vices operating at 35°C. This estimate is crit-
ical because devices aged at these conditions
do not show any PCE degradation, even after
continuous operation for 3531 hours. Given
that the average experimentally measured Ty,
for capped solar cells operating continuous-
ly at 110°C is 2100 hours (Fig. 3B), and the
AF for the capped solar cells at 110°C is 24.2 +
3.5, we estimated a Ty, of 5.1 + 0.7 x 10* hours
at 35°C.

To investigate the origins of PSC degrada-
tion, we aged full-stack devices at 110°C under
continuous illumination before peeling off their
top electrodes and characterizing the structure
of the active layers with x-ray diffraction (XRD).
As shown in Fig. 4, A and B, the reflection at
20 = 16.15° corresponding to the (003) reflec-
tion of CuSCN in the XRD trace of the un-
capped PSCs became broader and less intense
after 2000 hours of aging, which suggested a

decrease in the CuSCN crystallite size. Clear
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Linear fits used to extract the activation energy (E,) from each exponential are
shown as the dash lines. Because the capped solar cells operating at 35°C did not
show noticeable degradation over the time interval studied, their fitted values
were not included. (D) Natural logarithm of AF versus 1/kgT with the standard
deviation represented by the shaded area around each line. Standard operating
conditions for the AF calculation were defined as 1 sun illumination and T, = 35°C.
(E and F) Normalized PCE of uncapped and capped PSCs plotted against the
equivalent aging time at 35°C, defined as aging time (in units of hours) multiplied by
the acceleration factor, for PSCs under all temperatures studied in this work.

degradation of the CuSCN surface in aged,
uncapped PSCs was also visible in the SEM
images in fig. S12, which show the formation
of pinholes and decreased film uniformity.
Correspondingly, the I 3d signal increased
substantially in the XPS spectrum of the aged
HTL surface (Fig. 4C). These results suggest
that iodine migration from the CsPbl; active
layer was responsible for the structural changes
in CuSCN in uncapped solar cells, as discussed
in supplementary text 2 and figs. S13 and S14-
By contrast, the film structure and morphology
of CuSCN in capped PSCs did not show appre-
ciable changes after the same duration, as
shown in their XRD patterns and SEM images
(Fig. 4, A and B, and fig. S12), and we did not
observe any appreciable I 3d signal in the XPS
spectrum of the HTL surface of capped PSCs
(Fig. 4C).

To quantify the ease of ion migration in
capped and uncapped films, we measured
the temperature-dependent conductivity in
two-terminal lateral devices, a widely used
method for characterizing ion migration in
perovskite films (4, 30, 31). The activation
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Fig. 4. Degradation and stabilization mechanism. (A) XRD traces of uncapped and capped PSCs before
and after aging for 2000 hours, with (B) the region corresponding to CuSCN (003) diffraction magnified.
(C) XPS | 3d spectra of the CuSCN surface in uncapped or capped PSCs with aging time on removal of
the top electrode. For studies in (A) to (C), full-stack, functional devices were sealed in N, and placed
under full-sun illumination at 110°C for the specified time before the electrodes were peeled off prior to
measurement. (D) Temperature-dependent conductivity (o) of uncapped and capped films.

energy of ion migration (E, ;on) values was
extracted by fitting the measured temperature-
dependent conductivity (o) to the Nernst-
Einstein equation

or) = Pew( L)

where o is a temperature-independent pre-
factor (30, 31). Plotting 1/7 versus In(c7), two
distinct regions were present in both capped
and uncapped films corresponding to two dis-
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tinct transport regimes. The high-temperature
linear regime, corresponding to ion-dominated
transport, was used to extract an approximate
E, jon (Fig. 4D). Similar to the activation of
degradation, the E, ;o of the capped film is
nearly twice that of the uncapped film, in-
dicating that the 2D cap frustrated ion mi-
gration. Suppressed ion migration likely stems
from passivation of iodine vacancies at the
surface of the perovskite active layer in the
presence of a 2D capping layer (4, 32, 33), as
shown in fig. S15.
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QUANTUM SIMULATION

Thermalization dynamics of a gauge theory on a

quantum simulator

Zhao-Yu Zhou">3*#t, Guo-Xian Su">>*+, Jad C. Halimeh®, Robert Ott®, Hui Sun>3*, Philipp Hauke®,
Bing Yang®’+, Zhen-Sheng Yuan*>3*%, Jiirgen Berges®, Jian-Wei Pan*?348

Gauge theories form the foundation of modern physics, with applications ranging from elementary particle
physics and early-universe cosmology to condensed matter systems. We perform quantum simulations of the
unitary dynamics of a U(1) symmetric gauge field theory and demonstrate emergent irreversible behavior.
The highly constrained gauge theory dynamics are encoded in a one-dimensional Bose-Hubbard simulator, which
couples fermionic matter fields through dynamical gauge fields. We investigated global quantum quenches

and the equilibration to a steady state well approximated by a thermal ensemble. Our work may enable the
investigation of elusive phenomena, such as Schwinger pair production and string breaking, and paves the way
for simulating more complex, higher-dimensional gauge theories on quantum synthetic matter devices.

auge theories provide a fundamental de-
scription of quantum dynamics in the
Standard Model of particle physics. How-

ever, unitary quantum evolution admits

no loss of information on a fundamen-

tal level, so describing from first principles the
emergence of phenomena such as thermal-
ization in gauge theories is an outstanding
challenge in physics. No general method exists
that can simulate the time evolution of the
underlying complex quantum many-body theory
on classical computers (Z, 2). Much progress
on emergent phenomena has been achieved
for simpler systems (3, 4). For gauge fields,
however, the direct connection of far-from-
equilibrium behavior at early evolution times
with the possible late-time approach to ther-
mal equilibrium, for example, as indicated in
collisions of heavy nuclei, remains elusive (5).
Quantum simulators open up a way forward
to address this long-standing problem. In re-
cent years, there has been much progress in
the engineering of gauge theories using var-
ious quantum resources such as trapped ions
(6, 7), cold atomic gases (8-12), arrays of Rydberg
atoms (13, 14), and superconducting qubits
(15, 16). Such tabletop platforms can give ac-
cess to a plethora of observables with high
resolution in time and space. However, the
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simulation requires a large-scale system to
incorporate the many degrees of freedom re-
quired for the complex quantum field dynam-
ics. In addition, because gauge theories are
governed by local symmetries, the engineering
of the many gauge constraints at each point in
space and time during a nonequilibrium evo-
lution provides a major challenge.

Here, we performed quantum simulations
of the far-from-equilibrium dynamics of a U(1)
symmetric gauge field theory and demonstrate
the emergence of thermal equilibrium properties
at late times. To achieve this, we used a large-
scale Bose-Hubbard quantum simulator (8) and
precisely controlled the highly excited states
relevant for the nonequilibrium dynamics of the
gauge theory. The system couples fermionic
matter through dynamical gauge fields in one
spatial dimension and uses a discrete “quantum-
link” (7) representation, which is also discussed
in condensed matter physics (I8, 19) and in the
context of particle physics (20, 21).

Exploiting the full experimental tunability
of the Bose-Hubbard model parameters, we
explored the influence of the gauge-symmetry
constraints on the evolution and established
the thermalization dynamics of the U(1) gauge
theory. After quenching from gauge-invariant
initial states far from equilibrium, we ob-
served emergent many-body oscillations through
the dynamical annihilation and creation of
fermion pairs. We demonstrated an effective
loss of information about the system’s initial
state by starting from different initial con-
ditions with the same conserved quantities
and observing relaxation toward a common
steady state at longer times. These thermal-
ization dynamics are illustrated in Fig. 1A.

The unitary dynamics of the one-dimensional
lattice gauge theory is governed by the
Hamiltonian

H gauge —

K /. A ~ ~F oA
Z {5 (Wlsf.m‘l’m + H-C~) + m‘lf;‘h}
7

where j{") are fermionic field operators (22)
on matter site 7 with mass m; S‘l*l(g) are spin-
1/2 raising (lowering) operators for the gauge
fields on the link between matter sites /and 7 + 1;
and interaction ~k represents the annihilation
(or creation) of a pair of fermionic charges on
neighboring sites with a concomitant change
of electric flux Ey; . = (—1)'"'S7,,, on the
gauge link in between, such that gauge in-
variance is retained. The model is realized
within a subspace of our quantum simulator,
which is described by a tilted Bose-Hubbard
Hamiltonian with a staggered potential (see

Eq. S5 for details). It is characterized by direct
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Energy density >

Gauge theory
dynamics

Gauge theory
equilibrium

[ IMatter fields

C (matter)
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(fimatter)
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¢
%
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Fig. 1. Quantum simulation of gauge-theory
quench dynamics. (A) Schematic nonequilibrium
evolution to the steady state. Under the constrained
(gauge) condition, we found that different initial
states with the same energy density evolved toward
a common thermal state of the gauge theory.

(B) Quantum simulator for the gauge theory. Matter
and gauge fields are represented by occupations
of bosonic atoms in an optical superlattice. Charges
are illustrated as red (positive) and blue (negative)
circles, and electric flux is shown as yellow arrows.
On matter sites, the presence of an atom signals a
corresponding charge in the gauge theory. To illustrate
Gauss's law, we indicated locally gauge-invariant
configurations around even (green boxes) and odd
(blue boxes) matter sites (see also fig. S1).

(C) Evolution of the matter density measured

by in situ imaging. Top: Starting from the initial
state with unity-filled matter sites (Amatter) = 1
(see inset), we observed a fast decay of the matter
density (Amatter) for “violent” quenches (m/x = 0)
in our 71-site quantum simulator. Bottom: Evolution
of matter density (averaged over 36 matter sites
of the superlattice). Error bars indicate SDs.
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tunneling strength J, staggered potential pa-
rameter §, linear potential A, and on-site in-
teraction U, as indicated in Fig. 1B. We used a
Jordan-Wigner transformation to replace the
fermionic fields in Eq. 1 with bosonic atoms
[see (23) for derivational details].

‘We Kkept matter and gauge fields as dynam-
ical degrees of freedom each represented by
appropriate site occupations of atoms in an
optical superlattice. Gauge symmetry is en-
forced by suitable energy penalties constrain-
ing the system to a gauge-invariant subspace
of the quantum simulator (24-26). For J « 8, U,
and a linear potential A = 57 Hz, we suppressed
both direct and long-range tunneling and real-
ized the gauge theory at second-order in
perturbation theory (22). We identified the
gauge-invariant interaction with a correlated
annihilation of two atoms on neighboring
matter sites to form a doublon on the gauge
link in between (and reverse) (Fig. 1B). The
mass of the fermion pair is set by the energy
balance of this process as 2m = 26 - U and the
interaction strength is given by x = 8/2J2 /U
close to resonance (m ~ 0).

To describe the nonequilibrium evolution of
a gauge theory, it is essential to also respect
the gauge symmetry in the initial state. In
Fig. 1, we show examples of such initial states,
which can be prepared in the present appara-
tus (8). We started the experiment with an
array of 36 near-unity-filling chains of *’Rb
atoms in the hyperfine state F = 1, my = -1.
The individual chains extend over 71 sites of
an optical superlattice, which is formed by the
superposition of a short lattice (spacing a, =
383.5 nm) and a long lattice (spacing a; =
767 nm). Using the full tunability of super-
lattice configurations and the recently devel-
oped spin-dependent addressing technique
(27), we removed all atoms on odd (gauge)
sites, rendering only the even (matter) sites
singly occupied in the initial state. The result-
ing state corresponds to the ground state of
Eq.1for x = 0 and m < 0, and is characterized
by empty gauge sites and unity filling on
the matter sites (matter) = 1, Where (R matter) =

Zjem(ﬁj) /L is the average number of bo-

sonic atoms over the L, even sites.

After the initial-state preparation, the atoms
were isolated in deep lattice wells (J, k¥ = 0). To
initiate the dynamics, we first tuned the super-
lattice configuration such that potential minima
of the two lattices were aligned, creating the
staggered potential. The quench was then in-
itiated by tuning the laser intensities to realize
the desired values of ¥ and m, which can be
chosen from a broad range. Subsequently,
the system undergoes coherent many-body
oscillations. After a certain evolution time,
we rapidly ramped up the lattice depth along
the x-axis to 60E, within 0.1 ms to freeze the
dynamics, where E, = h%/(8mpg,a?) is the re-
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coil energy, mgy, the atom mass, and A Planck’s
constant. We then used the same site-selective
addressing technique and read out (Zamatter)
with in situ absorption imaging. Each data
point was measured by averaging more than
six realizations of the experiment. We show
corresponding in situ experimental data in
Fig. 1C for evolution times ¢ < 150 ms, with x =
14.5 Hz and m = 0. For a broad range of model
parameters, we observed that the system re-
laxed toward a steady state after only a few os-
cillations. The oscillation frequency was mildly
affected by the inhomogeneous Gaussian pro-
file of the optical trap toward the edges (AU ~
10 Hz). Overall, the system retained a high
degree of homogeneity throughout the tracta-
ble evolution times, as demonstrated in Fig. 1C.
In Fig. 2, we show the system evolution for
the most “violent” quench to m/x = 0, corre-
sponding to U = 28. In Fig. 2A, the real-time
dynamics at various microscopic Bose-Hubbard
parameters, which all map to the same m/x
but with different strengths of the gauge con-
straint (cases 1 to 3), is compared with theo-
retical estimates. The top panel shows a result
for the ideal gauge field dynamics obtained
through exact diagonalization of the Hamil-
tonian in Eq. 1 for a smaller system with 18
matter sites. The bottom panels give the ex-
perimental results for the observable along
with numerical estimates based on the time-
dependent density matrix renormalization
group (--DMRG) (28, 29) for a Bose-Hubbard
chain of 32 sites, which show good agreement.
In the gauge-theory regime (case 1), we used
the damped-sine fitting at later times (23) to
extract the damping rate y, which was found
tobey™ = 63 + 9 ms (experiment) and 64.4 +
0.4 ms (-DMRG). Earliest times can be sensi-
tive to small differences in initial conditions.
The different levels of constrained dynamics
were realized by tuning the Bose-Hubbard
parameters from 6/J = 1 (case 3) to 8/J = 16
(case 1). This is reflected in the gauge violation
1, which tends to zero in the gauge-theory
regime (case 1). It is defined as the odd atom
number expectation value on gauge sites,

n= Zjeg (njmod2)/Lg, where L, is the num-

ber of odd (gauge) sites (23). We measured this
probability by removing pairs of atoms in the
same well with a photoassociation laser, fol-
lowed by selectively addressing the gauge links
for imaging. We used n as a measure to validate
our quantum simulation of the gauge theory,
finding a controlled decrease from large viola-
tions in case 3 toward n = 0 in case 1 (Fig. 2, A
to D). To characterize the dynamics as a func-
tion of the staggering parameter §/.J, which is
used to enforce the gauge constraint, we ex-
tracted the oscillation frequency of the matter
density with a damped-sine fit. In Fig. 2B, our
results show a fast approach toward the gauge
theory upon increasing 5/.J.

We further investigated the role of the
gauge constraint in the relaxation dynamics
of the gauge theory by considering quenches
to nonzero values of the mass m. This amounts
to regions away from the resonance line char-
acterized by U = 26 (Fig. 2C), where the an-
nihilation of fermion pairs is strongest. For
m = -0.8k, the resulting time evolution is dis-
played in Fig. 3 with both weakly (5/J ~ 2) and
strongly constrained (8/J ~ 11) dynamics
shown. Here and in the following, we focus
on a region of interest of 50 chains each with
an extent of 50 sites. This mitigates the ef-
fects of a slightly inhomogeneous trap. We
compared the strongly constrained dynam-
ics with the thermal prediction of the gauge
theory, finding agreement within experimen-
tal precision at late times. By contrast, the
unconstrained system evolves toward a very
different state, characterized by a thermal
ensemble of the Bose-Hubbard system away
from the gauge-theory regime. In Fig. 3, the
thermal predictions have been obtained from
a numerical evaluation of the correspond-
ing microcanonical and canonical ensem-
bles. We extracted the temperatures from the
latter, as shown in Fig. 3, by fixing their (con-
served) energy density to that of the pure
initial state (23).

As a next step, we investigated the role of
the initial state in the thermalization dynamics
of the gauge theory. If the system approaches
thermal equilibrium, then the late-time behav-
ior is entirely characterized by conserved
quantities. The tunability of the Hubbard
parameters allowed us to access a broad
range of gauge-symmetric initial states with
an adiabatic ramp, ranging from the fully
filled state ((Zmatter) = 1) to states in which a
large fraction of fermion pairs have been an-
nihilated ((72matter) *0.21) (8) (Fig. 4A). For the
quench dynamics, we compared initial states
with the same energy density with respect to
the quench Hamiltonian (Fig. 4B). To achieve
this, we numerically followed the experimen-
tal sequence and determined suitable ramp
times as outlined in Fig. 4A for two values of
m/x = -0.8 and m/x = 0 (23). For m/x = 0, the
initial states with the same energy density
were prepared with the ramp times 1.2 and
20 ms, corresponding to (matter) = 1 and
(Romatter) = 0.21, respectively. For m/x = 0.8,
the ramp times were 0 and 6.8 ms, corre-
sponding to the initial states of (2matter) = 1
and (R matter) = 0.71 The ensuing dynamics were
characterized by transient many-body oscilla-
tions, in which the different initial states relax
to a common steady state at long times (Fig. 4,
Cand D). During the evolution, the information
about initially different matter densities is seen
to be effectively lost in the quantum many-body
system. We again found the long-time steady
states to be well described by gauge-invariant
thermal ensembles with the same conserved
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Fig. 2. Controlled approach to gauge-theory dynamics. (A) Time evolution

in the quantum simulator with and without gauge-theory constraint. The experiment
describes the ideal gauge-theory dynamics (top panel) well for case 1 (U, & » J),
whereas cases 2 and 3 deviate from these dynamics. The gauge violation, defined
as a forbidden odd occupation of gauge sites, decreased from case 3 to case 1
and remained bounded throughout the tractable evolution dynamics. Solid
curves are numerical t-DMRG results (23). (B) Frequency of many-body
oscillations. The experiment (fe,,) showed a fast approach toward the gauge

charges as the initial state. We observed these
thermalization dynamics for different values
of couplings in the gauge theory. Specifi-
cally, for m = 0, our initial states were dis-
tributed symmetrically around the center
of the energy spectrum (23). In this case, there
was a fast effective loss of initial-state mem-
ory, and the experiment relaxed to the steady-
state value of the infinite-temperature state
(Fig. 4, B and C).

Effectively irreversible behavior, such as
thermalization from an underlying reversible
time evolution, emerges in general in non-
integrable models for local observables and
typical initial states (4). Despite the non-
integrability of the U(1) quantum link model
(14, 30, 31), certain fine-tuned quenches give
rise to weak ergodicity breaking because of the
presence of special eigenstates in the spectrum
of the quench Hamiltonian (74, 30). This could
manifest in persistent oscillations around the
thermal-ensemble prediction (73). Currently,
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the level of control in our experiment limits us
from probing such possible behavior, in part
because of an inherent residual inhomoge-
neity across the lattice. Thus, in our exper-
iment, we observed equilibration to close to
the thermal equilibrium value for all of the
quenches that we performed.

Our work creates a pathway for addressing
emergent dynamical phenomena in gauge
theories, such as the Schwinger effect (32),
dynamical topological quantum phase transi-
tions (33), and string breaking (34, 35) in
strong fields (36). The approach lays also the
foundations for the exploration of more com-
plex, higher-dimensional gauge theories using
state-of-the-art quantum technology (37).
An important next step toward applications
for gauge theories such as quantum electro-
dynamics, or maybe even quantum chromo-
dynamics, is a faithful extension of the discrete
quantum-link representation toward continu-

ous variables (9, 38, 39). To this end, current
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theory (fgauge) for increasing staggering strength 8. The oscillation frequency was
extracted as the lower frequency of a fitted dual-frequency damped-sine
function [see (23) for details]. (C) Two-dimensional parameter space. The late-
time (t =120 ms) matter density was independently scanned over two Hubbard
parameters. The dashed white line indicates the resonance condition
(m =0« U=28) applied to all the quench evolution data in the figure. (D) Steady-
state gauge violation. The time-averaged gauge violation 7 falls off toward zero
for the strongly constrained system with U/J » 1.
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Fig. 3. Thermalization dynamics with and

without the gauge-symmetry constraint. We

investigated the real-time evolution of two datasets

toward a late-time steady state for constrained

(blue) and unconstrained (red) dynamics. Dashed
lines show exact-diagonalization predictions from

canonical thermal ensembles for the gauge theory
(blue) and the Bose-Hubbard model (red) with the

same energy density (23). Insets show relevant
processes with (top) and without (bottom) the

gauge-symmetry constraint.

3 of 4



RESEARCH | REPORT

Al...o o

1 m ), 3 0 A(m=0)
i d %
< i ?CD -50 0
L %t e # o o
& i i ®®® lll@e,@lll Q Q@
i i elope Q& ;:i
OpY + V: 1 | 1 1
I 20
Preparation time 7 (ms)
B Energy D
kgT/h
adensity (k) ‘/. () (}
|  H(m=0) |
& i
H(m = —0.8x) c}
----------------- »t4.6
0.79
0
0
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for the adiabatic ramp with preparation time t and corresponding mass
parameter mpe/x as shown in the inset. (B) Schematic of the evolution toward
thermal equilibrium. For each of two sets of quench parameters (m = 0 and

m = -0.8x), we chose two initial states with equal energy density. The resulting
steady states in the wake of the quenches starting in these two initial states were

implementation schemes should be extended
to higher spin representations and scalable,
higher-dimensional setups (40).
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WATER STRUCTURE

Visualizing Eigen/Zundel cations and their
interconversion in monolayer water on

metal surfaces

Ye Tian'{, Jiani Hong't, Duanyun Cao®31, Sifan You*t, Yizhi Song?, Bowei Cheng', Zhichang Wang?,
Dong Guan’, Xinmeng Liu®, Zhengpu Zhao', Xin-Zheng Li>78, Li-Mei Xu'®®, Jing Guo®*, Ji Chen®2*,

En-Ge Wang681%%, Ying Jiang"6811

The nature of hydrated proton on solid surfaces is of vital importance in electrochemistry,

proton channels, and hydrogen fuel cells but remains unclear because of the lack of atomic-scale
characterization. We directly visualized Eigen- and Zundel-type hydrated protons within the
hydrogen bonding water network on Au(111) and Pt(111) surfaces, using cryogenic qPlus-based
atomic force microscopy under ultrahigh vacuum. We found that the Eigen cations self-assembled
into monolayer structures with local order, and the Zundel cations formed long-range ordered
structures stabilized by nuclear quantum effects. Two Eigen cations could combine into one
Zundel cation accompanied with a simultaneous proton transfer to the surface. Moreover, we
revealed that the Zundel configuration was preferred over the Eigen on Pt(111), and such a

preference was absent on Au(111).

ydrated protons are ubiquitous in solu-

tions and involved in a variety of physical,

chemical, biological, and energy-related

processes (1-9). The solvation of hydrated

proton lies at the heart of acid-base re-
actions (10), enzymatic functions (71), proton
channels (12, 13), and hydrogen-fuel cells
(7, 14). Despite tremendous theoretical and
experimental efforts, the nature of hydrated
proton in water has been under long-standing
and lively debate, mainly because of the lack
of comprehensive atomic-level understand-
ing. In particular, the solvation and dynamics
of hydrated protons at water-solid inter-
faces are highly relevant to the key features of
electrochemical reactions, such as hydrogen
evolution reaction (HER) (15, 16). Whether
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the hydrated protons are stable and in what
forms they exist still remain unclear, hinder-
ing a deeper understanding on the detailed
reaction pathways on different electrodes
16, 17).

Many different forms of hydrated protons in
water have been reported, among which the
Zundel cation (H;0, ") (I18) and the Eigen cation
(HoO.") (19) are the most representative ones.
However, the configuration of Zundel and
Eigen cations in bulk and interfacial water
has been experimentally elusive. Vibrational
spectroscopy, which is sensitive to hydrogen
(H) bonding strength and dynamics, has been
used to identify the molecular structure of hy-
drated proton (20-24). Nevertheless, the
spectral approach is inefficient because
of the transient nature of hydrated protons
and extremely diffuse vibrational signatures.
Although this problem can be largely avoided
for probing protonated gas-phase clusters
(25-27), the obtained knowledge of an iso-
lated cluster is not necessarily applicable to
extended H bonding networks and inter-
facial systems, in which multiple interactions
usually compete.

Recently, qPlus-based atomic force micros-
copy (AFM) (28) with a carbon monoxide (CO)-
terminated tip has been successfully applied
to probe interfacial water and hydrated alkali
ions with submolecular resolution in a nearly
noninvasive manner (29-31), on the basis of
delicate high-order electrostatic forces. The
proton affinity of individual surface hydroxyl
was also directly quantified with an OH-
terminated tip (32). However, imaging and
identifying hydrated protons within the H
bonding network of water remain a great
challenge because of the high similarity be-
tween the hydronium (H;0") and the water

molecule (H,0). In this work, we further
improved the resolution and sensitivity of
the qPlus-AFM [figs. S1 and S2 and supple-
mentary materials (SM)], so that the Zundel
and Eigen cations could be directly visual-
ized and distinguished within the mono-
layer water on metal surfaces at 5 Kunder
ultrahigh vacuum.

Scanning tunneling microscopy (STM) im-
ages of the coadsorbed deuterium (D) atoms
and D,O molecules on Au(111) surface are
shown in Fig. 1A (SM, materials and methods).
The substitution between H and D had a neg-
ligible effect on the structures of hydronium-
water layers. Most of the results shown in the
current work were done with D because of the
higher stability of D-doped D,O layer under
the scanning. The D atoms were ionized by
transferring electron charge to the Au sub-
strate and water molecules (figs. S3 and S4).
The ionized D* and D,O molecules could self-
assemble into a two-dimensional (2D) island
with a monolayer height (Fig. 1A, bottom right,
and fig. S5), which exhibited a honeycomb
structure commensurate with the Au(111) lat-
tice (Fig. 1A, bottom left). However, it is chal-
lenging to identify hydronium ions (D;0")
solvated in the H bonding network of water
from the STM images. The height-dependent
AFM images and simulations of the 2D
hydronium-water structure are shown in Fig.
1, B to D. At the large tip height, the hydro-
nium ions were visualized as individual pro-
trusions with random distribution mainly
through the high-order electrostatic force
(Fig. 1B, top, and fig. S6) (29, 31). The zoomed-
in AFM image clearly indicates that each
bright protrusion was surrounded by three
symmetric depressions (Fig. 1B, orange dashed
curves). Such a feature is consistent with the
structure of D30, in which the negatively
charged O and positively charged D yield op-
posite force contrast. When the tip approached
the surface, so that the Pauli repulsive force
dominated (33, 34), the bright protrusion
evolved into a three-pointed star (Fig. 1C, top).
At the smallest tip height, the hexagonal H
bonding skeleton of water appeared, and the
hydronium ion was imaged as a depression
feature owing to the relaxation of the CO tip
(Fig. 1D, top).

Although the distribution of hydronium ions
has no long-range order, the distance between
them was typically 505 and 569 pm, corre-
sponding to the meta-site and the para-site
of the hexagonal water ring, respectively (fig.
S7). To gain insights into the structure of the
solvated hydronium, we constructed a peri-
odic structure that consists of para-hydronium
(Fig. 1E). Such a structure was energetically
stable (fig. S8) and could be considered as
the self-assembly of Eigen cations (DgO,"), in
which one flat hydronium ion at the center is
H bonded with three water molecules (19).
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Fig. 1. Atomic structure of self-assembled Eigen-water monolayer on Au(111)
surface. (A) Overview STM image of the Eigen-water layer formed on Au(111)
surface after coadsorption of D atoms and water molecules (D,0) and subsequently
annealing at 120 K. (Bottom) Zoom-in STM images of the hydronium-water
island, showing the hexagonal honeycomb structure (left) with the height of
~1.5 A (right). STM set point, 100 mV and 50 pA. (B to D) Height-dependent
AFM images and simulations of the hydronium-water layer, obtained at the
tip heights of (B) (top) 50 pm and (bottom) 12.04 A, (C) (top) =80 pm and (bottom)
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The yellow dashed curves indicate three symmetric depressions induced by the
positively charged hydronium. (E) Top and (F) side views of the schematic
structures of the periodic Eigen-water monolayer with Eigen cations residing at the
para-site of the hexagonal water ring. The height difference between hydronium
ion and water molecule is indicated in (F). The tip heights in AFM images are
referenced to the STM set point on the Eigen-water layer (100 mV and 50 pA).
The tip heights in AFM simulations are defined as the vertical distance between the
apex atom of the metal tip and the outmost atom of Au substrate. Au, H, and O

10.89 A, and (D) (top) -150 pm and (bottom) 10.29 A. (Middle) Zoom-in AFM
images and the simulations of a single Eigen cation in the 2D hydronium-water layer.

Density functional theory (DFT) calculation
revealed that the central hydronium ion was
~64 pm higher than the neighboring water
molecules, which were in an H-down config-
uration because of the negatively charged
surface (Fig. 1F). The simulated AFM images
(Fig. 1, B to D, bottom, and fig. S6) agreed well
with the experimental ones (Fig. 1, B to D, top,
and fig. S6), further validating the assign-
ment of the Eigen cations. The introduction
of meta-hydronium may break the long-range
order and led to local defects (Fig. 1D, top,
red arrow).

A more ordered structure could form when
dosing D at higher coverages (Fig. 2). The
STM image (Fig. 2A) showed a similar honey-
comb structure as the one in Fig. 1A, but with a
larger apparent height (Fig. 2A, bottom right,
and fig. S5) and a smaller lattice constant
(table S1). The AFM images (Fig. 2, B to D,
and fig. S6) at the large and intermediate tip
heights exhibit a dimer-like structure with a
long-range 3 x 3 periodicity (Fig. 2, B and C,
top), with a domain size up to 900 nm? (fig.
S10). At the smallest tip height, a honeycomb
structure was observed (Fig. 2D, top). It is
straightforward to infer that such a structure
may arise from the dimerization of the ortho-
site hydronium ions, so that the two flat water
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molecules share an extra D* in a symmetric
H bonding configuration (Fig. 2E), corre-
sponding to the Zundel cation (D;0,") (18).
The Zundel cation together with four neigh-
boring H-down water molecules formed a
basic unit (D;30¢"), which then self-assembled
into a perfect 3 x 3 structure (Fig. 2E and
fig. S9).

To further explore the stability of the Zundel-
water monolayer, we performed detailed path
integral molecular dynamics (PIMD) simula-
tions based on DFT calculations, which in-
clude the nuclear quantum effects (NQEs)
explicitly (SM, materials and methods, and
table S2). These results showed that the forma-
tion of the Zundel cation was closely related
to the NQEs (7), which significantly promoted
the proton delocalization between the water
molecules (Fig. 2E and figs. S11 to S13). The
Zundel cation in the configuration based on
the PIMD had a ~72 pm larger height than
that of the H-down water molecules (Fig. 2F),
which is similar to the case of Eigen configu-
ration. The AFM simulation of such a configu-
ration (Fig. 2, B to D, bottom, and fig. S6) nicely
reproduced the AFM features observed in the
experiment (Fig. 2, B to D, top, and fig. S6).
The evidence of the symmetric H bond could
be clearly seen in Fig. 2B, in which the depres-

atoms in the H-down water molecules are indicated with yellow, white, and red
spheres, respectively. O atoms in the hydronium are indicated with blue spheres.

sion feature arising from the shared D* was
located exactly at the center of each dimer
(Fig. 2B, middle, red arrows). Without consid-
ering the NQEs, the Zundel cation became un-
stable and relaxed to the Eigen configuration,
which showed a distinct asymmetric dimer
feature in the AFM simulation (fig. S14:). Con-
sequently, the perfect agreement between the
experimental results and the simulated AFM
images indicated that the resolution of our
qPlus-AFM was high enough to distinguish
between the Eigen and Zundel cations, in which
the position of protons along the H bond only
differed by ~0.2 A.

Although both the Eigen-type (HyO,") and
Zundel-type (H;;04") clusters are stable spe-
cies in the gas phase (26), their self-assembly
at the interface has not been reported before.
The lattice constant of the Zundel-water layer
is smaller than that of the Eigen-water layer
(table S1), suggesting that the inter-Zundel-
cluster H bonding strength in the Zundel-water
layer should be larger than that in the Eigen-
water layer. Such a difference may arise from
the stronger intracluster H bonds within the
Eigen cluster, which weakened the interclus-
ter H bonds (table S3). We have observed iso-
lated DgO,." clusters on the surface, and isolated
Dy304" were absent (fig. S15). Furthermore, we
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Fig. 2. Atomic structure of self-assembled Zundel-water monolayer on Au(111)
surface. (A) Overview STM image of the Zundel-water island. (Bottom) Zoom-in
STM images, showing the hexagonal honeycomb structure (left) with a height of
~1.7 A (right). STM set point, 100 mV and 50 pA. (B to D) Height-dependent
AFM images and simulations of the Zundel-water layer, obtained at the tip
heights of (B) (top) 50 pm and (bottom) 12.14 A, (C) (top) =40 pm and (bottom)
11.69 A, and (D) (top) -180 pm and (bottom) 10.49 A. (Middle) Zoom-in AFM
images and the simulations of a Zundel-type cation in the 2D Zundel-water layer.
(E) Top and (F) side views of the schematic configurations of the Zundel-water
layer with a long-range 3 x 3 periodicity obtained with PIMD simulations. The

found that the interaction between the Zundel-
water layer and substrate was weaker than
that with the Eigen-water layer (table S3),
which was consistent with the observed larger
height of the Zundel-water layer (Figs. 1A
and 2A and fig. S5). The height difference
may result from the weaker inter-Eigen H
bonds and the larger density of hydronium
in the Eigen-water layer, which could cause
a stronger electrostatic attraction between
the Eigen-water layer and the substrate (fig. S4
and table S3).

To explore the dynamics of hydronium ions
at the interface, which is essential for under-
standing the HER process (35), tip manipula-
tion experiments were carefully performed.
The interconversion between the Eigen and
Zundel cations induced by the tip is shown in
Fig. 3. We applied a voltage pulse on one Zundel
cation in the 3 x 3 structure (Fig. 3, A and B,
dashed ellipse), leading to the formation of
two Eigen cations at the meta-sites (Fig. 3, D
and E). The water molecules shared by two
hydronium ions after the conversion are in-
dicated with arrows in Fig. 3, E and F. In par-
ticular, the water molecule (Fig. 3, E and F,
yellow arrow) formed a Bjerrum D-type defect
with the neighboring water molecule, whose
apparent bond length (300 pm) is larger than

Tian et al., Science 377, 315-319 (2022) 15 July 2022
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that of the intact H bonds (280 pm) (36).
Those water molecules showed different fea-
tures from the others, which could be re-
produced well with AFM simulation (fig. S16).
By applying another voltage pulse, the two
Eigen cations could convert back to the Zundel
cation.

The interconversion between two Eigen cat-
ions and one Zundel cation could only be pos-
sible when the D* transfer occurred not only
between the water molecules but also between
the water layer and the surface (Fig. 3, G and
H). As voltage pulses were applied, the D-down
water molecule shared by the two Eigen cat-
ions transferred the downward D* to the
surface and simultaneously accepted the D*
transferred from the adjacent hydronium,
leading to a flat-lying water molecule and an
adsorbed D atom on the surface (D*). Then,
the flat water molecule accepted a D* from
the other adjacent hydronium and formed
a symmetric H bond, finally resulting in a
stable Zundel+D* configuration (figs. S17
and S18). This conversion from two Eigen
cations to the Zundel+D* could be also evi-
denced in the temperature-dependent ex-
periments (fig. S19). We found that an Eigen
cation could neither convert to a Zundel
cation without involving interfacial proton

Sim. (10.49 A)

height difference between hydronium ion and water molecule is indicated in (F).
The rhombuses in (C) and (E) indicate the 3 x 3 unit cells. The asymmetry of
dimers in (B) was caused by the tip asymmetry (fig. S10). The red arrows in
(B) indicate the depression feature at the center of each dimer. The black arrow
in (E) indicates the shared proton in the Zundel cation. The tip heights in AFM
images are referenced to the STM set point on the Zundel-water layer (100 mV
and 50 pA). The tip heights in AFM simulations have the same reference and
definition as shown in Fig. 1. Au, H, and O atoms in the H-down water molecules
are indicated with yellow, white, and red spheres, respectively. O atoms in the
Zundel cation are indicated with blue spheres.

transfer nor donate its extra proton to the sur-
face without the help of an additional Eigen
cation (fig. S18). Therefore, the formation of
Zundel cation and interfacial proton transfer
were always coupled together. Such a process
(from two Eigens to Zundel+D¥*) actually
corresponds to a previously unknown path-
way of Volmer step in HER (37), which may
greatly facilitate the subsequent Heyrovsky
reaction (38).

To explore how general those results ob-
tained on Au(111) could be, we performed sim-
ilar investigations on Pt(111), which is more
reactive and hydrophilic than Au(111). It is well
known that water forms a /37 x /37 mono-
layer on Pt(111) (39, 40), consisting of penta-
gons, hexagons, and heptagons (Fig. 4A). When
the dosed D coverage was low, individual
Zundel cations appeared locally in the /37 x
/37 phase (Fig. 4D, red arrows). As the D cov-
erage increased, the V37 x /37 phase grad-
ually transformed into a /57 x /57 phase (Fig.
4B), and the density of Zundel cation also in-
creased, accompanied with the occasional ap-
pearance of Eigen cation (Fig. 4E, yellow
arrows). The /57 x +/57 phase finally changed
to a honeycomb structure at high D coverages
(Fig. 4C), where the Zundel cations formed
multiple 3 x 3 domains and the Eigen cations
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Fig. 3. Tip-induced interconversion between the Eigen and Zundel cations.

(A to F) [(A), (B), (D), and (E)] Height-dependent AFM images and [(C) and (F)]
the schematic H-bonding arrangements of [(A) to (C)] the ordered Zundel cations

and [(D) to (F)] the tip-induced Eigen cations in the hydronium-water layer. Experimental
AFM images were recorded at the tip heights of [(A) and (D)] =50 pm and [(B) and
(E)] =180 pm. The red dashed ellipses in (A), (B), (D), and (E) and the black dashed

rectangles in (C) and (F) indicate the transition from a Zundel cation (dimer) to two
Eigen cations (monomer). The gray and yellow arrows in (E) indicate the AFM features

-6.73 Hz -36.98 Hz

Fig. 4. Hydronium-water overlayer on Pt(111) surface. (A to C) STM
topography and (D to F) the corresponding AFM images of the hydronium-water
overlayer on Pt(111) surface obtained with increasing D coverages. The rhombuses
in (A), (B), and (F) indicate the v/37 x v/37, v/57 x v/57, and 3 x 3 unit cells,
respectively. STM set points on Pt(111) are (A) 100 mV and 20 pA, (B) 100 mV and
50 pA, and (C) 50 mV and 40 pA. Experimental Af images were recorded at the tip
heights of (D) 80 pm, (E) 100 pm, and (F) O pm, respectively. In (D) to (F), the red
and yellow arrows indicate the dimer and monomer features, respectively,
corresponding to the Zundel- and Eigen-type cations. In (A) and (D), the red dashed

Tian et al., Science 377, 315-319 (2022) 15 July 2022

-18.25 Hz

induced by the H-down water molecules shared by the hydroniums at the meta-sites
[(F), gray arrows] and the one at the Bjerrum D-type defect [(F), yellow arrow],
respectively. (G and H) Schematic models of the interconversion between the Zundel-
type and Eigen-type cations. Au, H, and O atoms in the H-down water molecules

are indicated with yellow, white, and red spheres, respectively. O atoms in the Zundel
and Eigen cations are indicated with blue spheres. The red arrows indicate the
proton transfer pathway during the transition. The tip heights in AFM images are
referenced to the STM set point on the Zundel-water layer (100 mV and 50 pA).
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circles indicate the D-up water molecule, showing as bright protrusions in both
STM and AFM images. (G) Density correlation between the Eigen and Zundel on
the Au(111) and Pt(111) surfaces at different proton/water ratios (0.01 to 0.45)
and different annealing temperature (110 to 145 K), obtained from 35 different
samples for Au(111) and 30 different samples for Pt(111). The red and blue

shaded areas indicate Eigen- and Zundel-dominant regions, respectively. The
vertical dashed line indicates where the Zundel/water ratio equals to 0.13. The
diagonal dashed line indicates where the ratios of Zundel/water and Eigen/water
are equal.
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mainly located at the domain boundaries
(Fig. 4F and figs. S20 and S21). We could
also achieve the interconversion between two
Eigen cations and one Zundel cation on Pt(111)
through tip manipulation (fig. S22), suggest-
ing that there was a D* under the Zundel cat-
ion (Zundel+D¥).

Although the Eigen and Zundel cations
could form the similar monolayer structure on
Pt(111) and Au(111), there are still some differ-
ences between these two surfaces. In Fig. 4G,
we plot the density correlation between the
Eigen and Zundel cations (figs. S21 and S23),
in which two main features could be iden-
tified. First, there was a clear transition from
the Eigen to Zundel structure on Au(111), and
the Zundel was always preferred on Pt(111). The
density correlation followed the same be-
havior for both surfaces when the ratio of
Zundel/water was larger than 0.13. Second,
the Eigen and Zundel structures could exist
even at very low densities on Pt(111), and for
Au(111), a minimum density of Eigen and
Zundel was needed to stabilize the mono-
layer. Those distinct features could be under-
stood through the theoretical analysis of
thermodynamic stability of the Eigen and
Zundel phases in terms of the H chemical
potential, which shows that the transition
point from the Eigen phase to the Zundel
phase on Pt(111) shifts to considerably lower
H potential than that on Au(111) (fig. S24). The
lattice constant of Pt(111) is smaller than that
of the Au(111), thus favoring the delocaliza-
tion of the extra proton between the water
molecules and stabilizing Zundel over Eigen
(table S1). The preference of Zundel+D* con-
figuration on Pt(111) could be also related to
the stronger Pt-D interaction. In addition, the
stronger interaction between the Pt(111) and
water could help to stabilize the hydrated
protons at small densities.

Our results may provide new insights into
the different reaction kinetics of HER on
Au(111) and Pt(111) surfaces. On Au(111), the
Eigen configuration was dominant, and the
Zundel only appeared when the Eigen den-
sity became sufficiently large, and the Zundel
configuration was always preferred on Pt(111)
regardless of the proton density. This sug-
gested that distant hydrated protons were
more inclined to combine on Pt(111), thus
facilitating the production of H,. At low
Zundel density, the Zundel+H* configuration
on Pt(111) may allow efficient H, evolution
through the Heyrovsky reaction pathway.
However, at high Zundel density, the cover-
age of H* on the Pt(111) was also increased,
which promoted the Tafel reaction pathway
(41, 42). This feature may provide microscopic
insights into the behavior of reaction Kinetics
on Pt(111) as changing the electrochemical
potential (the proton density near the sur-
face) (43).

Tian et al., Science 377, 315-319 (2022) 15 July 2022

The formation of stable Eigen and Zundel
cations is expected to be general on other
noble metal surfaces with different reactivity.
We have observed similar Eigen and Zundel
structures on Ru(0001) and Cu(111) surfaces
(figs. S25 and S26). Our PIMD simulations
showed that the Zundel and Eigen structures
observed in this work remained stable even up
to room temperature despite thermal broad-
ening (fig. S13). Further considering that the
water layers near the liquid-solid interface can
be relatively ordered (ice-like) because of the
prominent metal-water interaction (44), espe-
cially when the electric potential is applied on
the electrode (45), the low-temperature water
monolayers on metal surfaces studied in this
work may provide useful atomic-scale inform-
ation to understand various electrode pro-
cesses in aqueous environments. The coupled
Eigen-Zundel interconversion and interfacial
proton transfer are beyond the known ele-
mentary steps for H, production, which may
help to boost the HER efficiency from a new
perspective.
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Krypton in the Chassigny meteorite shows Mars
accreted chondritic volatiles before nebular gases

Sandrine Péron*1 and Sujoy Mukhopadhyay

Volatile elements are thought to have been delivered to Solar System terrestrial planets late in their
formation through accretion of chondritic meteorites. Mars can provide information on inner Solar System
volatile delivery during the earliest planet formation stages. We measured krypton isotopes in the martian
meteorite Chassigny, representative of the planet’s interior. We found chondritic krypton isotope ratios, which
imply early incorporation of chondritic volatiles. The atmosphere of Mars has different (solar-type) krypton
isotope ratios, indicating that it is not a product of magma ocean outgassing or fractionation of interior
volatiles. Atmospheric krypton instead originates from accretion of solar nebula gas after formation of the
mantle but before nebular dissipation. Our observations contradict the common hypothesis that during
planet formation, chondritic volatile delivery occurred after solar gas acquisition.

errestrial planets acquire their volatile
elements (e.g., hydrogen, carbon, nitro-
gen, noble gases) during formation.
Models of this process often start with
gases derived from the solar nebula (7),
subsequently modified by fractionation during
atmospheric escape and addition of volatiles
from chondritic meteorites either during the
main accretionary phase (2-4) or as a late ve-

Fig. 1. Krypton isotope ratios for Chassigny.
(A) Our measurements of Chassigny are shown as
blue circles with each data point representing

a different temperature step (because of
contamination from Earth's air, the first four steps
were discarded as mentioned in the text and so
are not shown). The compositions of phase Q
(21), AVCC (13), solar wind (SW) (20), and that
of the atmospheres of Earth and Mars are shown
with symbols indicated in the legend. The blue
line is a linear model fitted to the Chassigny

data with the 95% confidence interval shown as
dashed lines. The dotted lines indicate values
obtained by mixing phase Q (purple) and solar
wind (orange) with cosmogenic krypton (13).

The vertical dashed line indicates the 83Kr/2*Kr
ratio that is free of cosmogenic contributions (13).
(B) Same data as (A) but compared with previous
measurements of Chassigny (14, 16, 22). In both
panels, error bars indicate 1o uncertainties.

Figure S1 shows additional details and isotope ratios.

Péron et al., Science 377, 320-324 (2022) 15 July 2022

neer toward the end stages of planet forma-
tion (Z, 5). The exact sources and timing of
these events remain under debate (2-7). For
example, capture of nebular volatiles by plan-
ets is not universally accepted because chon-
dritic signatures are observed for most volatile
elements (2, 5-7). Potential chondritic contri-
butions come from accretion of solid bodies,
originating from the inner Solar System with

compositions similar to that of enstatite chon-
drite meteorites (6) or from the outer Solar
System with compositions like that of carbo-
naceous chondrite meteorites or comets (7, 8).

As aresult of their chemical inertness, noble
gases retain a record of volatile accretion and
the physical processes associated with it. In
Earth’s mantle, helium and neon have solar-
like isotope ratios whereas the heavy noble
gases (argon, krypton, xenon) have isotope ra-
tios that indicate a chondritic origin (2, 4, 9, 10).
These observations can be interpreted as either
simultaneous accretion of solar and chondritic
volatiles or early acquisition of solar volatiles
followed by late addition of chondritic vola-
tiles, provided the latter were mixed into Earth’s
interior (2, 11). Because Mars was mostly formed
during the first 4 million years (Myr) of Solar
System formation (12), it can provide infor-
mation on volatile accretion during the ear-
liest planet formation stages.

The martian meteorite Chassigny contains
trapped noble gases (13) thought to represent
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interior composition of Mars (14-16). Analyses
of xenon isotopes in Chassigny suggest that
Mars’ mantle contains solar-like xenon (14, 15),
and by inference, solar krypton (16). Xenon
in Mars’ atmosphere is mass-fractionated
toward heavy isotopes but is consistent with
an originally solar composition (17, 18). Mea-
surements taken from Mars rovers and martian
meteorites have shown that the atmospheric
krypton isotopic composition is indistinguish-
able from that of solar (7). Therefore, it has
been argued that both the Martian mantle and
atmosphere contain solar noble gases (14-18)
with no indication of a chondritic contribu-
tion, potentially implying that Mars accreted
all of its noble gases directly from the solar
nebula.

However, xenon alone might not reliably
indicate the sources of Mars’ interior volatiles
(19). The light isotopes (**Xe, 2°Xe, 12®Xe, and
130X e)—which are stable and nonradiogenic—
have nearly indistinguishable ratios for solar,
chondritic, and cometary sources. The solar
isotope ratios for the heavier isotopes (**'Xe,
182%e, 1*Xe, and ®*°Xe) are intermediate be-
tween chondritic and cometary sources (8);
further, these isotopes are also produced dur-
ing spontaneous fission of >**Pu (now extinct)
and 28U (still extant) (10).

Krypton isotopes in Chassigny could poten-
tially discriminate between solar and chon-
dritic sources as a result of their larger isotopic
differences: Solar krypton is enriched in the
light isotopes (relative to Earth’s atmosphere)
whereas chondritic krypton is enriched in the
heavier isotopes (20, 2I). However, previous
krypton isotopic measurements of Chassigny
had insufficient precision to distinguish be-
tween solar and chondritic sources (14, 16, 22).
In addition, Chassigny was exposed to cosmic
rays during transit to Earth (11 Myr exposure
age) (14), producing cosmogenic krypton iso-
topes from spallation reactions and partially
masking the signature of trapped krypton (14).

We measured noble gas abundances and
isotope ratios for Ne, Ar, Kr, and Xe in two
separate samples of Chassigny with laser step-
heating (temperature steps between 280° and
1570°C). We specifically developed a protocol
for heavy noble gas separation and multicol-
lector noble gas mass spectrometry (13). The
krypton and xenon isotope ratios in Chassigny
are shown in Figs. 1 and 2, respectively. Numer-
ical values are listed in tables S1 and S2 and
additional isotope combinations are plotted in
figs. S1 to S3.

We find that the krypton data fall on a sin-
gle line, reflecting mixing of cosmogenic gases
with trapped Martian mantle gases (Fig. 1 and
fig. S1). Except for ®°Kr, all Kr isotopes can be
produced in spallation reactions with 2Kr
having the highest production rate (13). We
therefore use the *°Kr/**Kr ratio to evaluate
the source of Martian mantle heavy noble gases.

Péron et al., Science 377, 320-324 (2022)
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By plotting *°Kr/**Kr as a function of 5*Kr/**Kr,
we determine the ®®Kr/®*Kr ratio correspond-
ing to a 83Kr/%*Kr value free of cosmogenic
Kr; the result is the trapped mantle compo-
nent (13).

Similarly, the xenon isotopic data fall on a
mixing line (Fig. 2 and fig. S2) between cos-
mogenic and martian mantle compositions.
The first four temperature steps between 280°
and 575°C (tables S1 to S3) show a large con-
tribution from Earth’s air, with Ne, Ar, Kr, and
Xe isotopic ratios either close to that of Earth’s
air or intermediate between air and the cos-
mogenic value (13). Because these are the ini-
tial low temperature steps they likely represent
shallow contamination of Chassigny by Earth’s
atmosphere (15); further, because the subse-
quent heating steps do not show signs of Earth
air contamination for neon, argon, Krypton, or
xenon we use them to infer the Martian mantle
composition. We discard the first four steps in
our subsequent analysis and discussion.

The 3%Kr/**Kr ratio we measure for the
interior of Mars differs from the solar com-
position but is indistinguishable from av-
erage carbonaceous chondrites (AVCC) (13).
Figure 1 shows that a mixture of solar and cos-
mogenic Kr does not pass through any of the
measured data points, ruling out solar Kr as
the trapped component. The krypton isotopic
data do fall on a mixing line between a chon-
dritic and cosmogenic component (13). Se-
lecting the 3°Kr/®*Kr ratio free of cosmogenic
contributions, we find a martian mantle %°Kr/
84Kr ratio of 0.3085 + 0.0006 (16)—consistent
with the chondritic value (table S1). The AVCC
value seems to be a better match for the
martian mantle composition than phase Q, a
carbonaceous phase that carries most of the
heavy noble gases in chondrites and some-
times appears as the only trapped composi-
tion in achondrites (carbonaceous chondrites
have additional presolar components) (21).
However, we cannot rule out a mixture of
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phase Q gases with a small amount of solar
gases as a potential match for the observed
86Kr/5*Kr value. The similarity of the Mars
mantle ®5Kr/®*Kr ratio to chondritic Kr can-
not result from addition of fission-produced
Kr to solar or cometary Kr (13). Previous Kr
measurements of Chassigny (Fig. 1) precluded
accurate determination of the martian man-
tle composition as these data either have
large uncertainties (14, 16) or consist of a sin-
gle bulk measurement not targeted to deter-
mine the martian interior composition (22).
The 8%Kr/3*Kr ratio we infer for the interior of
Mars is closest to AVCC, so we conclude that
chondritic gases were incorporated into the
interior of Mars.

We find that chondritic noble gas ratios in
the interior of Mars are consistent with the ob-
served elemental abundance ratios—>°Ar/**?Xe
and %*Kr/"®?Xe (Fig. 3)—which are close to
AVCC (13) and phase Q (21) values and con-
sistent with previous results (74, 15). Elemental
abundance ratios can be modified by magma
degassing and gas extraction in the laboratory
(15), leading to variations in Fig. 3. However,
all data points are close to the chondritic value
and are distinct from the solar values as well
as Mars and Earth atmosphere values.

Our xenon measurements are also con-
sistent with chondritic gases in the interior
of Mars. The **Xe/**°Xe ratio in Chassigny is
distinct from the solar composition but close
to the chondritic value and consistent with a
single mixing line (Fig. 2). Extrapolating to an
AVCC 2%Xe/"**Xe ratio of 0.0255 (13) yields a
Mars mantle **Xe/***Xe ratio of 1933 + 0.022
(1c). However, as discussed above xenon iso-
topic compositions are more difficult to inter-
pret as a result of multiple components, and
the cosmic ray contributions for Xe are more
difficult to correct (13). Nonetheless, our Xe
data are consistent with a chondritic compo-
nent though it is not required without incor-
porating the constraints from Kr.

Chondritic Kr and Xe in the martian in-
terior do not preclude acquisition of other
volatile species from the solar nebula. For
example, the ’N/™N ratio of Chassigny could
indicate solar-derived N, although enstatite
chondrites might also be the source (75). Ob-
jects larger than one lunar mass can gravita-
tionally capture an atmosphere from the solar
nebula, which might then be incorporated
into the solid body (7). Although a minor solar
component cannot be ruled out, the lack of
detectable solar Kr in Chassigny precludes in-
corporation of large amounts of solar Kr into
the interior of Mars either through a magma
ocean or by adsorption and burial beneath the
surface during accretion (e.g., ).

Chondritic Kr in the martian mantle con-
trasts with solar Kr in the atmosphere of Mars
(17, 18). Cometary Kr—which is depleted in %°Kr
and %°Kr relative to solar (23)—cannot account

Péron et al., Science 377, 320-324 (2022)
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for the atmospheric Kr, suggesting that it was
acquired from the solar nebula. Acquisition of
the atmosphere from the solar nebula must
have occurred after the interior incorporated
chondritic Kr because otherwise chondritic Kr
signatures would be seen in the atmosphere.
Both interior and atmospheric gases were ac-
creted before the nebular gas dissipated, on a
time scale of ~4 Myr (24) and attributable to
radiation from the early Sun. Hence, Mars
formed quickly prior to complete nebular dis-
sipation, accreting most of its mass and the
solar atmosphere within 4 Myr after birth of
the Solar System (12, 25) (Fig. 4). The sequence
of volatile accretion on Mars suggested by our
data—chondritic followed by solar nebular—
is the opposite of most models of planet for-
mation in which chondritic volatile delivery
follows solar gas acquisition (7).

The compositional differences between inte-
rior and atmosphere indicate that the atmo-
sphere of Mars was not generated primarily
through outgassing from its interior as is often
assumed (26). Because the interior of Mars is
enriched in heavier Kr isotopes compared
with its atmosphere, outgassing followed by
hydrodynamic loss is ruled out as that would
leave the atmosphere enriched in heavier iso-
topes compared with the mantle. Delivery of
chondritic volatiles to the surface of Mars after
dissipation of the nebula was likely limited
as it would have left a mixture of solar and
chondritic signatures in the atmosphere. Al-
though planetesimal impacts would contrib-
ute to the budget of rare nonvolatile elements
(e.g., platinum group elements), they might
not contribute substantially to Mars’ volatile
budget, particularly if the planetesimals were
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Fig. 3. Heavy noble gas abundances measured in Chassigny after correction for cosmogenic contri-
butions. (A) Argon, krypton, and xenon element ratios from our measurements of Chassigny in each
temperature step. For comparison, we show previous measurements of Chassigny (14, 15), solar wind, phase
Q, average carbonaceous chondrites, Earth's atmosphere, and martian atmosphere (references in table S4)
with plotting symbols indicated in the legend. (B) Close up of the region within the dotted box in (A).
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Fig. 4. Diagram illustrating a
possible scenario for volatile
delivery to Mars. (A) Accretion of
chondritic Kr and Xe from plane-
tesimals (gray), forming the
mantle (orange) and core (yellow)
of Mars. This occurs within the
gaseous solar nebula (blue) during
the first 1 to 4 Myr of Solar System
formation. A magma ocean

might have existed at this stage
with either no atmosphere or

a thin tenuous atmosphere (white
grading into blue in the solar
nebula). (B) After most of Mars’
mass accreted (~4 Myr after Solar
System birth) (12) and a solid

lid formed on the surface, an
atmosphere with solar isotope
ratios is gravitationally captured
(dashed blue circle). The atmo-
sphere might have been relatively
small, such that solar-composition
gases were not incorporated

into the interior in substantial
quantities. (C) The surrounding
nebula dissipates, halting accre-
tion of solar-composition gases to
atmospheric and surface reser-
voirs. Limited exchanges occurred
between the heterogeneous man-
tle and the atmosphere. Atmo-
spheric solar-composition Kr and
Xe might have been trapped in

4 Myr ==

=10 Myr =f=

Y

Time after Solar System birth

@

Accretion of chondritic Kr, Xe

Solar nebula

“ Solar-composition Kr-Xe trapped in
regolith/polar ice caps

polar ice caps (white) and/or in the sub-surface, preventing its loss during hydrodynamic escape of the atmosphere (orange arrows).

volatile-poor. Instead, planetesimal impacts
could have eroded the atmosphere without
inducing an isotopic fractionation, leading
to net volatile loss (27).

A purely solar-like atmosphere would not
persist on Mars if episodes of global magma
ocean persisted well past the time of nebular
dissipation and/or if there were episodes of
hydrodynamic escape due to higher solar ac-
tivity (26, 28). A magma ocean would outgas
and cause interior atmosphere exchange where-
as hydrodynamic escape would cause the at-
mosphere to be lost or heavily fractionated
(26, 28). Mass fractionation of Xe from a solar
precursor recorded in the Martian atmosphere
(17) might not be a result of early hydrody-
namic escape of neutral Xe, as Xe is the only
noble gas that could escape as an ion in a
photoionized hydrogen wind. This process
has previously been invoked to explain the
prolonged loss of Xe but not other noble gases
during the Neoarchean era on Earth (29).
Hence, Kr might be a better tracer of Mars’
early atmospheric origin because it has kept
its primordial solar signature. Gases lighter
than Kr are lost from the modern martian
atmosphere in a mass-dependent fraction-

Péron et al., Science 377, 320-324 (2022) 15 July 2022

ation process due to solar wind bombard-
ment (30).

If Mars captured its solar-like atmosphere
from the nebula rather than acquiring it from
mantle outgassing, it must have retained the
solar composition Kr-Xe after the nebula dis-
sipated. Thus, magma ocean phases on Mars
ended before complete dissipation of the neb-
ula, consistent with rapid mantle solidification
in ~4 to 5 Myr (28, 31). Hydrodynamic escape
of the solar-like atmosphere is expected to be
an efficient process on Mars after nebular dis-
sipation (26, 28). To prevent loss of the solar-
composition Kr-Xe during hydrodynamic
escape these gases might have been trapped
in ice, either in the subsurface or in the polar
ice caps (32). However, this scenario would
require the surface of Mars to have remained
cold—below the freezing point of water—
after nebula dissipation. Later planetesimal
impacts or episodic periods of warm climate
would have released the trapped Kr-Xe into
the atmosphere. Large-scale energetic events,
such as large impacts that induce a magma
ocean, are unlikely to have occurred after ac-
cretion of the interior and surface volatiles as
they would have mixed the two reservoirs.

We conclude that within 4 Myr of Solar
System formation, chondritic volatiles were
incorporated into the interior of Mars in large
quantities; heavy noble gases reach abun-
dances up to two orders of magnitude higher
than that in Earth’s bulk mantle (13). The de-
livery of these chondritic volatiles to the inner
Solar System could have been from material
similar to enstatite chondrites (6) or from outer
Solar System material scattered inward by
giant planet migration (33).
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Neurogliaform cells dynamically decouple neuronal
synchrony between brain areas

Ece Sakalar, Thomas Klausberger, Balint Lasztdczi*

Effective communication across brain areas requires distributed neuronal networks to dynamically
synchronize or decouple their ongoing activity. GABAergic interneurons lock ensembles to network
oscillations, but there remain questions regarding how synchrony is actively disengaged to allow for new
communication partners. We recorded the activity of identified interneurons in the CA1 hippocampus
of awake mice. Neurogliaform cells (NGFCs)—which provide GABAergic inhibition to distal dendrites

of pyramidal cells—strongly coupled their firing to those gamma oscillations synchronizing local
networks with cortical inputs. Rather than strengthening such synchrony, action potentials of NGFCs
decoupled pyramidal cell activity from cortical gamma oscillations but did not reduce their firing

nor affect local oscillations. Thus, NGFCs regulate information transfer by temporarily disengaging the
synchrony without decreasing the activity of communicating networks.

he brain is a complex system of networks

interacting through concerted activity

patterns broadcast through intricately

structured connections (7, 2). Rhythmic

activation of neuronal assemblies in 10-
t0-30-ms time windows facilitates parsing of
information by reader networks and generates
transient gamma frequency (30 to 150 Hz)
local field potential (LFP) oscillations (3-5).
Gamma oscillations allow dynamic informa-
tion routing (6, 7) and neuronal circuits can
perform active input selection if converging
input pathways oscillate at different fre-
quencies (8, 9). However, many of the under-
lying brain mechanisms and network substrates
remain unknown. In the hippocampus, sen-
sory and mnemonic information from the
entorhinal cortex and the CA3 area converge
in the CAl area (10) in which coordinated
synaptic activity in terminals of temporoam-
monic (cortical) and Schaffer collateral (CA3)
pathways give rise to mid-frequency (gammay;
75 Hz) and slow gamma oscillations (gammag;
37 Hz) in strata lacunosum-moleculare and
radiatum, respectively (171-13). The associa-
tion between afferent pathways and gamma
oscillations paralleled by layer-specific arbo-
rizations of y aminobutyric acid-expressing
(GABAergic) interneuron types make the ro-
dent CAl area a good candidate to explore
input selection mechanisms (14, 15).

We reasoned that activity of CA1 cells regu-
lating cortico-hippocampal information flow
would follow the dynamics of temporoammonic
pathway that manifests as gammay; (6, 11-13).
To discover such neurons we simultaneously
recorded layer-dependent gamma oscillations
and neuronal spike timing in the dorsal hip-
pocampal CAl area of head-restrained mice
running in a virtual corridor for a water re-
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ward (fig. S1) (16). To study gammay,;, gammag,
and locally generated fast gamma oscillations
(gammag; 120 Hz) (12) in isolation, volume-
conducted LFP components were suppressed
by calculating current source density (CSD;
fig. S2) (5, 13, 16). Spike timing of most (84%)
GABAergic cells in CAl (n = 336 cells) depended
only weakly or not at all (r < 0.07) on the phase
of gamma,;. However, a small neuron popula-
tion (7.4%)—almost entirely located in stratum
lacunosum-moleculare (23 of 25 cells)—showed
distinctively strong phase locking (r > 0.14;
Fig.1and fig. S3, supplementary text). Stratum
lacunosum-moleculare also contained cells with
little (n = 22) or no (n = 28) modulation by
gammay, (Fig. 1C and fig. S3E). To identify the
cells that fire phase locked to gammay,; we la-
beled recorded cells with neurobiotin for post
hoc histological analysis (16). Out of six success-
fully labeled stratum lacunosum-moleculare
neurons, five showed strong coupling to gammay;
with phase preference indistinguishable from
other strongly coupled cells of this layer (Fig. 1,
B to D; P = 0.8, Watson-Williams test; n = 18
cells). All five cells were identified as neuro-
gliaform cells (NGFCs) (Fig. 1A and table S1,
supplementary text). The spike timing of the
sixth neuron was independent of gammay,
(P = 0.31, Rayleigh test; n = 297 spikes), and this
cell was not a NGFC (fig. S4; tables S1 and S2).
Thus the population of GABAergic stratum
lacunosum-moleculare neurons with strong
(r = 0.27 £ 0.07) preferential firing on gammay;
troughs (1 = 5.3 + 17.1°; n = 23) corresponds to
NGFCs (fig. S5; supplementary text). Firing
of NGFCs was not coupled to gammay and
showed variable phase modulation by gammag
(figs. S6 and S7 and table S2). Oriens lacunosum-
moleculare (OLM) cells also provide GABAergic
innervation to stratum lacunosum-moleculare
but their soma and dendrites are located in
stratum oriens (74). Spike timing of OLM cells
was independent of gammay,; but was moder-
ately modulated by gammar (fig. S8).
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In awake rodents, 5 to 12 Hz theta oscil-
lations occur during movement and irreg-
ular activity with intermittent sharp-wave
ripple complexes (SWR) prevails during rest
(Fig. 2A). The occurrence of SWRs had no
effect on NGFC firing rate (fig. S9) (17), which
markedly increased during theta oscillations
(from 3.4 + 3.9 Hz to 7.4 + 4.7 Hz, P = 4.6 x
10°, Wilcoxon signed-rank test; n = 23 cells;
Fig. 2, A and B). Firing of some putative py-
ramidal cells (place cells) was restricted to
sections of the corridor (place fields) and was
phase precessing from ascending phase to peak
of theta during traversals (Fig. 2 and fig. S10)
(18). By contrast, NGFCs (n = 16, 2 identified
and 14 putative) showed minimal spatial selec-
tivity and constant theta phase preference
(Fig. 2, A, C, and D, and fig. S10). Consequently,
place cell spikes coincided with NGFC firing
mostly on theta peaks upon place field exit
(Fig. 2D and fig. S10A), when place cell firing
is maximally modulated by gammay, (13, 19).

Multisite recordings along the transverse
axis of CAl (fig. S11) disclosed widespread, tight,
zero-lag phase synchrony and more spatially
restricted amplitude correlations of gammay;
(fig. S12, supplementary text). NGFCs fired
on peaks of theta cycles ( = 0.54 + 0.15; u =
206 + 18°; n = 23) (I7), coincident with high-
amplitude gammay; (7 = 0.19 + 0.04; u = 193 +
8% n = 63 experiments) (12, 13, 19) implicating
temporoammonic pathway gammay; synchrony
in NGFC recruitment (Fig. 3A, fig. S13, and
table S2). Indeed, within theta cycles NGFCs
started to fire in high-amplitude gammay; cy-
cles [Fig. 3B; P = 6.8 x 10722, repeated measures
one-way analysis of variance (ANOVA); n = 23].
To understand the consequences of NGFC ac-
tivation we simulated the inhibitory post-
synaptic GABA, conductance trace (ggy,) for
NGFC spike trains (fig. S14). Because of its
slow kinetics (20, 2I) NGFC-driven GABA 5
receptor-dependent inhibition may last for sev-
eral gamma,,; cycles after the spike (fig. S14,).
This inhibition did not desynchronize gammay,
per se as gamma,; amplitude remained ele-
vated after NGFC firing commenced (Fig. 3B).
NGFCs may regulate cortico-hippocampal com-
munication by releasing GABA onto apical
dendritic tufts of CAl pyramidal cells. In theta
cycles, gamma,; phase modulation of pyram-
idal cells first strengthened with the increas-
ing gamma,; amplitude (Fig. 3A and fig. S15A;
P = 2 x 107%; ANOVA with Tukey-Kramer
correction; n = 32 experiments) but peaked
earlier (r = 0.21 = 0.08; u = 167 + 25°%; n = 32),
conspicuously dropping as NGFC-dependent
inhibition emerged phase-shifted by a quar-
ter theta cycle from NGFC firing (u = 288 +
18°; n = 23; Fig. 3A). During the buildup of
NGFC-dependent inhibition, pyramidal cell
firing ramped (Fig. 3A). Pyramidal cell silenc-
ing after NGFC activation was not indicated in
analysis of either cross correlograms (fig. S15,
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C and D) or spike counts in gammay; cycles
(Fig. 3B). To more directly probe the decou-
pling of CA1 from cortical inputs by NGFCs we
compared phase coupling of pyramidal cell
spikes in gammay; cycles before and after
NGFC spikes. Immediately after the gammay,
cycle hosting the first NGFC spike in a theta
cycle, the coupling strength of pyramidal cell
firing dropped (Fig. 3B and fig. SI5E; P =
1.1 x 107°; ANOVA with Tukey-Kramer cor-
rection; n = 14 experiments) and became
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gamma,, phase (°)

largely not significant (fig. S16, Ato C; a =
0.05; Rayleigh test), an effect specific to
gammay (fig. S16) and NGFCs (fig. S17).
Although within gammay, cycles NGFCs fired
90° (3.3 ms) before pyramidal cells (Fig. 3C;
n = 241 cells; 7 = 0.054 + 0.021; 1 = 98 + 28° for
pyramidal cells), in the cycle of the first NGFC
spike the slow onset of inhibition permitted
efficient cortico-hippocampal communication
and therefore gamma,,; coupling of pyramidal
cells remained elevated (Fig. 3B and fig. S17C).
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Fig. 1. NGFCs in the hippocampal CAl area
show distinctly strong coupling to mid-
frequency gamma oscillations. (A) Reconstruc-
tion of somatodendritic (dark red) and axonal
(black) arbors of cell gl-B182a recorded and labeled
in experiment B182a and confocal scans showing
the neurobiotin-labeled cell gl-ES9b (cyan) and
GABARal subunit immunoreactivity (magenta).
Cells gl-B182a and gl-ES9b were identified as
NGFCs. (Inset) Schematic locations of putative
GABAergic (red circles) and pyramidal cells (purple
triangles), and the cell gl-B182a recorded by the
glass electrode (dark red circle) in experiment
B182a. (B) Spike timing of neuron gl-B182a (dark
red) and of other putative GABAergic (red)

and pyramidal cells (purple), together with gammay,
(CSD in stratum lacunosum-moleculare, 53 to

90 Hz) and theta oscillations (LFP in stratum
pyramidale, 5 to 12 Hz) in experiment B182a (gray,
unfiltered traces). (C) Scatter plot of coupling
strength versus preferred firing phase of all CAl
GABAergic cells significantly coupled to gammay,
(n = 262 cells). Estimated soma locations are color-
coded; filled dark red circles represent identified
NGFCs. Dotted line indicates threshold for strong
coupling (0.14). (D) Distribution of spike counts

of identified (iNGFC; dark red) and putative
(PNGFC; orange) NGFCs as a function of gammay,
phase (normalized to maxima; thick lines, mean).

Decoupling was not a mere consequence of
theta phase comodulation of NGFC firing,
pyramidal cell gammay, coupling, and gammay,
but instead depended on NGFC spike timing
itself (figs. S18 and S19, supplementary text).
Firing of putative GABAergic cells in stratum
pyramidale but not in stratum oriens also ab-
ruptly decoupled from gamma,; oscillations
after NGFC spikes (fig. S20). Thus, after NGFC
activation the CA1 circuit decouples from cor-
tical afferents (Fig. 3D).
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Fig. 2. NGFCs are activated during theta
oscillations. (A) Spike times of an identified
NGFC (gl-B182a; dark red) and putative
pyramidal cell (u1.009, a place cell; purple)
during three runs on the virtual corridor,
together with ripple and theta oscillations
from stratum pyramidale. Behavioral and brain
states are indicated by color-coded boxes.
Lower plot: Firing rate of cell gl-B182a

in 300-ms windows. (B) Comparison of
NGFC firing rates during theta versus nontheta
periods. (C) Spike times of cells in (A) on

an expanded time scale as the animal walks
through the place field of ul.009, together
with theta oscillations (5 to 12 Hz LFP in
stratum pyramidale; gray, unfiltered trace).
(D) Theta phase versus position raster

plot of spikes of gl-B182a (dark red) and
ul.009 (phase precessing place cell, purple).
(Left) Theta phase dependence of the

firing rates.

We discovered a network mechanism for
dynamic regulation of cortico-hippocampal in-
formation transfer in the CAl area. NGFCs re-
lease GABA to stratum lacunosum-moleculare,
inducing slow inhibition in all pyramidal cell
apical dendritic tufts within their axonal arbor
(20-22). The faster GABA, component of this
indiscriminate, layer-specific inhibition medi-
ated by unitary volume transmission discon-
nects pyramidal cells from cortical afferents
for a fraction of a theta cycle reported by a
temporary decoupling of their spike timing
from gammay, after NGFC firing. Summating
over several theta cycles GABAg receptor me-
diated processes may regulate inputs on behav-
ioral time scales (14, 20, 22). Cortical afferents
contribute little to pyramidal cell firing rates
but are indispensable for intact temporal or-
ganization and place fields in CA1 (23). This
explains maintained pyramidal cell firing de-
spite reduced cortico-hippocampal communi-
cation. The distal location of cortical synapses
limits their influence (24) and therefore modu-
lation of CA1 pyramidal cell firing by gammay,
is generally weak (12, 13). Cortico-hippocampal
information transfer and coupling to gammay,

Sakalar et al., Science 377, 324-328 (2022)
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can strengthen with cognitive load (25, 26) dur-
ing some network operations (13, 26-28) and
pathway interactions (24, 27, 29), implying
dynamic control; inhibition by NGFCs provides
a mechanism to exercise such control. Thalamic
afferents also target NGFCs (30), further in-
creasing the versatility of this cell type.
During exploration theta oscillations orga-
nize hippocampal activity, modulate gamma
oscillation amplitudes (11-13, 31), and seg-
ment pyramidal cell firing sequences (32).
On theta peaks, activity and gamma,; syn-
chrony build up in the temporoammonic
pathway and give rise to gammay, in stratum
lacunosum-moleculare (12, 31), which entrains
CA1 pyramidal cell spikes when theta firing
sequences start (13). This waxing rhythmic ex-
citation also induces spiking in NGFCs with a
lag (22), first when the amplitude of gammay,
is already high. Late spiking and slowly rising
postsynaptic currents of NGFCs ensure a win-
dow of efficient cortico-hippocampal informa-
tion transfer before NGFCs detune pyramidal
cells from gammay,, allowing other pathways
to control pyramidal cell recruitment to theta
sequences (13). Thus NGFCs minimize input

15 July 2022

‘.i . é 4'1.
track position (m)

interference and optimize conditions for co-
operative synaptic plasticity (24, 27, 29).
Waning cortical excitation (31) and waxing
inhibition from OLM cells (33-35) silence
NGFCs on theta troughs, which prepares the
network for the next cycle of gamma,; syn-
chronization through recovering the dynam-
ic range of inhibition.

Neurogliaform cells are key regulators of
cortical information flow to CAl, orchestrating
precise integration of sensory and mnemonic
information. Fast-spiking GABAergic cells fa-
cilitate cortical communication by conducting
gamma oscillations (74, 36, 37). By contrast,
NGFCs with input layer-associated axonal and
dendritic arbors, ubiquitous in cortical cir-
cuits (22, 38, 39), detune principal cell firing
and regulate information flow by afferent-
specific decoupling.
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ZAKa-driven ribotoxic stress response activates
the human NLRP1 inflammasome

Kim S. Robinson™?, Gee Ann Toh®, Pritisha Rozario®, Rae Chua®, Stefan Bauernfried*®, Zijin Sun®,
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Human NLRP1 (NACHT, LRR, and PYD domain-containing protein 1) is an innate immune sensor
predominantly expressed in the skin and airway epithelium. Here, we report that human NLRP1 senses
the ultraviolet B (UVB)- and toxin-induced ribotoxic stress response (RSR). Biochemically, RSR leads to
the direct hyperphosphorylation of a human-specific disordered linker region of NLRP1 (NLRP1°R)

by MAP3K20/ZAKa. kinase and its downstream effector, p38. Mutating a single ZAKa. phosphorylation
site in NLRP1PR abrogates UVB- and ribotoxin-driven pyroptosis in human keratinocytes. Moreover,
fusing NLRP1°® to CARDS, which is insensitive to RSR by itself, creates a minimal inflammasome sensor
for UVB and ribotoxins. These results provide insight into UVB sensing by human skin keratinocytes,
identify several ribotoxins as NLRP1 agonists, and establish inflammasome-driven pyroptosis as an

integral component of the RSR.

he innate immune system uses germline-

encoded sensor proteins to recognize

conserved pathogen-associated molecular

patterns (PAMPs) and damage-associated

molecular patterns (DAMPs). NACHT,
LRR, and PYD domain-containing proteins
(NLRPs) assemble the inflammasome complex
in response to intracellular pathogens or stress
signals, resulting in pyroptotic cell death char-
acterized by caspase-1 activation, gasdermin
D (GSDMD) pore formation, and interleukin
1 (IL-1) secretion (-3). Human NLRP1I is no-
table among inflammasome sensors because
of its unusual domain arrangement and diver-
gence from rodent counterparts (4-6). Inhib-
itors of proteases DPP8 and DPP9, such as
Val-boro-Pro (VbP) (7, 8), are the only known
molecules that can activate both rodent and
human NLRP1 and a related human inflam-
masome sensor, caspase activation and recruit-
ment domain-containing protein 8 (CARDS)
(9-11). Recent work has shown that human
NLRP1 senses double-stranded viral RNA, viral
proteases (12-14), and ultraviolet B (UVB) ir-
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radiation (15). None of these triggers activates
rodent NLRP1s, which in turn sense bacterial
and protozoan toxins (16-18). All known NLRP1
triggers require the proteasomal degradation
of the autoinhibitory N-terminal fragment (NT)
and the oligomerization of the liberated
C-terminal fragment (CT) to drive inflam-
masome activation (72, 19-21).

Human NLRP1 is predominantly expressed
in the skin and airway epithelia (12, 22, 23).
Both rare germline mutations in NLRPI and
common NLRPI single-nucleotide polymor-
phisms are associated with human skin dis-
orders (22, 24-26). Thus, human NLRP1 plays
aunique role in skin immunity. UVB radiation
with wavelengths of 280 to 315 nm, which is
responsible for acute sunburn, is the most
relevant to the skin of all NLRP1 triggers iden-
tified thus far (15). However, the molecular
mechanisms by which NLRP1 senses UVB
are unclear.

Using the N/TERT-1 immortalized human
keratinocyte cell line (hereafter referred to
as N/TERTs), we confirmed published findings
(15, 27) that UVB irradiation causes NLRP1-
dependent pyroptosis in a dose-dependent
manner as measured by IL-1B secretion, GSDMD
cleavage, ASC oligomerization, and rapid
propidium iodide (PI) uptake (within 4 to
6 hours) (fig. S1, A to C and E). UVB-induced
IL-1B secretion required caspase-1 activity but
not NLRP3 (fig. S1, B and D). Similar to other
NLRP1 activators, UVB-dependent NLRP1 ac-
tivation was accompanied by a decrease in
NLRP1 NT and was blocked by the NEDDS8/
cullin inhibitor MLLN4924 (figs. S1D and S2),
which has been reported to regulate NLRP1-
NT and CARDS-NT turnover (12, 28). Treating
N/TERT cells with toxic doses of the DNA-
damaging chemicals camptothecin, etoposide,
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and cisplatin or hydrogen peroxide failed to
induce NLRP1-dependent IL-1B secretion or
PI uptake at early time points (fig. S3, A and
B). Thus, neither DNA damage nor oxidative
damage by free radicals alone is the primary
driver of UVB-induced NLRP1 inflammasome
activation (Fig. 1A).

We hypothesized that UVB-driven RNA dam-
age activates the NLRP1 inflammasome. To
test this, we pretreated cells with the nucleo-
side analog 4-thiouridine (4-SU), which selec-
tively sensitizes RNA to ultraviolet A (UVA)
radiation. Otherwise, UVA does not cause acute
damage to unmodified nucleic acids because
of its lower energy (29). Only in N/TERT
cells pretreated with 4-SU did UVA cause the
accumulation of thymine photoadducts in the
cytoplasm, which was consistent with RNA
damage (fig. S3D). 4-SU+UVA induced the
secretion of IL-1B (Fig. 1B and fig. S3C) and
phosphorylation of the stress-activated kinases
(SAPKs) p38 and JNK, similar to the effects
of UVB (Fig. 1B and fig. S3C). By contrast,
UVA irradiation of N/TERT cells pretreated
with a DNA sensitizer 5-bromo-2'-deoxyuridine
did not induce IL-1f secretion and only effected
weak SAPK phosphorylation (Fig. 1B and fig.
S3C). Thus, RNA photodamage is more likely to
be the upstream signal for UV-induced NLRP1
activation in keratinocytes.

Recently, the proximal sensor for UVB-
triggered SAPK activation was found to be
the long-splice isoform of the MAP3K20, also
known as ZAKa Kinase (30, 31I). ZAKo. senses
ribosomes that have stalled and/or collided
after encountering a translocation-blocking
mRNA lesion, such as those induced by UVB.
Activated ZAKo undergoes extensive self-
phosphorylation and phosphorylates down-
stream SAPKs. Collectively, this pathway is
called the ribotoxic stress response (RSR)
(Fig. 1A). UVB induced bona fide RSR activa-
tion in N/TERT Kkeratinocytes marked by ZAKo,
p38, and JNK phosphorylation at earlier time
points and ZAKao degradation at later time
points (Fig. 1B and fig. S4A). P38 and JNK
phosphorylation was completely abrogated
in CRISPR/Cas9 ZAK knockout (KO) N/TERT
cells (Fig. 1B and fig. S4, B and C) after UVB or
4SU+UVA. ZAK KO or inhibition of ZAKa ki-
nase activity by nilotinib blocked UVB-induced
pyroptosis in N/TERT cells as measured by
IL-1B secretion (Fig. 1, B and C, and fig. S4, D
and E), GSDMD p30 cleavage (Fig. 1D), and
rapid PI uptake (Fig. 1, E and F). Moreover, a
specific ZAKo inhibitor, M443 (32), blocked
UVB-induced IL-1B secretion in human skin ex-
plants (fig. S4, F and G). ZAK KO or ZAKo. in-
hibition did not affect VbP-driven pyroptosis in
N/TERT cells (figs. S4E and S5F). Thus, ZAKo is
selectively required for the NLRP1 inflammasome
activation downstream of UVB. In a 293T-
ASC-green fluorescent protein (GFP) inflam-
masome reporter cell line (fig. S5, A and B),
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Fig. 1. ZAKa is required for UVB-triggered NLRP1 inflammasome activation.
(A) Schematic indicating the types of cellular damage caused by UVB
irradiation. UVB activates RSR signaling through ZAKa. (B) Immunoblot

of WT N/TERT cells or ZAK KO (sg4) N/TERT cells treated with the indicated
combinations of photosensitizer (10 uM) for 4 hours with or without UVA.
UVB (100 mJ/cm?) was used as a positive control. Asterisk indicates residual
signal after membrane stripping. (C) IL-18 enzyme-linked immunosorbent
assay (ELISA) of WT or ZAK KO (sg4) N/TERT cells after VbP (3 uM) treatment,
sham irradiation, or UVB (100 mJ/cm?) irradiation. Cell culture media were
collected 24 hours later. (D) GSDMD immunoblot of WT, NLRPI KO, and

ZAK KO (sg4) N/TERT cells treated with UVB (100 mJ/cm?) or sham irradiated.
Cell lysates were harvested 24 hours later. Different GSDMD cleavage
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fragments are shown by black arrows. Note that the GSDMD antibody
used in this experiment recognizes all GSDMD-cleaved products. In NLRPI
KO cells, UVB leads to a weak band <30 kDa. (E) Quantification of the
percentage of Pl-positive WT, NLRP1 KO, and ZAK KO (sg4) N/TERT cells
after sham irradiation or UVB (100 mJ/cmZ) irradiation. (F) Representative
images of Pl inclusion 5 hours after irradiation from three independent
experiments. Scale bar, 100 um. Error bars represent SEMs from three
biological replicates, where one replicate refers to an independent seeding
and treatment of the cells. Statistical significance was calculated by two-way
ANOVA followed by Sidak’s test for multiple pairwise comparisons in (C)
and two-tailed Kolmogorov-Smirnov test at 95% confidence interval in (E).
ns, nonsignificant; ****P < 0.0001.
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full-length ZAKo induced a marked increase in
ASC-GFP specks when coexpressed with NLRP1.
By contrast, neither ZAK nor any of the ZAKa
mutants defective in kinase function or sensing
of ribosome stalling or collisions exhibited this
function (fig. S5, C and D). Thus, the ribosome
binding and RSR sensing domains of ZAKo.

are required for both RSR and NLRP1 inflam-
masome activation.

We next tested the effects of established
ZAKoa-activating toxins anisomycin (ANS) and
doxyvinenol (DON) (table S1) (33). Addition-
ally, we predicted that hygromycin (HYGRO),
the effect on ZAKo was unknown at the time

of our study, would also function as a ZAKa-
RSR activator. To control for protein synthesis
inhibition, we tested several translational in-
hibitors blasticidin (BLAST), puromycin (PURO),
emetine, and G418, which target different sites
of the ribosome and do not activate ZAKa. A
nonspecific cytotoxic drug, staurosporine (STS),
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Fig. 2. ZAKa-activating compounds induce NLRP1-driven pyroptosis.

(A) Immunoblot of N/TERT cell lysate after treatment with the indicated drugs.
ZAKa phosphorylation was detected after 3 hours of drug treatment, and
immunoblots for MCL-1, GSDMD, and gasdermin E (GSDME) were performed
using samples 24 hours afte treatment. (B) IL-18 ELISA of N/TERT cell media
24 hours after treatment with the indicated drugs at concentrations specified
in (A). Note that a smaller volume of medium and a higher number of cells were
used in this experiment, accounting for the overall higher concentration of
IL-1B. (C) IL-1B and IL-18 ELISA of growth media collected from three-dimensional
(3D) organotypic skin cultures treated with the indicated drugs. (D) Hematoxylin
and eosin (H&E) and cleaved GSDMD-NT (p30 specific) immunostaining of

3D organotypic skin cultures treated with the indicated drugs in (D). Scale bar,
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abundant in PURO-treated samples. Yellow arrows indicate membranous GSDMD
p30 staining. Images represent one of three independent organotypic skin
cultures. (E) IL-1B ELISA of culture media from N/TERT cells of the indicated
genotypes after 24 hours of drug treatment. VbP was used at 3 uM and ANS at
1 uM. Error bars represent SEMs from three biological replicate experiments,
where one replicate refers to an independent seeding and treatment of the
cells. Statistical significance was calculated by two-way ANOVA followed by
Dunnett's test for multiple pairwise comparisons in (B) and (C) and by Sidak's
test in (E). *P < 0.05, **P < 0.01, ****P < 0.0001.
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Fig. 3. A disordered linker region of human NLRP1 selectively mediates
ZAKa-dependent activation. (A) IL-13 ELISA from NLRPI KO N/TERT cells
reconstituted with the indicated NLRP1 variants and CARDS treated with ANS
(1 uM) and VbP (3 uM). Note that this experiment was performed independently
using higher cell numbers. (B) Comparison between the domain structures of
human NLRP1 and rodent NLRP1a-c. The predicted disorder score was calculated
for amino acids 1 to 300 of human NLRP1. (C) IL-1p ELISA from NLRPI-KO
N/TERT cells reconstituted with GFP-full-length NLRP1 or NLRP1 lacking PYD+DR
(amino acids 1 to 254). Cells were treated with the indicated drugs or sham-
irradiated or UVB-irradiated and harvested 24 hours after treatment. (D) Comparison
of the domain arrangements of human NLRP1 and CARDS8 and the engineered
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hybrid sensor referred to as NLRP1°R-CARDSZC. (E) IL-1 ELISA from NLRPI-KO
N/TERT cells transduced with CARD8 or NLRP1°R-CARD8?® and treated with

1 uM ANS or 3 uM VbP for 24 hours. (F) GSDMD and IL-18 immunoblot from the
cells in (E), along with WT or ZAK KO N/TERT cells irradiated with UVB. The
GSDMD antibody recognizes both full-length and cleaved forms, including

p43 and p30. The IL-1B immunoblot was performed with samples that combined
lysate and 10 times concentrated medium. The error bars represent SEMs
from three biological replicates, where one replicate refers to an independent
seeding and treatment of the cells. Statistical significance in (A), (C), and (E) was
calculated by two-way ANOVA followed by Sidak's test for multiple pairwise
comparisons. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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was used to exclude the possibility that NLRP1
was inadvertently activated by apoptosis. ANS,
DON, and HYGRO strongly induced ZAKa
phosphorylation in N/TERT cells (Fig. 2A).
Among the other cytotoxic drugs, only BLAST
induced moderate ZAKa phosphorylation.
By contrast, the level of antiapoptotic protein
MCL-1, which is a sensor for translational in-
hibition (34), was reduced by all drugs tested
(Fig. 2A). There was a correlation between the
level of ZAKa phosphorylation and inflamma-
some activation, with ANS, HYGRO, and DON
acting as strong inducers of IL-1 secretion
and GSDMD p30 cleavage in N/TERT cells and
BLAST as a weak inducer (Fig. 2, A and B,
and fig. S5, E and F). None of the non-ZAKoa-
activating drugs induced detectable IL-18 p17
secretion or GSDMD p30 cleavage despite sig-
nificant cell death (Fig. 2, A and B). ANS also
induced IL-1B and I1-18 secretion and GSDMD
p30™ cells with condensed nuclei and strong
eosin staining in organotypic human skin cul-
tures (Fig. 2, C and D). Thus, ZAKo-activating
compounds, such as ANS, DON, and HYGRO
are NLRP1 inflammasome activators. More-
over, this property is not caused by a general
inhibition of translation.

Additionally, knocking out ZAKa, NLRP1, or
components of the canonical inflammasome
(but not NLRP3 or the ribosome-associated pro-
tein quality control sensor ZNF598) abrogated
ANS-dependent pyroptosis in N/TERT cells
(Fig. 2E and figs. S5G and S6A). ANS-dependent
NLRP1 activation was also sensitive to the
NEDDS/cullin inhibitor MLN4924 (fig. S6B).
ANS also induced NLRP1 CT oligomerization
and the formation of ASC-GFP specks in 293T-
ASC-GFP-NLRP1 reporter cells, two established
readouts for inflammasome activation, without
affecting DPP9 protease activity (fig. S7, A to D).
ANS could also induce inflammasome-driven
pyroptosis in foreskin keratinocytes, bronchial
epithelial cells, and aortic endothelial cells (fig.
S8, A to E), but not in MV-4-11 cells, which use
CARDS as the primary inflammasome sensor
(fig. S8F). Thus, ZAKa-activating ribotoxins,
exemplified by ANS, DON, and HYGRO, func-
tion as bona fide NLRP1 activators.

We next reconstituted NLRPI KO N/TERT
cells with human NLRP1, NLRP1IAPYD, murine
NLRP1B (muNLRP1B), or human CARDS (Fig.
3A and fig. S9, A and B). When overexpressed,
all of these heterologous sensors restored VbP-
induced IL-1B secretion (Fig. 3A), as reported
previously (Z3). By contrast, ANS only induced
IL-18 in cells rescued with human NLRP1 or
NLRPIAPYD (Fig. 3A) but not murine NLRP1
or human CARDS. Thus, ZAKa-activating mol-
ecules such as ANS are specific triggers for hu-
man NLRP1. In further support for its species
specificity, ANS did not induce IL-1p release in
murine bone marrow-derived macrophages in
a muNLRPI-dependent manner (fig. S9, C and
D) (35, 36).
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Human NLRP1 harbors a unique N-terminal
extension encompassing the nonsignaling PYD
and an extended linker, which is absent in ro-
dent NLRP1 orthologs and CARDS. This linker
region is predicted to be intrinsically disor-
dered (Fig. 3B) (37). Recent work documented
a critical role of a similarly disordered linker
region in CARDS8 inflammasome activation
(28). We therefore tested the role of the NLRP1
linker region (amino acids 86 to 254, hereafter
referred to as NLRP1P®). The deletion of the
NLRP1P®, but not NLRP1 PYD, abrogated UVB-
and ANS-triggered pyroptosis (Fig. 3, A and
C, and fig. S10, A and B). By contrast, VbP-
dependent NLRP1 inflammasome activation
was unaffected. Similar results were obtained
in 293T-ASC-GFP cells (fig. S10, C and D). In
addition, NLRP1P® deletion attenuated NT
degradation after UVB or ANS treatment (fig.
S10B). Although the deletion of NLRP1PR also
affected VbP-induced NT degradation, NLRP1°®
deletion did not affect VbP-triggered pyroptosis
(Fig. 3C and fig. S10B), suggesting that VbP-
induced NLRP1 activation involves domains
other than NLRP1PR. Thus, NLRP1P® is selec-
tively required for ZAKa-dependent NLRP1 in-
flammasome activation.

To further dissect the function of NLRP1°},
we constructed a hybrid human inflamma-
some sensor (called “NLRP1PR-CARDS?®” with
a C-terminal FLAG tag) by fusing NLRP1°®
to the signaling domains of CARDS8 (ZU5-
UPA-CARD) (Fig. 3D). Because CARDS itself is
insensitive to UVB and ANS (Fig. 3A), any neo-
morphic gain in inflammasome response to
ANS and UVB could be attributed to NLRP1’X,
When NLRP1P®-CARDS?C was expressed in
NLRP1 KO N/TERTs, inflammasome activa-
tion in response to UVB (Fig. 3, E and F, and
fig. S11, A and B), ANS (figs. S11C and S12, A
and B), and HYGRO (fig. S11C) was restored.
Thus, the disordered linker region is a neces-
sary and sufficient determinant for NLRP1
to sense ZAKo-activating agents. NLRPIP® as
a GFP fusion protein (NLRP1°R-GFP) showed
increased fluorescence 24 hours after ANS
treatment for unknown reasons (fig. S13A),
suggesting that NLRP1P® does not undergo
proteasomal degradation and that other un-
known structural elements on NLRP1 must
be necessary for NT degradation.

We observed a marked band shift for NLRP1°R-
GFP by immunoblot whenever the cells were
treated with UVB or ANS (Fig. 4A). This band
shift was sensitive to post-lysis treatment with
lambda phosphatase (fig. S14A) and could be
eliminated by mutating all the serine and thre-
onine residues to alanine (a mutant hereafter
referred to as “Stless”) (fig. S13B), which con-
firmed that it was caused by phosphorylated
NLRP1P®, PhosTag SDS-PAGE further revealed
that NLRP1PR was significantly phosphorylated
in unstimulated cells and became further phos-
phorylated by ANS and UVB (Fig. 4A). We here-
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after refer to ANS- or UVB-dependent NLRP1°R
phosphorylation as hyperphosphorylation.
Among all the drugs tested, only ZAKa-activating
compounds could induce NLRPIP® hyper-
phosphorylation (fig. S13C). In ZAK-KO N/TERT
cells, ANS- and UVB-induced NLRP1°® hyper-
phosphorylation was abrogated (Fig. 4A). ZAKa-
driven NLRP1 hyperphosphorylation was specific,
because ASC was not phosphorylated by ANS
or VbP treatment (fig. S13D). In orthogonal ex-
periments, coexpression of wild-type (WT) ZAKo
induced a large band shift of full-length NLRP1
in 293T cells on PhosTag gel, which was di-
minished by the deletion of NLRP1°® or the
ZAXKa kinase-dead mutation (p.K45A) (fig. S14,
B and C). Thus, ZAKo, when activated either by
overexpression or ribotoxic stress, hyperphos-
phorylates NLRP1 within the NLRP1°®,

Mutating the serine/threonine residues to
alanine within a short stretch of NLRP1°®
(aminio acids 121 to 196) abrogated NLRP1
activation by UVB but did not affect VbP-driven
IL-1B secretion (fig. S16). This suggested that
this region harbors critical ZAKa-dependent
phosphorylation sites. Recombinant ZAKa
was sufficient to phosphorylate SNAP-tagged
NLRP1PR purified from bacteria (Fig. 4B), in-
dicating that NLRP1 is a direct substrate of
ZAKo. Mass spectrometry of excised p-NLRP1PR
bands after coincubation with ZAKa identi-
fied seven distinct ZAKo phosphorylation sites.
These sites are clustered in two identical mo-
tifs of the sequence PTSTAVL (Fig. 4B and data
S1), which does not exist in any other protein
in the human proteome annotated in Swiss-
Prot. Therefore, we propose naming this se-
quence the ZAKo motif. The second ZAKa
motif (motif #2) falls within the crucial region
(amino acids 121 to 196) identified by alanine
scanning (fig. S16) and can be phosphorylated
by ZAKoa in vitro in the absence of any other
phosphorylation sites (fig. S1I8A). Mutating the
three serine/threonine residues in this motif
(amino acids T178A, S179A, T180A, resulting in
the NLRP1 3A mutant) eliminated UVB- and
ANS-induced pyroptosis in reconstituted NLRPI-
KO N/TERT cells, but had no effect on VbP-
dependent pyroptosis (Fig. 4, D to F, and fig. S17,
A and B). Thus, a single phosphorylation site
in the ZAKa motif within NLRP1°® controls
ZAKo-driven NLRP1 activation.

Given that ZAKo activates multiple SAPKs,
we tested whether other kinases also contrib-
uted to ZAKo-induced NLRP1 activation. In
agreement with previous results (38), multiple
p38 inhibitors blocked ANS- and UVB-induced
IL-1B secretion (fig. S17C) without altering
VbP-dependent NLRP1 activation. By contrast,
inhibitors of JNK, TAK1, SYK, and MK2 did
not affect ANS-driven NLRP1 activation (fig.
S17, C and D). Both p38c and p38p could phos-
phorylate recombinant NLRP1P®, including
residues within the ZAKa motifs (Fig. 4B; figs.
S17F and S18, A and B; and data S1). However,
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Fig. 4. Hyperphosphorylation of NLRP1°R by ZAKa. and p38 activates
NLRP1. (A) Immunoblot after SDS-PAGE or PhosTag SDS-PAGE of WT or ZAK-KO
N/TERT cells expressing NLRP1PR-GFP. Cells were harvested 2 hours after

ANS treatment or UVB irradiation. (B) Recombinant SNAP-tagged NLRP1°R was
incubated with recombinant ZAKa in a standard kinase reaction for 30 min.
NLRP1PR phosphorylation was visualized with SNAP ligand fluorescence (TMR)
on a PhosTag-containing SDS-PAGE gel. (C) IL-1B ELISA from WT, MAPK14
MAPK11 DKO (denoted as p38a+p DKO) and ZAK KO N/TERT cells 24 hours after
UVB irradiation or ANS treatment. (D) GFP and GSDMD immunoblot of NLRPI-KO
N/TERT cells expressing full-length WT NLRPL or full-length NLRP1 T178A,
S179A, or T180A (3A) mutants after UVB irradiation. All constructs were fused
with GFP at the N terminus. GSDMD p30 is marked with a black arrow. Cells

Robinson et al., Science 377, 328-335 (2022) 15 July 2022

were harvested 24 hours after UVB irradiation. (E) IL-18 ELISA from NLRPI-KO
N/TERT cells expressing full-length WT NLRP1 or full-length NLRP1 T178A,
S179A, or T180A (3A) mutants 24 hours after UVB irradiation or ANS
treatment. (F) Quantification of the percentage of PI*NLRPI-KO N/TERT

cells expressing full-length WT NLRP1 or full-length NLRP1 T178A, S179A, or
T180A (3A) mutants in the presence of ANS or VbP. Images were acquired

at 15-min intervals for 18 hours. Error bars represent SEMs from three
biological replicates, where one replicate refers to an independent seeding and
treatment of the cells. Statistical significance was calculated by two-way
ANOVA followed by Sidak's test for multiple pairwise comparisons in (C) and
(E) and two-tailed Kolmogorov-Smirnov test at 95% confidence interval in
(F). ****P < 0.0001.
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P38 inhibitors showed only a modest effect on
ANS-induced NLRP1P® hyperphosphorylation
(fig. S17E), which was completely abrogated by
ZAXo inhibitors (fig. S17E). A double KO of
p38a and p38B (p38a+p dKO) in N/TERTs
produced a significant but incomplete reduc-
tion of IL-1B secretion after UVB and ANS
treatment (Fig. 4C and fig. S18, C and D). Thus,
p38 kinases contribute to NLRP1 inflamma-
some activation induced by RSR-inducing
agents, but their roles are less critical than that
of ZAKa. Because p38a and p38f are strictly
downstream of ZAKo in RSR signaling, we
hypothesize that ZAKa is the initiating kinase
that phosphorylates NLRP1, whereas p38 ki-
nases subsequently reinforce or amplify this
response.

UVB irradiation leads to caspase-1-dependent
pyroptotic cell death and IL-1B secretion in
human skin Keratinocytes (15, 27, 39). Initially
thought to be an NLRP3-associated phenom-
enon, recent work has provided convincing
evidence that NLRP1, rather than NLRP3, is
the primary inflammasome sensor for UVB.
In this work, we have identified the key events
controlling UVB-triggered NLRP1 inflamma-
some activation. By inducing cellular RNA
photolesions that stall ribosomes, UVB acti-
vates the RSR kinase ZAKa, which, together
with its downstream effector p38, phospho-
rylates the human-specific disordered linker
region of NLRP1. A single phosphorylation
site within the ZAKa motif identified here is
sufficient to control NLRP1 activation in an
DPP8/9-independent manner. Thus, human
NLRP1 is a very versatile sensor protein that
can integrate multiple signals through its dis-
crete domains. We have expanded the reper-
toire of known human NLRP1 agonists to
include multiple microbial ribotoxins such
as ANS and DON. The same results have been
independently reported by a concurrent study
(40). Our work raises several questions to be
addressed by future studies. For instance, it is
currently unclear how ZAKa-driven hyper-
phosphorylation activates NLRP1 by accel-
erating the functional degradation of NLRP1
NT. Our findings also suggest that RSR signal-
ing may play a role in antimicrobial defense
and IL-1-driven inflammation in vivo. If proven,
then pharmacologically targeting the ZAKa-

Robinson et al., Science 377, 328-335 (2022)

NLRP1 axis may prove beneficial in treating
human inflammatory disorders.
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MOLECULAR SEPARATION

Discrimination of xylene isomers in a stacked

coordination polymer

Liangying Li%2t, Lidong Guo't, David H. Olson?, Shikai Xian®3, Zhiguo Zhang™*, Qiwei Yang*,
Kaiyi Wu!, Yiwen Yang'*, Zongbi Bao™*#, Qilong Ren"*, Jing Li*3*

The separation and purification of xylene isomers is an industrially important but challenging process.
Developing highly efficient adsorbents is crucial for the implementation of simulated moving bed
technology for industrial separation of these isomers. Herein, we report a stacked one-dimensional
coordination polymer {{Mn(dhbq)(H,0).], H.dhbq = 2,5-dihydroxy-1,4-benzoquinone} that exhibits an
ideal molecular recognition and sieving of xylene isomers. Its distinct temperature-adsorbate—-dependent
adsorption behavior enables full separation of p-, m-, and o-xylene isomers in both vapor and liquid
phases. The delicate stimuli-responsive swelling of the structure imparts this porous material with
exceptionally high flexibility and stability, well-balanced adsorption capacity, high selectivity, and fast
kinetics at conditions mimicking industrial settings. This study may offer an alternative approach for
energy-efficient and adsorption-based industrial xylene separation and purification processes.

ylene isomers are widely used as raw

chemicals for manufacturing large-scale

industrial commodities (1, 2). Separation

of xylene isomers through distillation is

an energy-intensive process because of
their nearly-the-same boiling points (table S1)
(3). The dominant industrial method for large-
scale separation of xylene isomers is based on
simulated moving bed (SMB) using FAU-type
zeolites as the stationary phase (4), which is
favorably run at relatively high temperatures
(393 to 523 K or 120° to 250°C) to ensure a
sufficient mass-transfer rate and to reduce
viscosity of the mobile phase as well as pres-
sure drop across adsorbent beds connected in
a series (4, 5). However, these zeolite adsorb-
ents suffer from low selectivity and/or uptake
capacity as a result of limited porosity, struc-
tural tunability, and high rigidity (6). There-
fore, developing stable and high-performance
adsorbents represents an important current
interest for the efficient separation of xylene
isomers.

Solid adsorbents, such as MFI-type zeolites
(7), molecular crystals (8-10), metal complexes
(11, 12), organic cages (13), and metal-organic
frameworks (MOFs) (14-20), have been inves-
tigated for the separation of xylene isomers. A
particular feature of dynamic MOFs is their
framework flexibility, which has led to inter-
esting and unexpected adsorption properties
(21-24). Such structural flexibility, including
breathing and gate-opening (Fig. 1A), has been
utilized for the selective adsorption of xylenes
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(25-28); however, a complete separation of all
three isomers by molecular recognition or
sieving has not yet been realized.

‘We report a manganese-based stacked one-
dimensional (1D) coordination polymer,
Mn(dhbq)(H,0), (Mn-dhbqg, H,dhbq = 2,5-
dihydroxy-1,4-benzoquinone), and its perform-
ance for discrimination and separation of
xylene isomers in the temperature range
of 303 to 393 K (30° to ~120°C). Mn-dhbq
exhibits distinct changes in the interchain
distances when exposed to xylene molecules,
leading to a framework swelling (Fig. 1A) and
discriminative adsorption behavior toward
the three isomers.

Mn-dhbq was obtained as a brown-orange-
colored microcrystalline solid (fig. S1), following
the reported procedure with minor modifica-
tions (29, 30). The structure of the as-synthesized
Mn-dhbq was refined by Rietveld method using
the room-temperature powder x-ray diffrac-
tion (PXRD) data (fig. S2), which are in good
agreement with those reported by Kitagawa
(table S3) (29, 30). Each dhbq coordinates to
two Mn?* (Fig. 1B), and each Mn?* bonds to
four oxygens from two ligands and two oxy-
gens from two coordinated water molecules,
resulting in a strip-like 1D straight chain (Fig.
1C). The adjacent chains are linked by multiple
hydrogen bonds, leading to a H-bonded 3D
network with a hydrogen bond distance of
1.754 A (Fig. 1, C and D). Upon activation, co-
ordinated water molecules were removed, and
the sample remained stable up to 748 K
(475°C) (fig. S3), confirmed by the porosity
analysis (fig. S4). The framework underwent
a structure transformation accompanied by
color change (fig. S5). This structural change
is reversible (figs. S6 and S7). The Brunauer-
Emmett-Teller (BET) surface area was esti-
mated to be ~429 m?/g with a pore size of
~5.6 A (table S4). Based on Connolly surface
and pore analysis by Material Studio 2017R2

(Accelrys Software, Inc.) using the as-made
structure (with water molecules removed),
the isolated tubular-shaped voids (Fig. 1, E and
F) would be too small to hold xylene mole-
cules. In reality, however, the activated Mn-
dhbq shows strong adsorption toward xylenes,
which suggests an expansion of pore space.

Single-component vapor adsorption iso-
therms of xylene isomers were collected at
303, 333, 363, and 393 K on Mn-dhbq powder
samples. Molecular sieving-based full sepa-
ration of xylene isomers was achieved with
the affinity following the trend of para-xylene
(PX) > meta-xylene (MX) > ortho-xylene (OX).
At 333 K, the compound adsorbs both PX and
MX but almost fully excludes OX (Fig. 2A). The
uptake capacities are 185, 159, and 23 mgy/g for
PX, MX, and OX, respectively, at 1.05 kPa. This
result reveals that OX can be sieved out at this
temperature. At a higher temperature (393 K),
both MX and OX are essentially excluded, with
uptake capacities of 141, 17, and 22 mg/g,
respectively, for PX, MX, and OX at 1.05 kPa
(fig. S13). For effective separations, adsorption
capacity is an equally important parameter
as selectivity. Mn-dhbq takes up substantially
higher amounts of PX than those of best-
performing PX-selective adsorbents. For ex-
ample, the maximum uptake amounts of MFI
zeolite (131.4 mg/g, 298 K) (7), Zn-MOF (55 mg/g,
298 K) (27), and Cu-metallocycle (140 mg/g,
293 K) (12) are all considerably lower than
that of Mn-dhbq (>200 mg/g) measured at a
higher temperature (303 K). The temperature-
dependent adsorption behavior of Mn-dhbq
allows for separation of both PX/0X and PX/
MX binary mixtures. Notably, the adsorption
isotherms of PX exhibit steep slopes, reaching
saturation at very low pressure, which sug-
gests strong interactions of Mn-dhbq with PX.
Distinct inflection points were observed in
both MX and OX isotherms (figs. S10 to S13)—
an indication of swelling of the Mn-dhbq
structure in response to the external stimulus.
The adsorption performance was retained for
the formulated pellet samples (Fig. 2D and
figs. S8, S9, and S14 to S16).

To assess the capability of Mn-dhbq for se-
lective recognition of a specific xylene, we per-
formed competitive adsorption measurements
on xylene mixtures in both vapor and liquid
phase. The data were analyzed by proton nu-
clear magnetic resonance (‘H-NMR) (Fig. 2B
and figs. S17 to S28) and gas chromatography
(figs. S29 to S32). For equimolar binary vapor
mixtures, the relative adsorption selectivities
of Mn-dhbq are 34.8/1 and 37.9/1 for PX/MX
and PX/OX at 363 K, respectively (figs. S24
and S25), and 12.5/1 for MX/OX at 333 K (fig.
S26). These values are higher than most pre-
viously reported numbers (Fig. 2E and table S2).
Additionally, a high selectivity of 70.4/2.5/1
was obtained for an equimolar ternary vapor
mixture of PX/MX/OX at 363 K (fig. S28). The
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Fig. 1. The structure and pore properties of Mn-dhbq. (A) Representations of different modes of framework
dynamics or flexibility: breathing, gate opening-closing or linker rotation, and swelling. (B) The coordination
mode of the dhbq linker. (C) The hydrogen bonds between the two adjacent 1D chains within the framework
(yellow dashed lines). (D) Perspective view of the crystal structure of as-synthesized Mn-dhbg along the ¢ axis.
(E and F) The pore spaces within the Mn-dhbq structure without the coordinated water molecules. The unit cell
is kept the same as the as-synthesized structure. The pore sizes in both (E) and (F) are too small to allow

xylene molecules to be adsorbed.

adsorbed amount of PX was slightly affected
by the presence MX and OX, with the uptake
decreased from 159 mg/g (single component)
to 140 mg/g (ternary mixture) at 363 K.

Furthermore, we carried out static solid-
liquid extraction experiments at temperatures
between 303 and 393 K to evaluate separation
performance in liquid phase. The results con-
firmed the distinct selectivities of Mn-dhbq in
the order of PX >> MX >> OX, especially at
the higher temperatures necessary to meet the
mass-transfer rate requirement for industrial
SMB processes. It is worth noting that although
Cu-metallocycle demonstrates impressive se-
lectivity at lower temperatures, the value con-
tinues to drop quickly as temperature increases
(table S5 and figs. S33 to S36). At 363 and
393 K, its selectivity for ternary mixture PX/
OX/MX (45.4/1.4/1 and 19.4/1.6/1) becomes
substantially lower than that of Mn-dhbq (78.4/
3.8/1 and 84.6/2.5/1). Notably, Mn-dhbq pref-
erentially adsorbs PX from a quaternary liquid
mixture (PX/OX/MX/EB = 22/22/50/6) at a
composition identical to that used in a licensed
UOP (Honeywell UOP, formerly known as UOP
LLC or Universal Oil Products) Parex process
(81). Its selectivity (171.1/4.9/1/18.4) is substan-
tially higher than that of the Cu-metallocycle
(86.6/3.3/1/6.6) at 393 K (figs. S31, S32, S35,
and S36).

To evaluate the feasibility of Mn-dhbq for
xylene separations under real-world condi-
tions, breakthrough experiments were also

Li et al., Science 377, 335-339 (2022) 15 July 2022

conducted on pellet samples for vapor-phase
binary and ternary xylene mixtures (figs. S37
to S40). The results are in excellent agreement
with the trend determined from the pure-
component vapor adsorption isotherms. At
363 K, PX can be fully separated from the
PX/MX/OX ternary mixture, followed by a
complete separation of MX from the binary
mixture of MX/OX at 303 K (Fig. 2, C and F),
which confirms that Mn-dhbq is the first ad-
sorbent capable of full discrimination of the
three xylene isomers in the vapor phase by
molecular sieving mechanism.

High diffusion rates drastically decrease the
adsorption-desorption time, which is crucial
for industrial applications (32). In this regard,
operation at elevated temperature is necessary
to achieve fast kinetics and sufficient diffusion
rate for practical separations of xylene mix-
tures. Adsorption Kinetics experiments were
performed to verify the mass-transfer rate of
xylenes in Mn-dhbq using both gravimetric
and volumetric methods, and time-dependent
adsorption profiles of PX were measured be-
tween 303 and 393 K (figs. S41 to S46). The
diffusion rate constant (D./r2 per second) of
PX in Mn-bhdq was obtained by fitting the
Kkinetic curves according to Crank theory (33).
The estimated values are 7.8 x 10~* and 7.0 x
1072 at 303 and 393 K, respectively (fig. S45),
which outperform both BaX zeolite (4.8 x 1072 at
453 K) (34) and Cu-metallocycle (7.6 x 10™° and
4.5 x 10"*at 303 and 393 K, respectively; fig. S46).

A detailed structural analysis of xylene-
adsorbed Mn-dhbq was made using several
techniques and methods. Although the sam-
ples remained crystalline, the broad PXRD
peaks suggest high-level local disorders (figs.
S47 to S50), making it difficult to solve their
crystal structures. We also attempted to use
the 3D microcrystal electron diffraction (micro-
ED) method to reconstruct the structure, but
without success (figs. S51 and S52). Neverthe-
less, because the 1D chains within the struc-
ture are not connected to each other by
chemical bonds, but are only held together by
weak interchain hydrogen bonds and/or van
der Waals forces, the structure is highly flex-
ible and can undergo a swelling to provide
optimal constrained spaces for selective ad-
sorption of xylene isomers (Fig. 3A). The large
shifts in the (001), (100), and (020) diffraction
planes of xylene-adsorbed Mn-dhbq from those
of the as-synthesized and activated Mn-dhbq
correlate to an increase in the interchain dis-
tance from 6.35 and 6.15 to 6.47 A (Fig. 3C).
The activated Mn-dhbq framework contains
stacks of flexible 1D chains with a high con-
centration of open metal sites, offering favor-
able and size-specific adsorption binding sites
between the chains.

Having the largest length () to width (x)
ratio (1.38; table S1), PX fits very well in the
space between the neighboring chains because
of its similar geometry to the Mn-ligand-Mn
segment, giving rise to strong affinity to Mn-
dhbq (Fig. 3, B and E), consistent with the high
uptake of PX of 208.4 mg/g at 303 K. OX,
however, with the smallest /2 ratio (1.08;
table S1), does not match well with the con-
strained space (Fig. 3, B and G) and thus has
the least interaction with the chain. The inter-
action of MX with Mn-dhbq falls between that
of PX and OX, in trend with its intermediate
2/a ratio (1.23; table S1 and Fig. 3, B and F).
The density functional theory (DFT) simula-
tions provide a more quantitative assessment
of the sorbate-sorbent interactions, illustrat-
ing that there are three different binding sites
for xylene molecules. All three xylene mole-
cules have comparable arene n-n stacking
interactions (site I, green dotted lines; Fig. 3,
E to G) with the aromatic ligand with similar
distances (3.393, 3.317, and 3.346 A for PX,
MX, and OX, respectively), which suggests
that this interaction may not be the dominant
binding force. The distinct difference is found
in the hydrogen bonds between the H atoms
of the xylene methyl group and the O atoms
from the ligand (site II, blue dotted lines; Fig.
3, E to G). There are four hydrogen bonds be-
tween PX and the 1D chain with distances in
the range of 2.711 to 2.903 A, whereas only
three and two hydrogen bonds are formed
between MX and OX and the chain because of
the less-well-matched shape of the two mole-
cules. The dipole-dipole interactions (site III,
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Fig. 2. Adsorption and separation of xylene isomers. (A) Single-component
vapor adsorption isotherms of xylene isomers on Mn-dhbq at 333 and 363 K.
(B) Magnified H-NMR spectrum recorded using the CDCl5 to extract xylene
isomers from the decomposed Mn-dhbg by concentrated HCI solution that was
priorly subjected to the equimolar binary or ternary vapor of xylene isomers

at 333 and 363 K. ppm, parts per million. (D) The comparison of xylene vapor
adsorption isotherms between Mn-dhbq powder and pellet samples at 333 K.

red dotted lines) between Cpeny and Mn?*
centers are also determined from molecular
simulations (Fig. 3, E to G). For PX, there are
two strong C>~---Mn®* dipole-dipole interactions
between PX and the chain, with distances of
3.128 and 3.776 A, respectively. For MX and
0X, only one strong C*~---Mn®" dipole-dipole
interaction exists (3.195 and 3.501 A). The cal-
culated binding energies of PX, MX, and OX
(95.1, 92.8, and 87.1 kJ/mol) are fully consis-
tent with the extent of three interactions and
with the same descending order of the ad-
sorption heats measured by differential scan-
ning calorimeter (DSC) method (fig. S53).
Additionally, thermogravimetric analysis of
the xylene-loaded Mn-dhbq samples also con-
firmed the order of interactions (PX > MX > OX).
The weakest-binding OX was lost from the
sample at ~30°C, even though it has the
highest boiling point among the three iso-
mers. The weight loss of MX happened at
~95°C, followed by the loss of PX at ~126°C
for MX- and PX-adsorbed Mn-dhbq (Fig. 3D
and figs. S54 to S56). The relative binding
strengths of the three xylene isomers corre-
late well with the observed phenomenon (22):
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PX/OX selectivity

PX is adsorbed at all experimental tempera-
tures because its interaction with the Mn-dhbq
framework is sufficiently strong to force the
molecule to enter the constrained space at
all temperatures. The intermediate binding
energy between MX and Mn-dhbq is insuf-
ficient to allow the molecule to enter the voids
at higher temperature (393 K). However, de-
creasing the temperature to a certain value
(i.e., 363 K or below) will infuse sufficient
energy to push MX into the adsorption sites.
With the lowest binding energy, OX can only
take up the sites at even lower temperatures
(=303 K).

Among reported sorbents for gas-vapor sep-
arations, many have poor chemical stability,
especially those with open metal sites. By con-
trast, Mn-dhbq exhibits high resistance toward
water, heat, and air over long periods of time,
as confirmed by PXRD and porosity analysis
(figs. S57 and S58). The porosity parameters
of the activated Mn-dhbq sample remained
nearly the same after being soaked in pure
PX solution at 393 K for 24-hours or in boiled
water for 1 week (fig. S58 and table S4). The
in situ PXRD analysis on Mn-dhbq at various

PX/MX/OX = 1/1/1

363 K

C/Co

0 100 200 300 400

Time (min)

500

1.2

MX/OX =1/1 303K

C/Co

-0 100 200 300 400 500 600
Time (min)

(E) Comparison of adsorption selectivities for binary mixtures of PX/0X and
PX/MX in vapor phase for Mn-dhbg and selected materials. For each reported
material, only the highest and/or best values of selectivity were selected. (C and
F) Breakthrough curves of an equimolar binary (F) and ternary (C) mixture of
xylene isomers at 303 and 363 K for Mn-dhbq pellet samples. The partial
pressure of xylenes in the feed gas used for binary and ternary breakthrough
experiments is 2.4 and 3.9 kPa, respectively.

temperatures also points to its suitability for
industrial xylene separations at relatively high
temperatures, whereas Cu-metallocycle begins
to show degradation at 433 K and loses crys-
tallinity completely at 473 K (figs. S59 and
S60). The PX uptake capacity (~147 mg/g) of
Mn-dhbq remains unchanged after 20 con-
secutive adsorption-desorption cycles at 393 K
(Fig. 4, A and B, and figs. S61 and S62). No
obvious loss of PX uptake was observed after
10 consecutive adsorption cycles in the liquid
phase at 393 K and subsequent desorption
under nitrogen flow at 493 K (fig. S63). The
Mn-dhbq structure remained intact with a
stable cycling capacity of ~150 mg/g, whereas
Cu-metallocycle lost its adsorption capacity and
crystallinity after one cycle under identical
conditions (figs. S63 and S64)). The adsorbed
PX was extracted from Mn-dhbq at 433 K
(160°C, 1 hour), using 1,4-diethylbenzene (DEB)
as desorbent, after adsorption of a quaternary
liquid mixture of PX/OX/MX/EB (22/22/50/6)
at 393 K (120°C). The purity of PX reached
>97% with a recovery of 71% in a single de-
sorption cycle (fig. S65). These results confirm
the robustness and recyclability of Mn-dhbq. In
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addition to the strong Mn-O bonds within the
1D chains, the flexible chain stacking structure
that allows interchain rearrangement to quick-
ly respond to the stimulus may be responsible
for the reversible transformability between non-
porous and porous states, leading to the high
chemical stability of Mn-dhbq.

The commercially available raw chemicals
and environmentally friendly method used to
prepare Mn-dhbq are amenable for scaled-up
synthesis. We achieved this by a simple one-

pot reaction at room temperature using water
as the only solvent. About 0.23 kg of Mn-dhbq
was collected in a single batch (Fig. 4D) and
formulated into pellets. The pellet sample ex-
hibits high crystallinity (figs. S66 and S67) and
similar separation performance as those of the
powder samples (Fig. 2, C and F, and Fig. 4C).

A porous and robust coordination polymer,
Mn-dhbq, having hydrogen-bonded 1D chains,
multiple open-metal sites, rich n-electrons, and
structural flexibility, can selectively recog-
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nize specific xylene isomers and is capable of
full separation of OX, MX, and PX isomers
through molecular sieving. Guest-induced
structural rearrangement is important for the
preferential interaction with specific xylene
isomers. Two key properties of Mn-dhbq are
the high separation selectivity for PX over
MX and OX in both vapor and liquid phases,
especially at higher temperatures, and the
separation of all three xylene isomers in vapor
phase through molecular sieving,.

Fig. 3. Mechanism of framework swelling and
xylene-Mn-dhbq interaction. (A) Schematic
representations of the possible mechanism

about the Mn-dhbq crystal structure changes
corresponding with the stimulus. (B) The length
between the two methyl groups for PX, MX, and
0X molecules. (C) The comparison of PXRD patterns
of as-synthesized, activated, and xylene-adsorbed
Mn-dhbg samples. (D) The thermogravimetric (TG)
curves of xylene@Mn-dhbg samples. (E to G) The
adsorption binding sites, n-r stacking (site Is,
green dotted lines), hydrogen bonds (site Ils,

blue dotted lines), and Crethyi®~-Mn(I1)** dipole-
dipole interactions (site llls, red dotted lines)
between the xylene molecules and the 1D chain

of the Mn-dhbq framework as determined by

DFT simulations.

Fig. 4. Recyclability tests, breakthrough separa-
tion of xylene ternary mixture, and large-

scale synthesis of Mn-dhbq. (A) The p-xylene
adsorption-desorption recyclability test on Mn-dhbg
powder samples for 20 consecutive adsorption
cycles at 393 K. The orange and black curves
indicate the uptake amount of p-xylene and the
concentration of p-xylene combined with N, flow,
respectively. (B) Enlarged image of the first cycle
from (A) showing the p-xylene adsorption on
Mn-dhbg at 393 K and desorption at 423 K under
nitrogen flow. The green curve is the temperature
of the adsorption chamber. (C) Breakthrough curves
of an equimolar ternary mixture of all three xylenes
(bottom) using Mn-dhbq pellets packed in two
columns at 363 and 303 K (top). The partial
pressure of xylenes in the feed gas used for the
ternary breakthrough experiment is 3.9 kPa.

(D) Scaled-up synthesis of as-synthesized Mn-dhbg
obtained from rapid string and mixing of an
aqueous solution of manganese acetate tetrahydrate
and an aqueous solution of Hpdhbgq ligand.
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WORKING LIFE

By Mary O'Reilly

342

An artist at heart

hree years into my postdoc, I started to wonder whether I needed a new career plan. After

applying for more than two dozen faculty jobs, I hadn’t landed a single interview. I felt de-

jected but not particularly surprised. I was applying in the middle of the 2008 financial crisis,

when many universities had instituted hiring freezes and faculty openings were scarce, and

my publication record didn’t stand out. I could have spent another year or two as a postdoc

waiting out the financial storm and building up my CV. But my future husband lived across
the country and we were eager to close the gap one way or another. I needed a plan B—and a long
dormant dream of becoming an artist began to stir.

I had once considered going to
art school but had put that no-
tion to the side when I decided
to pursue chemistry as an under-
graduate. In the years that fol-
lowed, I kept up my interest in art
by taking drawing and painting
classes at night. My family was
bursting with mathematicians,
computer programmers, and en-
gineers who pursued music and
devoured literature in their spare
time, so it had felt natural to
have my daily life revolve around
science, with art as my dreamy
lunar companion.

But in the spring after my failed
job search, that started to change
after an office mate excitedly
showed me proofs for a review
article. She was wowed by what
the journal’s scientific illustrator had done with her rudi-
mentary sketches. “That would be such a fun job,” I mused.

I decided to test out a new career direction by volunteer-
ing to create similar illustrations for my institute’s news-
letters. I spent my nights and weekends reading scientific
papers and thinking about how to illustrate the results. It
was a fun task—something that engaged my artistic, cre-
ative side and made use of my scientific training. I felt I
was perhaps on the right path. But could I make a full-time
career work?

Searching online, I tracked down people who had that
kind of job. I found many had training through scientific
illustration master’s degree programs. After living on grad
student and postdoc salaries for years, I didn’t have enough
money saved up for tuition, so I decided to get a certificate
in digital design and forge my own path.

It was exciting to find a career that drew on my diverse skill
set and would allow me to work as a freelancer from wher-
ever my partner got a job. I did feel a sense of loss as I began

“llove that | get to combine
my scientific and artistic sides.”

to let go of my dream of becoming
a faculty member, and I worried I'd
be letting down the people and in-
stitutions who’d invested time and
resources in me. But it helped to
remind myself that my new career
path wasn’t removed from science.
I was harnessing my passion for
art in the service of science. And
some Kkey early projects, which
required me to thoroughly under-
stand the research, convinced me
that my background was a crucial
part of this niche I was carving out
for myself.

As I launched my fledgling ca-
reer, I took an adjunct position
teaching chemistry at a university
near where we were living. The
income gave me breathing room
to get my freelance business off
the ground, which wasn’t easy. I misguidedly spent much
of the money I earned from illustrating on marketing to
try to drum up business. But I quickly learned that word
of mouth and online searches, not advertising, were the
best sources of new projects for me. Fortunately, as my
client list grew, so too did the referrals. It took more than
3 years, but eventually my business grew sufficiently large
that I decided to stop teaching.

I now work as a visual designer at a biomedical research
institute, where I spend my days working with researchers
to communicate their work visually. I love that I get to com-
bine my scientific and artistic sides and contribute to the
dissemination of knowledge to the scientific community.
And though I can’t in good conscience recommend my long
and winding path to this career, I wouldn’t change a thing
about the stops I made along the way.

Mary O'Reilly is a visual designer for Pattern, a design and data
visualization group at the Broad Institute.
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new products: sample prep handling

M" Temperature Gradient System for Mass

~ . Spectrometry

ionRocket visualizes hidden compounds in your
samples and generates a temperature gradient
from ambient up to 600°C over several minutes.
This allows compounds in your samples to be
sublimated, vaporized, or pyrolized according to
their volatility, and then introduced into the DART
gas stream. Data obtained from ionRocket yields another axis of
data (time/temperature) beyond that obtained from normal DART-MS
(direct analysis in real time-mass spectrometry) analysis. Species
desorb in order of their volatility along the temperature gradient and
thus are separated in time. The data resembles that of an LC-MS
or GC-MS chromatogram, consisting of temperature/time, m/z, and
intensity. This can separate rare from abundant species, making
them easier to detect.

BioChromato

For info: +81-4-6623-8382
biochromato.com/analyticalinstruments/ionrocket

Antigen Retrieval System

EZ-Retriever System is a microwave-based antigen retrieval
pretreatment system invented by BioGenex. It is used for dewaxing,
rehydration, and antigen retrieval of formalin-fixed, paraffin-embedded
(FFPE) tissue sections to enhance exposure of antigenic epitopes.
This system not only resolves inconsistencies due to different types of
antigen retrieval methods by applying different maximum microwave
power levels, solution volumes, and heating time, but also facilitates
the standardization of dewaxing and antigen protocols for high-quality,
reproducible staining.

BioGenex

For info: +1-800-421-4149
biogenex.com/ar-ez-rt-system/?v=7516fd43adaa

Isolation of High-Purity Exosomes

AMS Biotechnology (AMSBIO) is a leading supplier of high-purity
exosomes using isolation methods, including traditional differential
and gradient ultracentrifugation, immunoaffinity, and size-exclusion
chromatography as well as precipitation/low-speed centrifugation.
Exosomes are small endosome-derived lipid nanoparticles actively
secreted by exocytosis in most living cells. Isolated from diverse

cell lines, exosomes play significant roles in diverse pathological
conditions such as cancer, and in infectious and neurodegenerative
diseases. For labs requiring isolation and sequencing of exosomal
microRNA (miRNA) isolation, AMSBIO offers a service to extract RNA
from exosomes and subject it to RNA-sequencing using an lllumina
platform. In addition to performing basic analysis on the raw data, we
can also screen for specific miRNA. AMSBIO also offers analysis of
exosomal surface proteins using the MACSPlex Exosome Kit, as well
as a top-quality service that provides reliable, reproducible isolation
of exosomes from almost any biofluid ranging from plasma and tissue
culture media to cerebrospinal fluid. Using this service, your target
exosomes are isolated by ultracentrifugation before quantification and
quality assessment using a NanoDrop spectrophotometer.

AMS Biotechnology

For info: +1-617-945-5033
www.amsbio.com/exosome-research-services

Automated Barcode Applicator

Porvair Sciences announces eGecko?>—an automated barcode
application system that provides the ideal high-throughput solution

for precisely applying barcode labels onto racks of plates and Petri
dishes. Based upon a robust and proven label printer and print engine,
eGecko? is a completely integrated printer and application unit,
requiring only an electrical supply for operation. A choice of easily
exchangeable operating heads allows you to apply labels on both flat
and curved surfaces. Programmable Z-axis motion control application
macros allow the eGecko? to automatically adjust between plate types
(shallow to deep well) and Petri dishes and then position and apply the
labels accordingly. Powerful yet highly intuitive software enables label
positioning while simultaneously running the eGecko? automation.
Using its fully integrated PC, eGecko? enables you to connect to your
network laboratory information management system to allow live data
transfer and validation of application labels.

Porvair Sciences

For info: +1-856-696-3605
www.kbiosystems.com/label-applicators/I11.htm

Automated Tube Selector

A new adapter kit enables the Ziath Mohawk tube selector to quickly
and easily pick and reformat tubes from Azenta Life Sciences
Acoustix racks used by the latest generation of Labcyte Echo acoustic
liquid dispensers. The Acoustix adapter for Mohawk reduces the
effective height of the Mohawk tube selector lid by introducing a clear
acrylic plate at a lower height, which easily prevents Acoustix tubes
from exiting the inverted rack. This both simplifies and improves the
speed of Acoustix tube picking on the Mohawk. In addition, Ziath

has developed a release plate that can quickly and easily unlock all
96 tubes in a rack, ready for picking. Using a new Acoustix software
plug-in combined with the new adapter and release plate, users can
expect fast and easy single-tube cherry picking and reformatting from
Acoustix racks, with automatic confirmation of pick-list integrity.

Ziath

For info: +1-858-880-6920

ziath.com/products/tube-devices/mohawk

Liquid Dispenser Platforms

DISPENDIX announces the release of . DOT HT Non-Contact
Dispenser and the L.DROP Liquid Handler. The I.DOT HT builds on
the core technology of the |.DOT, expanding the source-well layout
to a 384-well format to support management of compound libraries
at large pharmaceutical and small biotechnology companies. The
L.DROP couples sensor technology and web-based architecture

to provide a more dynamic instrument that is capable of scaling
protocols across instruments and even laboratories without

tedious optimization. Features such as automated deck calibration,
web-based protocol fitting, and closed-loop pipetting promise to
revolutionize the way researchers and automation engineers leverage
liquid-handling technologies.

DISPENDIX

For info: +1-833-235-5465

www.dispendix.com

Electronically submit your new product description or product literature information! Go to www.science.org/about/new-products-section for more information.

Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are featured in this
space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or materials mentioned is not

implied. Additional information may be obtained from the manufacturer or supplier.

340 15 JULY 2022 « VOL 377 ISSUE 6603

science.org/custom-publishing SCIENCE



