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EDITORIAL

Time to support Indigenous science

aced with the profound challenges of a rap-
idly changing environment, society needs other
ways of knowing to illuminate a different way
forward. Thanks to the leadership of Indigenous
scholars and allied collaborators, Indigenous
knowledge is receiving long overdue recognition
for its potential to provide solutions for the mu-
tual thriving of lands and cultures. An urgent question
is how institutions can appropriately support (and not
hinder) Indigenous science’s key role in creating a sus-
tainable future.

After years of marginalization by Western science, re-
gard for Indigenous knowledge is reaching high places.
For example, in 2022, the White House called for el-
evating such knowledge in research,
policy, and land management. This is
extraordinary given the United States’
track record of attempted erasure of
Indigenous thought through policies
of removal and forced assimilation.

There is a global groundswell of
Indigenous-led research on steward-
ship of lands and waters, providing
opportunities for Indigenous and
Western knowledges to flourish to-
gether. A major step in this direction
was announced last September by
the US National Science Foundation,
in its establishment of the Center for
Braiding Indigenous Knowledges and
Science (CBIKS). Led by a team of 54
predominantly Indigenous scholars
and headquartered at the University of Massachusetts,
Ambherst, CBIKS aims to focus on complex issues at the
nexus of nature and culture. The research teams, which
span the globe, will address climate disruption, food
insecurity, and cultural survival through learning from
Indigenous community-based approaches. The goal is to
identify and advance models of ethical and effective inte-
gration of Indigenous and Western sciences by creating
mutually respectful and reciprocal relationships between
them. CBIKS will develop generalizable approaches for a
diversity of scientific communities.

CBIKS is a prime example of a model that supports
research guided by the worldview and priorities of In-
digenous peoples around the world. Similar initiatives
in Australia, Canada, Aotearoa/New Zealand, and else-
where are also leading the way. For too long, Indigenous
peoples have been fighting for a voice in decisions re-
garding their lands, waters, and lives. Indigenous-led
research efforts will point to different paths forward—

“...aClimate
must he created
that values

pluralism while
protecting
sovereignty...”

those in which Indigenous peoples do not merely have
a seat at Western science’s table but are setting research
agendas that reflect their priorities and protocols.

While celebrating these developments, the responsibil-
ity of institutions should not be overlooked. It is crucial
that new enthusiasm not take the form of “knowledge
mining,” akin to a company suddenly recognizing the
value of a previously overlooked mineral, rushing in to ex-
tract the ore for its own benefit, and leaving behind toxic
tailings. Supporting and engaging Indigenous knowledge
first and foremost involves supporting Indigenous com-
munities. Attempts of outside actors to “incorporate”
Indigenous knowledge into their own work without full
consent of Indigenous communities is highly extractive
and undermines the sovereignty of
these communities over their own
knowledge. Collaborators intent on
supporting Indigenous knowledge
systems might instead listen, learn,
and, if requested, contribute their
own knowledge or research resources
to communities. They might support
local governance sovereignty, the re-
turn of expropriated land, and the re-
matriation of ancestral remains and
cultural treasures held in museums,
universities, or private collections.

Supporting Indigenous-led re-
search also requires addressing the
well-documented institutional barri-
ers that limit full participation and
visibility of Indigenous worldviews.
Certain embedded protocols may be at odds with In-
digenous ethics, values, and processes. For example,
Indigenous-led research is supported by environments
where the metrics of success not only include the num-
ber of scholarly papers published, but also recognize
the enhanced well-being of land and culture. Countries
must advance policies that support, rather than infringe
upon, the wisdom, sovereignty, and rights of Indigenous
peoples. To realize the transformative potential of this
approach, a climate must be created that values plural-
ism while protecting sovereignty of diverse knowledges.
In this way, solutions can emerge from the symbiosis
between Western and Indigenous knowledges that ben-
efit everyone.

For centuries, Indigenous scientists have had to adapt
to, and develop fluency in, Western modes of knowledge
making. It’s now Western scientists’ turn to learn from,
and respect, Indigenous science.

—Robin Wall Kimmerer and Kyle A. Artelle
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Tyrannosaurus rex may have a new sibling

cientists last week unveiled what they conclude
is the closest relative of Tyrannosaurus rex—
a newly discovered species that provides fresh
clues about where these giant, fearsome carni-
vores evolved. The specimen of 7. rex’s putative
sister species, dubbed Tyrannosaurus mcraeensis
(illustration above), consists only of skull fragments,
but the research team estimates the full creature might
have measured about 13 meters long, about the same
as T. rex. The skull fragments had been hiding in plain
sight for years; staff from the New Mexico Museum of

the diagnosis and treatment recommenda-

Natural History and Science found them decades ago in
73-million-year-old rocks in the state’s McRae .
Formation. They were originally thought to belong to a
T. rex. But further analysis showed the specimen lacked
T. rex’s characteristic ridges behind the eyes. The ana-
tomical differences and 7. mcraeensis’s age—up to 7 mil-
lion years before 7. rex—suggest a separate species, the
researchers argued in Scientific Reports. They say the
finding supports that a line of tyrannosaurs evolved in
North America before spreading to Asia—although the
leading theory suggests the reverse.

The payments, which totaled $14 million,

Is psychiatric guide tainted?
BIOMEDICINE | A majority of U.S.-based
physicians who helped shape the latest
version of a key manual of psychiatric dis-
orders had recently received drug industry
payments, a study has concluded. The find-
ings, reported last week in The BMJ, raise
questions about industry influence over
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tions. Based on financial data in the U.S.
government database Open Payments,
the analysis revealed that of the 92 U.S.-
based physicians involved in revising
the 2022 edition of the Diagnostic and
Statistical Manual of Mental Disorders,
60% received drug industry payments
in the 3 years leading up to the revision.

included consulting and speaking fees
and coverage for expenses such as food
and travel. The descriptions of disorders
and diagnostic criteria in the manual
influence which drugs get approved,
prescribed, and covered by insurance.
The American Psychiatric Association,
which publishes the manual, told STAT
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it managed financial conflicts in several
ways, including by requiring participating
physicians to disclose them.

COVID-19 booster cut strokes

PUBLIC HEALTH | Older Americans who
received a COVID-19 booster vaccine were
47% less likely to develop a heart attack,
stroke, or blood clot if they got sick with
the disease within 6 months after inocula-
tion compared with those who received
only an original messenger RNA vaccine, a
study has found. The analysis by research-
ers at the U.S. Centers for Disease Control
and Prevention examined Medicare records
of nearly 13 million people 65 and older,
who are more at risk than others for these
COVID-19 complications. The study fol-
lowed patients who received a booster
vaccine that debuted in September 2022
and attacked both the Omicron and original
strains of SARS-CoV-2. Uptake of COVID-19
booster vaccines by Americans 65 and older
has been poor, at less than 45%.

Hagfish reveal vertebrates’ past

EvoLuTiON | Hagfish are ugly, slimy,
jawless vertebrates but play a starring
role in recent genomic studies that raise
new questions about how all vertebrates
evolved. In a study last week in Nature
Ecology & Evolution and another due out
soon in Nature, two groups report the
sequencing of a hagfish genome, filling
in a key gap in vertebrate DNA data. The
studies verify previous suggestions that
genome sizes doubled in the branch of
the vertebrate family tree leading up to
cyclostomes, which include hagfishes and
lampreys, another kind of jawless fish.
Later, vertebrate genomes doubled again,
and the new studies show this happened
after cyclostomes split off from the rest of
the tree. Researchers have long thought
that the second doubling helped expand
the diversity of animal species, but the
hagfish genomics suggest other causes
were at play, one of the teams concludes:
Although cyclostome genomes expanded
as well after the split, these animals
never diversified physiologically or
morphologically.

Common sense isn’t common

COGNITIVE SCIENCE | Saying that some-
thing is “just common sense” may help

you win an argument. But there is little
consensus on what common sense actu-
ally is, a study has found, and people vastly
overestimate how much the world agrees
with their own personal definition of the
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term. A research team selected 4407 state-
ments, including science-related facts such
as “the Sun rises in the east,” and personal
beliefs such as “the sale of alcohol should
be restricted at sporting events”; the team
asked people whether they considered them
to be “common sense” and whether they
thought others would, too. (A total of 2046
people rated up to 50 statements each.) Few
claims elicited general agreement on either
point, the study’s authors report this week
in the Proceedings of the National Academy
of Sciences. The paper also presents a way to
measure the extent to which any statement
should be labeled “common sense.” That
tool, the authors say, could help scientists
improve artificial intelligence models; many
users say their output often doesn’t reflect
what they see as common sense.

Cancer genomes can guide care

BIOMEDICINE | Whole-genome sequenc-
ing (WGS) of solid tumors may improve
patient outcomes, researchers with the
United Kingdom’s ambitious 100,000
Genomes Project reported last week. In the
largest study of its kind, published in Nature
Medicine, the team analyzed WGS of 33

ASTRONOMY

types of solid tumors in nearly 14,000 adult
patients. Depending on type, between 3% and
95% of tumors had “actionable” mutations
suggesting a specific treatment. The results
support the UK. National Health Service’s
plans to regularly use WGS as part of care

for three types of cancer—ovarian cancers,
sarcomas, and glioblastomas. Some experts
noted, however, that lower cost genetic tests
yield much of the same information.

NASA questions space solar power

ENERGY | Using satellites to collect solar
power and beam it to Earth won’t be feasible
soon and even by 2050 would cost more than
other forms of clean energy, NASA said in

a report last week. The challenges include
assembling the large solar panel arrays and
developing efficient power beaming, it says.
A 2022 study conducted for the European
Space Agency was more optimistic about
space-based solar power, concluding it

could compete with other renewable energy
sources as economies of scale drive down the
price. Climate scientists have said the world
must begin a rapid switch to clean energy
sources well before 2050 to avert the worst
consequences of climate change.

‘Lobster eye’ in space promises new look at x-rays

hina last week launched an x-ray observatory with an unusual telescope inspired by

the structure of lobster eyes to gather new data on gamma ray bursts, supernovae,

and stars being swallowed by black holes. The Einstein Probe (illustration above)—a

joint project of the Chinese Academy of Sciences, the European Space Agency, and

the Max Planck Institute for Extraterrestrial Physics—will also capture x-rays from
violent events that generate gravitational waves, such as two neutron stars colliding. The
telescope features a survey instrument, modeled on a lobster’s eye, with microscopic
square tubes that can funnel x-rays from many directions to a single detector—the first
time the approach has been incorporated into a major telescope. The instrument can
survey the entire night sky in less than 5 hours, allowing it to discover transient x-ray—
emitting sources and alert astronomers for follow-up observations.
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Shelled by Russian troops in the spring of 2022, the main building of Mariupol State University stands empty.

SCIENTIFIC COMMUNITY

Uprooted Ukrainian academics reboot in exile

Many institutions and scientists displaced from occupied territories may never return

By Richard Stone, in Kyiv, Ukraine

hen Ukrainian President

Volodymyr Zelenskyy visited Mari-

upol State University (MSU) on

17 November 2023, he didn’t have

to slip behind enemy lines into the

devastated city, occupied by Rus-
sia since May 2022. He simply had to drive
a few minutes to a leafy neighborhood here
in Ukraine’s capital, where MSU has found a
new home in exile.

Zelenskyy had come to pay tribute to the
university’s resilience. Since MSU relocated
in April 2022, it has re-enrolled 3200 stu-
dents, about 70% of the prewar number. The
new facilities also include a humanitarian
hub to distribute food and other essentials to
some 25,000 Mariupol refugees in the Kyiv
region. “This is a major achievement,” says
Mychailo Wynnyckyj, Ukraine’s deputy min-
ister of education and science.

MSU is one of 31 state universities up-
rooted from Russian-occupied territory since
2014, along with two dozen research insti-
tutes and scientific centers affiliated with
the National Academy of Sciences of Ukraine
(NAS). Tens of thousands of students and ac-
ademics have been displaced. But not all at-
tempts at relocation have been as successful
as MSU’s. With institutions losing access to
key infrastructure and many displaced schol-
ars finding havens elsewhere in Ukraine and
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abroad, a new challenge will loom when the
war finally ends: restoring vitality to a frac-
tured academic landscape.

MSU’s own survival test began on 24 Feb-
ruary 2022, when Russian troops marched
on Mariupol, a port on the Sea of Azov. That
day, MSU rector Mykola Trofymenko and
colleagues filled a minibus with laptops and
servers and dispatched it to the city of Dnipro,
300 kilometers to the north in central Ukraine.
They followed in their own cars with vital
MSU documents. Two days later, Trofymenko
made a fateful decision. With many MSU staff
and students still in Mariupol, he says, “I felt
I should be back with them.” He returned to
the embattled city with his wife, their 5-year-
old son, and his mother-in-law. “That was the
biggest mistake of my life.”

The Russian military encircled Mari-
upol and began bombing it relentlessly.
Trofymenko and his family were trapped in
their basement. During lulls, he would ven-
ture out to forage for food and for snow to
melt for drinking water. After 3 weeks, re-
gional police evacuated the family. They
drove through a devastated cityscape,
Trofymenko says, “but our house was stand-
ing. It was a miracle” He and his family made
it safely back to Dnipro and then later Kyiv,
to help set up MSU’s new offices and lecture
rooms in a derelict section of another univer-
sity. But eight MSU staff and 10 students died
during the siege of Mariupol, along with tens

of thousands of others. Scores of students are
still missing.

Two hundred kilometers to the west, in
Melitopol, the Russian military began shell-
ing near the Dmytro Motornyi Tavria State
Agrotechnological University (TSATU), kill-
ing a student. By mid-April 2022 the situa-
tion had grown untenable. TSATU Rector
Serhii Kiurchev and his colleagues scooped
up official documents and drove 100 kilo-
meters north to Zaporizhzhia, running a
gauntlet of 20 Russian checkpoints where
men of fighting age were often detained.

That May, occupiers seized TSATU’s
campus and renamed it Melitopol State
University—a “pseudouniversity,” Kiurchev

says. He set up TSATU’s administration in -

Zaporizhzhia, itself a frontline city where
shelling Killed a student. TSATU’s courses
are now entirely online, and it boasts
8000 students, including 2300 freshman—
more than any other displaced university
this year, Kiurchev says.

Other research centers in Ukraine were up-
rooted earlier, after Russia’s 2014 invasion of
Crimea and parts of Donetsk and Luhansk—
the Donbas region. The Donetsk Institute for
Physics and Engineering now has footholds
in Kyiv and Kharkiv. But it had to abandon
millions of dollars of equipment including a
facility for synthesizing oxide nanopowders,
a scanning electron microscope, and a cryo-
genic site for helium production.
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At the Donetsk Botanical Garden (DBG),
many scientists and nearly all technical
staff chose to stay put when separatists took
control a decade ago. Botanist Ganna Boiko
decided to leave, fleeing to Kyiv with her hus-
band and 12-year-old son, in part because
of bad blood on the staff. “It wasn’t just the
shelling,” she says. “It was the tension be-
tween people”—separatists versus those loyal
to Ukraine or indifferent to the conflict.

If Ukraine can reclaim its occupied territo-
ries, officials plan to vet academics in rogue
institutions to determine who deserves a
second chance. “Some people were just vic-
tims of Russian propaganda,”’ says Volodymyr
Ustymenko, head of the Donetsk Scientific
Center, which coordinates scientific activities
of universities and NAS institutes in Donbas.

The Ukrainian government is also drawing
up plans to lure academics back to the ter-
ritories it intends to recapture. “Science must
be an engine of the future economic growth
in Donbas,” says Ustymenko, a legal scholar.
Incentives will be needed to attract high-tech
investments, he says. “We cannot just restore
the academic landscape as it was.”

Still, the longer the war lasts, the harder
it will be to coax back academics who have
started over in Ukraine and abroad. Boiko,
now vice president of the Ukrainian Bo-
tanical Society, landed a job at NAS’s M.G.
Kholodny Institute of Botany in the capital;
her son studies at the Igor Sikorsky Kyiv Poly-
technic Institute. “We aren’t going back,” she
says. Population geneticist Sergiy Pryvalikhin,
who also left DBG in 2014, thought he and his
wife would soon return. Now, he has a plum
job at NAS headquarters—and two young
children who were born here. “They don’t
know Donetsk,” he says.

Some displaced universities might also
balk at returning. Before 2014, Donetsk
National University (DNU) was one of the
country’s top universities; that year it set up
shop in Vinnytsia, in central Ukraine. DNU
has woven itself into that community, says
Wynnyckyj, a sociologist by training. “It’s
no longer a question of relocation. If de-
occupation happened tomorrow, we'd have
to rebuild the university in Donetsk from the
ground up.” Still, he says several frailer Don-
bas universities failed to take root in their
new environs, and “have effectively died.”

MSU will return to its hometown after
liberation, Trofymenko says. Until then, as
Zelenskyy observed during his visit to MSU-
in-exile, Ukraine must keep the educational
flame alive for its displaced academics. “What
I saw was more than a university,” Zelenskyy
said. “Without students, there will be no fu-
ture for which our country is fighting.”

Richard Stone's reporting was supported in part by
the Richard Lounsbery Foundation.
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Bacteria stitch exotic building
blocks into novel proteins

Efficient method for creating proteins with unusual amino
acids opens the door to new medicines and catalysts

By Robert F. Service

iology students learn that DNA codes

for just 20 amino acids, the build-

ing blocks of all of life’s proteins.

Researchers would love to build pro-

teins from hundreds of other, exotic

amino acids, but life’s preference for
standard ones has hindered the quest. Now,
researchers report an efficient way to coax
bacteria to add structurally unusual amino
acids into proteins. The approach could
lead to medicines that persist longer in the
body and better catalysts for industry.

“It’s a big accomplishment to get these new
categories of amino acids into proteins,” says
Chang Liu, a chemist at the University of Cal-
ifornia, Irvine who was not part of the study,
which was published last week in Nature.

The 20 common amino acids (plus two
rare ones) that living things readily use are
known as alpha amino acids, which refers
to their common structure. Researchers
have tinkered with cells’ proteinmaking
machinery to accept dozens of nonstandard
but still closely related alpha amino acids.
But hundreds of even more exotic amino
acids exist, including beta and gamma va-
rieties that have unique twists and turns in
their molecular backbones. To date, these
have only been added to proteins in test
tubes by synthetic chemists.

Cells make proteins in two key steps: fer-
rying amino acids to the ribosome, the cell’s
protein assembler, and coaxing the ribosome
to stitch them onto a growing protein. Deliv-
ering the amino acids is the job of short RNA
snippets called transfer RNAs (tRNAs). Each
tRNA has a three-letter genetic sequence
that codes for a specific amino acid. Enzymes
known as aminoacyl tRNA synthetases
(aaRS) attach the proper amino acid to each
tRNA. The loaded tRNAs then travel to the
ribosome, where they bind to corresponding
sequences on a long strand of so-called mes-
senger RNA (mRNA), which contains a full-
length copy of a gene to be translated into a
protein. The ribosome goes down the strand
of mRNA, plucking off each amino acid and
linking them together in a growing chain.

Alexandria Deliz Liang, a chemist at the
University of Zurich, likens proteinmaking

to assembling a train: First you must load
the railway cars, and then you need to link
those cars together. To produce novel pro-
teins, researchers have to get both steps—
the loading and the linking—to work at
once. “If either of those don’t work, the sys-
tem fails,” adds Jason Chin, a chemist at the

U.K. Medical Research Council’s Laboratory

of Molecular Biology (LMB).

Chin and his LMB colleagues have now
found a better way to do the first step. By
mutating genes for the aaRS enzymes, they
created millions of alternative versions that
might bind to exotic amino acids. They also
attached RNA tags to track which enzymes
worked out of the mix of millions. They in-
serted genes for these enzymes into Esch-
erichia coli bacteria and watched to see
whether their ribosomes would incorporate
the exotic amino acids into proteins.

The researchers found eight enzymes that
successfully loaded exotic amino acids, and
E. coli’s ribosomes were able to add four into
growing protein chains: three beta amino ac-
ids and an equally exotic variety known as an
alpha,alpha-disubstituted amino acid. “We
broke the deadlock,” Chin says.

The achievement will likely have big
implications down the road, says Samuel
Gellman, a chemist at the University of
Wisconsin-Madison. For starters, he says,
companies could design protein-based drugs
resistant to bodily enzymes that readily de-
grade alpha amino acid-based proteins,
reducing the need for repeat doses. And

.

4

because exotic amino acids have different -

shapes than standard ones, the approach
could also improve industrial catalysts in-
volved in making everything from pharma-
ceuticals to fuels.

Chin’s process still relies on the willing-
ness of the ribosome to occasionally ac-
cept oddball amino acids. So his group is
also trying to alter the ribosome itself, by
making mutations that allow it to recog-
nize tRNA codes not found in nature and
tolerate amino acids with unusual shapes.
As the loading and linking lines of research
come together, Chin says researchers could
also engineer polymer materials composed
entirely of exotic amino acids, which could
lend them novel properties.

19 JANUARY 2024 » VOL 383 ISSUE 6680 247



NEWS | IN DEPTH

ANIMAL RESEARCH

EPA scraps plan to end all
testing in mammals by 2035

U.S. environmental agency’s hard deadline had split

scientific community

By David Grimm

he U.S. Environmental Protection

Agency (EPA) has abandoned a con-

troversial plan to phase out all use of

mammals to test the safety of chemi-

cals by 2035. The hard deadline—

imposed in 2019 to accelerate a move
toward nonanimal models such as computer
programs and “organs on a chip”—made
EPA unique among U.S. federal agencies.
But it divided scientists, some of whom say
animals remain the gold standard for as-
sessing the safety of chemicals that could
harm humans and wildlife.

Removing the deadline is a “good move,”
says Jennifer Sass, a senior scientist at the
Natural Resources Defense Council who
blasted the 2035 target. “I'm not comfort-
able with EPA calling a chemical safe based
just on cells in a petri dish.”

Former EPA Administrator Andrew
Wheeler, who set the deadline, fears that
without it, the agency won’t get serious
about reducing its reliance on animal ex-
periments. “The status quo will continue,”
he says. “It’s taking the easy way out.”

EPA says the reversal was motivated by
science. “We need to focus on what the sci-
ence is telling us in order to advance meth-
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ods that don’t involve animal testing,” says
Chris Frey, the agency’s assistant adminis-
trator for R&D—“and not focus so much on
arbitrary dates.”

EPA relies on studies of thousands of ani-
mals each year for assessing the safety of
pesticides, determining dangerous levels of
chemicals in drinking water, and other key
toxicity studies. Much of this work is done
in mammals such as rodents and rabbits,
though some is also done in fish. A 2016
amendment to the federal Toxic Substances
Control Act required the agency to move
away from animal experiments, although it
set no deadline.

In September 2019, Wheeler pledged that
EPA would stop conducting or funding any
studies on mammals by 2035. He also set
an interim goal of 2025 for reducing these
studies by 30%. Other federal agencies have
long vowed to reduce their reliance on ani-
mal testing—a 2020 U.S. spending bill even
compelled some to do so—but none has set
a hard deadline for ending animal research.

At the time, critics accused Wheeler—
who served under former President Donald
Trump—of kowtowing to the chemical in-
dustry, which views animal testing as time
consuming and expensive. (Chemical com-
panies pay for much of this testing them-

selves to satisfy regulatory requireme
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But Wheeler says he was motivated by s —

family’s love of animals and his belief that
new technologies would be able to fully re-
place animal testing within 16 years.

Now, both the 2025 and 2035 deadlines
are gone. Last month, the White Coat Waste
Project, an advocacy group pushing to
end taxpayer-funded animal experiments,
brought attention to agency documents
indicating the change of plans—a devel-
opment first reported by The Washington
Times. An EPA work plan for reducing ani-
mal use published in June 2020 mentions
both deadlines, but they’re gone in a Decem-
ber 2021 version of the report. An internal
agency email obtained by White Coat Waste
via a public records request also refers to
specific target dates being “stripped out.”

“They made no effort to meet these

benchmarks—they didn’t even try,” says -

Justin Goodman, White Coat Waste’s senior
vice president of advocacy and public policy.
“The deadlines were the most important part
of the work plan,” he says; without them, any
effort to reduce animal testing is “toothless.”

Wheeler, now a volunteer adviser for
White Coat Waste, says he’s disappointed
by the reversal. “I felt like things were
moving in the right direction,” he says.
“Without a deadline, we’re not going to
make progress.”

EPA tells Science that it remains commit-
ted to exploring alternatives to animal ex-
periments. Just because the dates are gone,
“that commitment has not changed,” Frey
says, although he doesn’t know when—or
even whether—his agency will completely
transition to nonanimal models. “Fully
phasing out animal testing is the goal, and
we will always have that goal,” he says. “But
I don’t want to get ahead of our scientists.”

Sass applauds the move. In March 2023,
her organization was one of dozens of envi-
ronmental, health, and social justice groups
that sent a letter to EPA urging it not to
abandon animal testing. New technologies

are useful as a supplement to animal ex- -

periments, Sass says, “but I'm not sure that
they’ll ever be able to tell us whether a child
exposed to lead as a fetus is going to have
trouble sitting still in a classroom.”

Kim Boekelheide, a toxicologist at Brown
University, expects animals to disappear
from environmental testing soon, however.
His lab is developing clusters of cells called
organoids that mimic aspects of the heart,
brain, and other organs for evaluating the
impact of pollutants, and he believes that
such approaches are finally beginning to
rival the predictive power of animal stud-
ies. “The transition from animals to in vitro
test systems will happen in the next decade,
whether there’s a deadline or not.”
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A mammoth'’s life story, written in tusk

The travels of “Elma” show she faced twin pressures—climate change and human hunting

By Michael Price

irst, the 13,000-year-old woolly mam-
moth whose tusks were found in 2009
near Fairbanks, Alaska, needed a name.
“They wanted a name from the Indig-
enous community,” recalls Evelynn
Combs, an archaeologist and Mendas
Cha’ag tribal member. The Healy Lake Village
Council settled on Elmayuujey’eh, “an affec-
tionate nickname for things that look funny”
in the tribe’s Dené language, Combs explains.

Then, Elma (for short)
needed a life story, which a
detailed analysis of the tusks
has now provided. Her trav-
els are giving Combs and col-
leagues a rare glimpse into
the ways of her species at the
end of the last ice age—and
insight into how pressure
from a changing climate as
well as hunting by early hu-
mans may have helped spur
mammoths’ extinction.

“It's a lovely piece of
work,” says paleoenviron-
mental researcher Rachel
Schwartz-Narbonne of Shef-
field Hallam University. She
praises the motley collection
of disciplines—geochemis-
try, genetics, archaeology,
and oral traditions—that
went into the work, published this week in
Science Advances. “It is a mammoth study,
pun intended.”

Like elephant tusks, those of mammoths
were always growing, building up layers of
ivory in growth rings a bit like those of trees.
As mammoths roamed, ate, and drank, they
ingested chemical markers called isotopes,
which embedded themselves in those lay-
ers. The ratios of isotopes vary from place
to place, depending on geology, so scientists
can reconstruct a mammoth’s lifetime trav-
els based on the layered isotopic signatures
in their tusks. In 2021, a team led by scien-
tists from the University of Alaska Fairbanks
(UAF) used the method to chart the life his-
tory of a 17,000-year-old male mammoth nick-
named Kik (Science, 13 August 2021, p. 806).

Kik ranged across the lowlands of the
Alaskan interior, grazing on herbs and
grasses during the frigid height of the last ice
age. Elma, born 4000 years later, spent her
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20 years of life in the ice age’s waning days,
as glaciers thawed and vegetation changed.
Applying the same analytic methods, the re-
searchers found her range significantly over-
lapped with Kik’s but was much smaller. She
favored the highlands, where mammoths’
preferred vegetation still lingered.

Elma spent most of her time in two regions
about 1000 kilometers apart, one in eastern
Alaska, the other in western Yukon. Both are
rich in signs of human presence. Artifacts at
Elma’s final resting place, Swan Point, date

A 13,000-year-old mammoth'’s life history reveals stresses on the species as the ice age ended.

back 14,000 years. The site “is largely re-
garded as the earliest unequivocal evidence
for human occupation in Beringia,” the now
partly submerged land between Alaska and
Siberia, says archaeologist and co-author Ben
Potter of UAF.

The fact that Kik and Elma largely traveled
the same trails, despite being separated by
4000 years, suggests consistent, predictable
movement patterns, the authors say. As with
modern game animals such as elk, that may
have allowed humans to plan hunting camps
around their presence. Swan Point contains
the same types of small, razorlike projectile
blades known to have felled Siberian mam-
moths some 30,000 years earlier.

“The idea that humans would have
been aware of and influenced by mam-
moth behavior ... makes complete sense,”
says Larisa Grawe DeSantis, a paleon-
tologist at Vanderbilt University. Exist-
ing Dené dialects may reflect that ancient

awareness, says study co-author Gerad
Smith, an anthropologist at the University
of Alaska Anchorage. Several preserve a
word, negutih and variations thereof, that
roughly translates to “a creature carry-
ing a singular object in front of its face”™—
perhaps a mammoth and its trunk.

DNA from Elma’s tusks revealed she was
closely related to previously excavated juve-
nile and infant mammoths at Swan Point.
“At the very least, the juvenile and neonate
were probably hunted by humans,” says lead

author and UAF graduate °

student Audrey Rowe. Elma
herself might have been
felled by humans: Isotopes
in the outermost layers of
her tusks suggest she was
healthy and well-nourished

when she died.
That makes sense to
paleobiologist Hervé

Bocherens at the University
of Tiibingen. “Humans are
the only regular predators
of mammoths, and prob-
ably the only ones able to Kill
prime adults,” he says.
Except for a few island
stragglers, woolly mam-
mothslargely vanished about
10,000 years ago. For de-
cades, scientists have argued
over why. The new work sug-
gests human hunting pressure, in concert
with shrinking habitats and altering food
availability, may have sealed the mammoths’
fate, the authors say. That echoes a similar
conclusion published last year that both

shifting climate and human-caused wild- -

fire sparked the extinction of megafauna
in Southern California as the ice age ended
(Science, 18 August 2023, p. 724).

“We do see coexistence” between hu-
mans and megafauna during the ice age,
Schwartz-Narbonne says. “When we add in
two harsh pressures—hunting and climate
change—at the same time, that’s what even-
tually leads to extinction.”

Besides illuminating the past, the au-
thors think their findings could help efforts
to resurrect mammoths using their ancient
DNA. Knowing how mammoths lived and
where they roamed in their ice-age heyday
would be critical if that long-shot project
actually succeeds.
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Wisconsin bill would restrict pathogen studies

Efforts to ban “gain-of-function” research on viruses and bacteria worry scientists

By Jocelyn Kaiser

hearing last week in Wisconsin on

a proposal to bar research that may

make human pathogens more danger-

ous has scientists worried that such

state bans would hamper a broad range

of microbiology studies. The laws
could also conflict with or exceed new fed-
eral restrictions on so-called gain-of-function
(GOF) research, due out any moment.

The Wisconsin bill is still early in the leg-
islative process, and its prospects are un-
certain. But the hearing gave a platform to
a small, vocal group of scientists who want
to forbid certain GOF studies. Several hold
the controversial view that such research is
to blame for the COVID-19 pandemic, claim-

ago when two labs funded by the U.S. Na-
tional Institutes of Health (NIH) modified
the potent H5N1 bird flu virus to make it
spread more easily between ferrets—and po-
tentially among people. Although meant to
help prepare for pandemics, the work raised
unacceptable risks of a lab leak, some GOF
research critics said. The uproar led to a 2017
U.S. policy requiring a high-level government
review for such federally funded studies. But
COVID-19 has stoked new controversy, with
some scientists and lawmakers alleging that
NIH-funded work on bat coronaviruses in
‘Wuhan, China, sparked the pandemic.
Several proposals in Congress, includ-
ing one approved last year by the House of
Representatives, would replace the review
with a ban on federally funded research on

Yoshihiro Kawaoka (center) once modified a virus to spread more easily, now prompting bills to ban similar work.

ing that the causative virus “leaked” from a
Chinese lab that had, accidentally or inten-
tionally, made a less harmful virus deadlier.

Many virologists and others disagree, fa-
voring a natural origin for the pandemic. Gigi
Kwik Gronvall, a biosecurity expert at Johns
Hopkins University, says the bill “will create
uncertainty” that will deter the state’s scien-
tists from doing important work to prepare
for future pandemics. “Their hearts are in
the right place—I mean, who doesn’t want to
stop pandemics and prevent lab accidents?”
she says of the bill’s sponsors. “But this bill
won’t do that.”

The statewide GOF bans, which have
also been proposed in Texas and are law in
Florida, reflect a debate sparked 13 years
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certain bacteria, viruses, and fungi, dubbed
enhanced potential pandemic pathogens
(ePPPs). It’s not clear the Democratic Senate
will endorse any of them.

Last year, Florida enacted the first state-
level GOF ban. Its law uses the current,
narrow federal definition of an ePPP, and an-
alysts found it would have no impact because
no such research is underway in Florida.

The University of Wisconsin-
Madison (UW), however, is home to virologist
Yoshihiro Kawaoka, who led one of the 2011
studies that set off the GOF debate. Kawaoka,
who is also at the University of Tokyo, con-
tinued his H5N1 work under the 2017 rules
but has since ended it. Last year, concerns
about past safety incidents in his UW lab led

to a House committee requesting a long list
of documents related to Kawaoka’s research.

The safety concerns also helped inspire
Wisconsin bill AB413, which would effec-
tively ban ePPP studies by barring state
funding for institutions that allow this work.
When scientists enhance pathogens, “You're
playing with a dangerous, dangerous thing. I
don’t think the science is worth the risk,” the
bill’s sponsor, Wisconsin State Assembly Rep-
resentative Elijjah Behnke (R), told Science. It
would also require that any proposed study

on natural, unmodified microbes that qualify ~

as PPPs—the bill offers no list—be reported to
the state. A UW spokesperson said Kawaoka
declined to comment on the bill.

The bill is copied from a Texas proposal
that died last year. Both bills use a broad
definition of pathogens that could cause a
pandemic. Critics say it could cover any that
spreads easily among people, such as cold
viruses, blocking routine studies that modify
such microbes to understand their biology
and develop vaccines and treatments.

It would “significantly hinder the ability
of researchers in Wisconsin to conduct re-
search of extreme importance to the state”
on human, plant, and animal pathogens, UW
and the private Medical College of Wiscon-
sin warned in testimony submitted for the
10 January hearing. Last year, the UW system
estimated that the reporting rule would af-
fect thousands of studies and could jeopar-
dize federal grants by delaying the work.

One witness at the Wisconsin Assembly
committee hearing was Justin Kinney, a
quantitative biologist at Cold Spring Har-
bor Laboratory and co-founder of Biosafety
Now, a nonprofit that supports the lab-leak

pandemic theory. Although the group has ral- -

lied behind the Wisconsin bill, Kinney said it
should use a narrower ePPP definition pro-
posed by a federal advisory panel. He said
that definition would ban work in only one
lab—Kawaoka’s—and require reporting stud-
ies of just a handful of risky human patho-
gens, such as H5N1, SARS-CoV-2, Ebola, and
mpox. “There will be no impact at all on the
vast majority of faculty,” Kinney said.

“We are more than open” to the change,
Behnke says. Even if the bill passes, how-
ever, Wisconsin’s Democratic governor
is unlikely to sign it. Meanwhile, micro-
biologists are anxious to see the new federal
ePPP policy. Congress had ordered that it be
completed by the end of 2023.
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ASTRONOMY

Second image of ‘shadow’
confirms giant black hole is real

To zoom in farther, Event Horizon Telescope wants to add
more radio dishes to its network—and go to space

By Daniel Clery

familiar shadow looms in a fresh im-

age of the heart of the nearby galaxy

MS87. It confirms that the galaxy har-

bors a gravitational sinkhole so pow-

erful that light cannot escape, one

generated by a black hole 6.5 billion
times the mass of the Sun. But compared
with a previous image from the network of
radio dishes called the Event Horizon Tele-
scope (EHT), the new one reveals a subtle
shift in the bright ring surrounding the
shadow, which could provide clues to how
gases churn around the black hole.

“We can see that shift now,” says team
member Sera Markoff of the University of
Amsterdam. “We can start to use that.” The
new detail has also whetted astronomers’
desire for a proposed expansion of the EHT,
which would deliver even sharper images of
distant black holes.

The new picture, published this week in
Astronomy & Astrophysics, comes from data
collected 1 year after the observing campaign
that led to the first-ever picture of a black
hole, revealed in 2019. The dark center of the
image is the same size as in the original im-
age, confirming that the image depicts physi-
cal reality and is not an artifact. “It tells us
it wasn’t a fluke,” says Martin Hardcastle, an
astrophysicist at the University of Hertford-
shire who was not involved in the study. The
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black hole’s mass would not have grown ap-
preciably in 1 year, so the comparison also
supports the idea that a black hole’s size is
determined by its mass alone.

In the new image, however, the brightest
part of a ring surrounding the black hole
has shifted counterclockwise by about 30°
That could be because of random churning
in the disk of material that swirls around
the black hole’s equator. It could also be
associated with fluctuations in one of the
jets launched from the black hole’s poles—a
sign that the jet isn’t aligned with the black
hole’s spin axis, but precesses around it like
a wobbling top. That would be “kind of ex-
citing,” Markoff says. “The only way to know
is to keep taking pictures.”

Although incredibly massive, black holes
like M87 are relatively small: One could fit
within the Solar System. To see it, the EHT
relies on radio emissions, which penetrate
the gas and dust shrouding the black hole.
The array generates a sharp enough image
by combining data from telescopes spaced
as widely apart as possible, creating, in
effect, an Earth-size dish. So far, the EHT
team—some 300 researchers, also spread
across the world—has observed for a couple
of weeks each year, using up to a dozen ob-
servatories from the South Pole to Green-
land and Hawaii to France.

Now, the team wants to add more tele-
scopes to the network, which would fur-

The Greenland Telescope was one of many radio
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dishes that added to the picture of M87’s black huic.

ther sharpen its images and enable it to
see black holes in more distant galaxies.
Last month, the team submitted a proposal
to the National Science Foundation for a
$73 million next-generation EHT (ngEHT).
It calls for building 9-meter radio dishes in
four locations—Wyoming, the Canary Is-
lands, Chile, and Mexico—and adding the
37-meter dish at the Massachusetts Insti-
tute of Technology’s Haystack Observatory.
This “fills in the holes beautifully,” says
EHT founding director Shep Doeleman of
the Center for Astrophysics | Harvard &
Smithsonian (CfA).

The ngEHT project would also deploy
new hardware and software to speed up
data processing. The team could produce

results in days instead of years, creating °

the opportunity for “black hole cinema,”
Doeleman says. Sharpening the resolution
in both space and time will help researchers
unravel one of astrophysics’ most enduring
mysteries: how a black hole’s spin, magnetic
field, and swirling disk of material conspire
to launch the powerful jets of particles far
out into space.

Theorists also predict that within the
fuzzy bright ring in the EHT images are
sharper circles of light emitted by pho-
tons trapped in orbits as close as it’s pos-
sible to get to the black hole’s boundary,
or event horizon. To zoom in on these so-
called photon rings will require a virtual
radio dish extending well beyond Earth.
“We are reaching the limits of what can be
done from the ground,” says CfA’s Michael
Johnson. He is leading a mission proposal
called Black Hole Explorer that he aims to
submit to NASA in 2025. To be launched
in 10 years into geosynchronous orbit, the
spacecraft’s 4-meter dish would expand the
baseline of ngEHT to about 35,000 Kilo-
meters, enough to see the photon rings.
“With just one satellite we could pick out
these orbits,” Markoff says.

Theory predicts multiple, nested photon
rings, and the size and shape of the inner-
most one would help pinpoint the black
hole’s mass, spin, and even the inclination
of its swirling disk. By imaging multiple
black holes with different life histories, re-
searchers could find out how their spins are
affected by mergers or a sudden feast of sur-
rounding material.

The ngEHT and its orbiting outrigger
should also be able to test Albert Einstein’s
theory of gravity, general relativity, in the
most extreme conditions ever, Doeleman
says. “[It will] bring us as close to the edge
of a black hole event horizon as we are
likely to be for many years to come.”
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ne evening in June 2023, Nicholas
Wise, a fluid dynamics researcher
at the University of Cambridge
who moonlights as a scientific
fraud buster, was digging around
on shady Facebook groups when
he came across something he had
never seen before. Wise was all
too familiar with offers to sell or
buy author slots and reviews on scientific
papers—the signs of a busy paper mill. Ex-
ploiting the growing pressure on scientists
worldwide to amass publications even if
they lack resources to undertake quality re-
search, these furtive intermediaries by some
accounts pump out tens or even hundreds
of thousands of articles every year. Many
contain made-up data; others are plagia-
rized or of low quality. Regardless, authors
pay to have their names on them, and the
mills can make tidy profits.

But what Wise was seeing this time was
new. Rather than targeting potential au-
thors and reviewers, someone who called
himself Jack Ben, of a firm whose Chinese
name translates to Olive Academic, was go-
ing for journal editors—offering large sums
of cash to these gatekeepers in return for
accepting papers for publication.

“Sure you will make money from us,” Ben
promised prospective collaborators in a
document linked from the Facebook posts,
along with screenshots showing transfers of
up to $20,000 or more. In several cases, the
recipient’s name could be made out through
sloppy blurring, as could the titles of two
papers. More than 50 journal editors had al-
ready signed on, he wrote. There was even an
online form for interested editors to fill out.
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PAPER

journal editors

By Frederik Joelving,
Retraction Watch

“Jackpot!” Wise thought, and then, “Oh
geez, I'm going to have to report this.”

AT LEAST TENS OF MILLIONS of dollars flow to
the paper mill industry each year, estimates
Matt Hodgkinson of the independent charity
UK Research Integrity Office, which offers
support to further good research practices,
who is also a council member at the non-
profit Committee on Publication Ethics. Pub-
lishers and journals, recognizing the threat,
have beefed up their research integrity teams
and retracted papers, sometimes by the hun-
dreds. They are investing in ways to better
spot third-party involvement, such as screen-
ing tools meant to flag bogus papers.

So cash-rich paper mills have evidently
adopted a new tactic: bribing editors and
planting their own agents on editorial boards
to ensure publication of their manuscripts.
An investigation by Science and Retraction
Watch, in partnership with Wise and other
industry experts, identified several paper
mills and more than 30 editors of reputable
journals who appear to be involved in this
type of activity. Many were guest editors of
special issues, which have been flagged in
the past as particularly vulnerable to abuse
because they are edited separately from the
regular journal. But several were regular ed-
itors or members of journal editorial boards.
And this is likely just the tip of the iceberg.

Hodgkinson recalls hearing one pub-
lisher say it “had to sack 300 editors for ma-
nipulative behavior” He adds, “These are

In the latest twist of the publishing
arms race, firms churning out
fake papers have taken to bribing

organized crime rings that are committing
large-scale fraud.”

Ben seemed to view co-opting editors
as normal business procedure. Reached by
phone, he appeared to believe he was be-
ing approached by a journal editor looking
to collaborate, despite repeatedly being told
he was talking to a journalist.

“I have many customers [who] want to
publish,” Ben said. He added that he needed
partners to help get his papers into journals.

“First time we will pay like this: after ac-
cept, half, and after paper online, half,” Ben
explained, noting that the kickback’s size
would depend on the journal. “You can offer
your price.”

When he realized he was not speaking
with a journal editor, Ben asked to switch to
WhatsApp. In a written exchange he denied
paying editors, claiming his company only
offered advice about manuscripts, and most
of the incriminating posts on his Facebook
profile vanished.

But Olive Academic’s relationship with
an editor named Malik Alazzam belies Ben’s
claim. On LinkedIn, Alazzam describes him-
self as an “editor of Scopus and ISI journals,”
referring to journals included in two lead-
ing reputable databases, as well as a for-
mer researcher and assistant professor in
Saudi Arabia, Malaysia, and Jordan. (He did
not agree to be interviewed for this story.)
Alazzam’s connection to Olive Academic is
apparent from the screenshots in Ben’s Face-
book posts recruiting new editors and ad-
vertising to authors. One of the two papers
whose titles could be discerned, “Influencing
Factors of Gastrointestinal Function Recov-
ery after Gastrointestinal Malignant Tumor,”
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was published in a special issue of Hindawi’s
Journal of Healthcare Engineering in 2021—
and edited by Alazzam. Three days after
the article was accepted, the screenshots
show Olive Academic paid $840 to Tam-
jeed Publishing; the company’s website lists
Alazzam as the sole member of the team, and
Alazzam’s LinkedIn profile says he is an edi-
tor there. Other payments, of up to $16,300,
showed the first and last letters of the recipi-
ent’s name: “M” and “ZZAM.”

Wise believes Tamjeed’s activity goes
beyond Alazzam and that the company
acts as a broker, sharing payments from
the paper mills with multiple editors—
including Omar Cheikhrouhou of Taif Uni-
versity in Saudi Arabia and the University
of Sfax in Tunisia. Cheikhrouhou was the
editor for the other identifiable paper from
Ben’s Facebook posts, “Relationship between
Business Administration Ability and Innova-
tion Ability Formation of University
Students Based on Data Mining and
Empirical Research,” which brought
in $1050 for Tamjeed 2 days af-
ter acceptance in a special issue
of Hindawi’s Mobile Information
Systems. (Cheikhrouhou stopped
responding to messages after
Science requested to interview him.)
Cheikhrouhou and Alazzam have
both edited other Hindawi special is-
sues and are currently guest editors
for several journals published by the
Multidisciplinary Digital Publishing
Institute (MDPI) and IMR Press.

The two identified papers were re- 0

tracted on 1 November 2023, when
Hindawi and its parent company,
Wiley, pulled thousands of papers in special
issues because of compromised peer review.
(In December, Wiley announced it will “sun-
set the Hindawi brand.”) “Over the past year,
we have identified hundreds of bad actors,
present in our portfolio and others, some
of whom held guest editorial roles,” a Wiley
spokesperson told Science by email. “These
individuals have since been removed from
our systems.”

4500
3000

1500

OLIVE ACADEMIC AND TAMJEED are far from
the only firms employing editors with
questionable credentials, or even made up
from whole cloth. A Ukrainian paper mill
dubbed Tanu.pro, for example, appears to
have planted an editor who was either still
a student or had just obtained her master’s
degree, leveraging journals’ sometimes lax
vetting process for editors, according to
Anna Abalkina, a social scientist at the Free
University of Berlin who identified and de-
scribed the scheme in a recent preprint.
The editor, Liudmyla Mashtaler, accepted
several papers linked to the paper mill
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through the email addresses used for a 2022
special issue of Review of Education, a title
copublished by Wiley and the nonprofit
British Educational Research Association
(BERA). (The papers were retracted on
5 November 2023, after Abalkina’s preprint
appeared.) Mashtaler went on to become
a member of the journal’s editorial board.
Abalkina found no evidence that Mashtaler
has a doctorate, even though she was listed
on the editorial board website as “Dr.”; a
2020 Ukrainian government document re-
fers to her as a first-year master’s student.
“This is a scandal,” Abalkina says.
Mashtaler, who disappeared from the
journal’s editorial board after Science con-
tacted the publisher for this story, contin-
ues to edit special issues, sometimes under
the last name Obek. She did not respond
to repeated emails. BERA said it was work-
ing “to tighten procedures for identifying

Alarming trend
Retractions linked to questionable publishing practices have grown
disproportionately, according to Retraction Watch's database. “Rogue
editor” and “peer-review manipulation” can both signal paper mill
involvement. (Multiple reasons can be assigned to a single retraction.)

@ Total retractions
Paper mill
Rogue editor

® Peer-review

manipulation

cial media sites, the majority have also held
regular editor posts at journals published
by Wiley, Elsevier, and others. These in-
clude Oveis Abedinia, an electrical engineer
at Nazarbayev University in Kazakhstan
who until last year was a regular editor
of Complexity, published by Hindawi in
partnership with Wiley. (Abedinia did not
respond to interview requests via phone or
email.) Tamjeed Publishing also appears to
have targeted Complexity; on social media,
Alazzam listed it as one of the journals his
company has “contracted” and invited re-
searchers to publish there.

COLUMBIA UNIVERSITY Ph.D. student
Siddhesh Zadey has firsthand experience
of such marketing. While he was visiting
his parents in India last summer, a Dr.
Sarath of iTrilon reached out to him on

WhatsApp, offering authorship of “ready- ~

made papers” with “100% Ac-
ceptance Guarantee” Angling for
more information, Zadey—who is
also co-founder of the India-based
think tank ASAR, which addresses
social problems through research—
pretended to be a clueless medical
student. “Is the article already ac-
cepted?” he asked Sarath. “This says
100% acceptance.”

“Means we have network with
Journal editors,” Sarath replied. “So
we can guarantee Acceptance.”

One of the journals Sarath
claimed to be working with was

I
2009

I I
2012 20‘15 2018
fraudulent activity, including paper mills,
following this experience.”

In another case, the editors of a special
issue in Hindawi’s Scientific Programming
identified via Olive Academic’s ads did
not appear to correspond to real people
at all. Wise believes the paper mill itself
organized the special issue from start to
finish—a tactic also described by a scien-
tist who graduated from a medical school
in China and tracks paper mills in that
country. In such cases the paper mills han-
dle all the correspondence with the jour-
nal, including proposing the issue in the
first place, either through a real academic
colluding with it or by inventing a fake
identity for the occasion. “The latest gen-
eration paper mill, they’re like the entire
production line,” says the researcher, who
requested anonymity for fear of retaliation
against family members in China.

The problem goes beyond special is-
sues. Of nearly a dozen editors of special
issues linked to Olive Academic through
ads posted by the company on Chinese so-

I
2021

Health Science Reports, published
by Wiley. A spokesperson for the
publisher said it had recently issued
retractions in the journal “due to peer re-
view manipulation, and there are additional
investigations ongoing.”

In an interview, Sarath acknowledged
selling authorship but denied iTrilon col-
luded with editors. “Just we rely on the
work,” he said.

However, papers linked to the company

reveal likely editor involvement. In Sarath’s -

pitch to Zadey, he touted five author slots
available on an already-accepted “original
research article” The paper went on to be
published in the journal Life Neuroscience
just 14 days after the ad was posted, with six
total authors—two of whom are also high-
level editors at the journal.

One of them was the paper’s correspond-
ing and final author—Nasrollah Moradikor,
director of the International Center for
Neuroscience Research (ICNR) in Georgia,
where Sarath told Zadey the work was con-
ducted. (Other authors on the paper are
based in India, South Korea, and Spain.)
Moradikor did not agree to be interviewed.
But as corresponding author, he must
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have been aware of the postacceptance
author additions.

The other author-editor, Indranath
Chatterjee, a professor of computer sci-
ence at Tongmyong University in South
Korea, told Science he did not know what
kind of services iTrilon provides nor that
his paper had been advertised by the
company. But he acknowledged there had
been authorship changes on the paper
because “some expertise of some other
people” had been required. In September
2023, he gave a talk on scientific publish-
ing organized by iTrilon and ICNR. Both
Moradikor and Chatterjee are also editors at
other journals, Chatterjee as a section chief
editor at Neuroscience Research Notes and
Moradikor as a guest editor for publishers
such as MDPI, De Gruyter, and AIMS Press.

PUBLISHERS ARE QUICK to point out that
most of the tens of thousands of editors
they work with are honest and professional.
But they also say they are under siege. A
spokesperson for Elsevier said every week
its editors are offered cash in return for ac-
cepting manuscripts. Sabina Alam, director
of publishing ethics and integrity at Taylor
& Francis, said bribery attempts have also
been directed at journal editors there and
are “a very real area of concern.”

Jean-Francois Nierengarten of the Uni-
versity of Strasbourg, co-chair of the edi-
torial board of Chemistry—A European
Journal, published by Wiley, was targeted
in June 2023. He received an email from
someone claiming to be working with
“young scholars” in China and offering to
pay him $3000 for each paper he helped
publish in his journal.

But Xiaotian Chen, a librarian at Bradley
University who has studied paper mills in
China, says publishers are not blameless.
Chen points out that publishing houses
have shown no sign of cutting back on the
tens of thousands of special issues they put
out every year in open-access journals—
reportedly the preferred target for paper
mills. Such issues generate hefty profits
from the publication fees paid by authors.
“Some of the for-profit publishers, they’re
just as greedy as a paper mill,” Chen says.
“And they count heavily on the contribution
from Chinese authors to survive.”

China is a major market for fake papers,
and critics say measures to rein in paper
mills there have been largely ineffectual.
According to a new preprint, more than
half of Chinese medical residents say they
have engaged in research misconduct such
as buying papers or fabricating results. One
reason is that publications, though no lon-
ger always a strict requirement for career
advancement, are still the easiest path to
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promotion in a range of professions, in-
cluding doctors, nurses, and teachers at
vocational schools, according to sources in
China. Yet these groups may have neither
the time nor the training to do serious re-
search, Chen says. In such a setting, paying
a few hundred or even thousand dollars to
see one’s name in print may seem a worth-
while investment, he says.

The towering demand for academic ar-
ticles is not unique to China. In Russia and
several ex-Soviet countries, for example,
policies focused on publication metrics,
coupled with a culture of corruption and
the transition to market economy, have con-
tributed to a similar situation, according to
Abalkina. Research output is also gaining
importance in India as universities there
strive to climb rankings and junior doc-
tors and scientists vie for prestigious jobs
at home and abroad. Some universities even
require undergraduates to publish papers
as part of their curricula, a trend academics
say is spreading.

“Students are really desperate to get re-
search papers in whichever way possible,”
Zadey says. “No one really cares about the
outcomes,” he adds. “It’s all about outputs.”

Although publishers have ramped up
their efforts against fraud, including es-
tablishing a hub for information shar-
ing, critics say it’s too little and too late.
“They were too naive, the real editors, the
real people running these journals,” says
Elisabeth Bik, a microbiologist who spends
her time scanning scientific papers for
signs of fraud. At a meeting for journal ed-
itors she attended last year, “people were
saying, ‘Yeah, we’ve been asleep at the
wheel,” Bik recalls. “And now we need to
sort of deal with that damage.”

Zadey agrees with the need to tackle pa-
per mills, but he worries about the implica-
tions for global research inequities. “There
is going to be a whole lot of added scrutiny
for people with my face and my name when
we try to publish”

IN JULY 2023, Wise reported his findings
about Olive Academic to several major
publishers. Most promised to investigate
and said they would circle back to him once
they knew more or if they needed further
information. So far, he hasn’t heard back.
“Whilst these investigations do certainly
take time, I am a bit disheartened, if not
surprised,” he says.

Editors trying to safeguard their journals
can also get discouraged. When Jer-Shing
Huang of the Leibniz Institute of Photonic
Technology in Germany joined Elsevier’s
journal Optik as editor-in-chief 1 year ago,
his hope was to help junior scientists, par-
ticularly those in the Global South, improve

“These are
organized crime
rings that are committing
large-scale fraud.”

Matt Hodgkinson,

- UK Research Integrity Office
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their manuscripts. Instead, Huang says he
ended up trying “to clean up the mess.”

It turned out that Optik, which was de-
listed from Web of Science in 2023, had
a massive paper mill problem. Olive Aca-
demic was among its attackers. With El-
sevier’s blessing, Huang says, he started
“rejecting a lot of really bad papers every
day,” as well as proposals for special issues.
He also introduced policies requiring su-
pervision of guest editors of special issues,
which he said had been major drivers of the
journal’s growth. And he set about combing
through hundreds of suspect papers that
had already appeared.

Before he went on vacation last summer,
Huang says, he had retracted more than

had no idea how many more papers were left
to check. “I'm really Killed by this,” he says.

Last fall, Huang told Elsevier he would
resign as editor-in-chief. Not only was he
spending his time fighting fires instead of
doing science, he had also been attacked on
the online forum PubPeer in what he be-
lieved was an act of revenge by paper mills
rattled by his efforts. The publisher eventu-
ally convinced him to stay, but Huang re-
mains conflicted. “This is not at all what I
had imagined.”

Frederik Joelving, based in Denmark, is an editor for
Retraction Watch. This story was produced in collabo-
ration with Retraction Watch.
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Mystery in the “mass gap”

The identity of a compact astronomical object in the Milky Way is unclear

By Maya Fishbach

strophysical compact objects come

in two varieties: neutron stars and

black holes. Created when massive

stars die and their cores collapse,

neutron stars consist of protons and

neutrons, whereas black holes are
too heavy and dense to be described by
anything other than gravity. These entities
have uncertain mass limits. The neutron
star maximum mass is between 2.2 and
2.5 solar masses (the Sun’s mass as a unit
of measure) (I). Black holes of less than 5
solar masses rarely have been observed.
These limits suggest a “mass gap” between
the most massive neutron stars and least
massive black holes (2, 3). On page 275 of
this issue, Barr et al. (4) report the dis-
covery of a compact object of ~2.35 solar
masses that sits at the lower edge of this
mass gap. It could be either the most mas-
sive neutron star or the least massive black
hole ever observed.

Barr et al. identified this mass gap com-
pact object as a partner to a millisecond
pulsar known as PSR J0514—4002E. The
pulsar (a rapidly rotating neutron star) was
identified by a survey using the MeerKAT
radio telescope array in South Africa. PSR
J0514—-4002E was located within a globu-
lar cluster (which contains hundreds of
thousands of stars). By monitoring PSR
J0514-4002E and accounting for relativis-
tic effects, Barr et al. measured the total
mass of the binary system (the pulsar and
its companion) to be 3.887 solar masses.
They then inferred the companion’s mass
to be around 2.35 solar masses, or between
2.09 and 2.71 solar masses at 95% credibil-
ity (see the figure). Because the companion
is too faint to be a living star and too heavy
to be a white dwarf (the dense core that
remains after a less massive star dies), Barr
et al. concluded that it is either a neutron
star or a black hole.

The compact object in question is more
massive than any known pulsar, which are
all less than 2.1 solar masses (5). Its mass,

Canadian Institute for Theoretical Astrophysics,
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between 2.09 and 2.71 solar masses, most
resembles some compact objects observed
in association with gravitational waves. For
example, the gravitational wave merger of
two neutron stars, GW170817, created an
object of 2.46 solar masses (6). Another
gravitational-wave event, GW190814, in-
volved an object of 2.6 solar masses (7).
These compact objects all sit in the murky
region of mass space where, because of
uncertainty in the maximum neutron star
mass, they cannot unambiguously be classi-
fied as neutron stars or black holes (8).
Before gravitational wave observations,
it was unknown whether any compact ob-
jects exist with masses between around 2
and 5 solar masses. Even among gravita-
tional wave events, there appears to be a
dearth of binary systems with component
masses in this mass range, with the 2.6-so-
lar mass component of GW190814 serving
as an exception (9). The origin of this pu-
tative mass gap is theoretically uncertain.
Proposed explanations include the super-
nova explosion mechanism (10), which may
prevent stars from producing black hole
remnants in the mass gap. As well, stel-
lar binary interactions may prevent black

Chec
updz

holes in the mass gap from participating
in binary mergers (11). Observational selec-
tion effects also may prevent the observa-
tion of objects in the mass gap (12). Even
if stars do not collapse into black holes in
the mass gap, such objects are produced
in the merger of two neutron stars, as ob-
served with the gravitational-wave events
GW170817 and GW1904:25 (6, 13).

In addition to the unusual companion ~
mass of pulsar PSR J0514-4002E, the bi-
nary system’s total mass of 3.887 solar
masses is remarkable. It is heavier than any
known binary neutron star system, includ-
ing Galactic double-neutron star systems
(the heaviest of which is only 2.8887 solar «
masses) and neutron star mergers (the
heaviest product of which is around 3.4
solar masses) that produce gravitational
waves (13, 14). Additionally, the binary is .
eccentric (with an orbital eccentricity of
0.71), and the pulsar is spinning rapidly
(spin period of 5.6 ms).

This binary system identified by Barr et
al. is likely the result of its extreme forma-
tion environment in a dense globular clus-
ter. Stars at the center of a globular cluster
constantly tug on each other gravitation-

.

Masses of neutron stars and black holes ‘
Neutron stars and stellar-mass black holes have been observed in electromagnetic events (pulsars, x-ray

binaries, and isolated black holes), as well as with certain gravitational-wave events. The gray band represents

the uncertain mass limit separating neutron stars and black holes. The companion to pulsar PSR J0514-4002E

is represented by the larger circle, with its 95% uncertainty interval.
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ally, breaking up weaker binaries and as-
sembling new, tighter binaries. Globular
clusters can therefore give rise to exciting
and puzzling stellar populations, includ-
ing millisecond pulsars, gravitational-wave
events, and fast radio bursts (transient ra-
dio pulses as fast as a fraction of a millisec-
ond, whose sources remain unclear).

Barr et al. point out that the eccentric
orbit, fast pulsar spin, and high total mass
of the PSR J0514-4002E binary system
suggest that the pulsar and its companion
did not start off in a stellar binary. Instead,
the pulsar exchanged its initial binary
companion for the present, higher-mass
object in a dynamical encounter. It is even
possible that the companion in question
is itself the product of a previous binary
system inside the globular cluster—per-
haps the merger of two neutron stars, even
though mergers involving neutron stars
are thought to be rare inside globular clus-
ters (I15).

Regardless of its origin—whether a stel-
lar remnant, the merger product of two
neutron stars, or the result of another type
of merger or mass transfer event—the dis-
covery of a compact object with a mass be-
tween 2.09 and 2.71 solar masses in a glob-
ular cluster has fascinating implications. If
a neutron star, it is probably the heaviest
one known to date, with lessons for the un-
certain physics of extremely dense nuclear
matter. If a black hole, it may be the light-
est known, which could affect the under-
standing of supernova explosions or dy-
namical interactions such as neutron star
mergers inside globular clusters. With up-
coming electromagnetic and gravitational-
wave observations, the growing population
of compact objects between 2 and 5 solar
masses will allow further resolution of the
mass distribution and reveal the details of
their formation.
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Surpassing sensitivity limits

in liquid biopsy

Attenuation of cell-free DNA clearance in vivo is an
alternative strategy to maximize recovery

By Tina Moser2and Ellen Heitzer'-2

ell-free DNA (cfDNA) can be found

in the blood and contains tumor-

derived fragments [circulating tumor

DNA (ctDNA)] when extracted from

cancer patients. In advanced-stage

tumors, ctDNA analyses to detect
drug resistance mechanisms or actionable
targets have already been translated into
clinical practice (7). In recent years, ctDNA
approaches have continuously been ex-
panded to earlier disease stages. However,
a persistent challenge of cancer screening
and the molecular detection of minimal
residual disease (MRD) has been the need
to increase sensitivity, allowing for the de-
tection of minute amounts of ctDNA with
unprecedented accuracy. Most attempts
to enhance sensitivity have focused on
ex vivo strategies, such as sampling, ana-
lytical parts (e.g., library preparation), and
bioinformatics. On page 274 of this issue,
Martin-Alonso et al. (2) report confront-
ing this challenge by transiently modulat-
ing the natural clearance mechanisms of
c¢fDNA in vivo to increase its concentration
in blood samples.

The amounts of cfDNA (and ctDNA) in
the blood are determined by the interplay
of its release—mainly driven by cell turn-
over—and its degradation and clearance,
which are mediated through nuclease di-
gestion, renal excretion, and uptake by
macrophages of the mononuclear-phago-
cyte system (MPS) in the liver (3). Given
the rapid clearance of cfDNA, with an esti-
mated half-life of 30 to 120 min, a standard
blood draw of 10 ml typically yields limited
quantities of ¢fDNA. From 10 ml of blood,
~5 ml of plasma can be isolated, providing
an average of 10 ng of cfDNA per milliliter,
corresponding to roughly 15,000 haploid
genome equivalents (GEs)—i.e., the amount
of DNA in one copy of a genome (4). On
average, ctDNA may make up as much as
10% (sometimes much higher) of the over-
all ¢fDNA pool in patients with advanced-
stage cancer. However, the ctDNA fractions
drop substantially to 0.1 to 1% in locally ad-
vanced disease and to <0.1% in early-stage
disease or after curative-intent treatment.

Therefore, when ctDNA fractions are as low
as 0.1 or 0.01%, this translates to only 15 or
1.5 GEs, respectively, derived from the tu-
mor. Such a blood sample may not contain
sufficient ctDNA fragments for effective se-
quencing or detection.

Increasing sample volumes through plas-
mapheresis is one option to recover greater

numbers of GEs and overcome sampling ~

biases (5). However, this requires expensive
instrumentation, is time-consuming, and
might not be feasible for critically ill pa-
tients. To capture ctDNA more efficiently,
the concept of proximal sampling, which
refers to taking samples and body fluids
more proximally to the tumor, has been
introduced (6). Promising results were re-
ported for the analysis of urinary ¢cfDNA in
bladder cancer (7). More recently, in vivo
interventions, such as focused ultrasound
(8) or radiation (9), have been proposed
to increase ctDNA shedding temporarily.
Yet, both proximal sampling and enhanced
ctDNA release require a priori knowledge
of tumor location, making the approach
unamenable for screening approaches to
detect cancers early.

Martin-Alonso et al. present a new
proof-of-concept study using a preclini-
cal model including healthy mice and
mice bearing bilateral grafts of colorectal
carcinoma cells to maximize the amount
of ctDNA recovery by using intravenous
priming agents that transiently delay
cfDNA clearance in vivo (see the figure).
In tumor-bearing mice, they demonstrated
that liposomal nanoparticles mirroring
the size of native cfDNA—that is mostly
bound to histone proteins and circulates
as mononucleosomes (~11 nm in size)—
can attenuate phagocytic clearance by
competing with uptake by the MPS. To
further enhance the abundance of cfDNA
and ctDNA, the authors used monoclo-
nal antibodies (mAbs) with abrogated
FcyR binding to protect ¢cfDNA from en-
zymatic digestion by circulating deoxyri-
bonucleases (DNases). Administered 1 to
2 hours before a blood draw, both agents
(the liposomes and DNA binding mAbs)
enabled a >10-fold increased recovery of
cfDNA and ctDNA molecules. Application
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of the liposomes improved the sensitivity
of their ctDNA test up to 60-fold, particu-
larly in mice with the lowest tumor bur-
den. Although this approach enabled an
improved recovery of tumor genomes and
may substantially enhance the sensitivity
of ctDNA diagnostic assays, it remains to
be determined how such strategies would
translate into humans in terms of formula-
tion testing and tolerability.

Currently, the peak of sensitivity
and specificity in ctDNA diagnostics is
achieved using a bespoke approach, mean-
ing that known mutations from the tumor
tissue are tracked in plasma (10). However,
when screening for a limited number of
mutations, the number of available GEs
dictates the analytical sensitivity. One ef-
fective strategy to capture rare ctDNA
fragments is to sequence relevant target
regions to exhaustion (up to 15,000 times).
To this end, an increase of signal-to-noise
ratios to reliably distinguish true tumor-
associated mutations is necessary. A semi-
nal breakthrough in reducing the impact
of sequencing errors and increasing confi-
dence in mutation detection was the use of
molecular barcodes combined with sophis-
ticated bioinformatics analyses that enable
error suppression (11). For instance, in du-
plex sequencing, the two strands of DNA
are tagged and sequenced independently,
resulting in a 1000-fold error reduction
compared with standard sequencing, but
at a considerable expense (12). To reduce
the required number of sequencing reads
per target, the MAESTRO technique was
developed, which uses short probes to en-
rich for patient-specific mutant alleles and
uncovers the same mutant duplexes using
up to 100-fold fewer reads (13). Enrichment
of specific cfDNA fragment subpopulations
during library preparation and the selec-
tive recovery of specific fragment sizes in
silico might also boost ctDNA detection
and could complement or provide an alter-
native to deep sequencing cfDNA (14).

Another strategy to overcome the limited
availability of GEs is to broaden the scope
of mutation tracking for MRD. Instead of
focusing on a single or a few mutations at
high depth, this approach involves screen-
ing for a much more extensive array of
mutations—potentially in the hundreds
or thousands—which may greatly increase
the odds of detecting ctDNA, even with
limited amounts of GEs (15). Some groups
showed that if multiple markers are simul-
taneously evaluated from the same plasma
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Increasing liquid biopsy sensitivity in vivo

In vivo approaches to increase the amount of cell-free DNA (cfDNA) that can be extracted from the blood in a
liquid biopsy can increase the sensitivity of detection. For example, cfDNA clearance can be delayed when mice
are treated with nanoparticles to compete with native cfDNA (usually in the form of mononucleosomes) for
uptake by phagocytes. DNA binding monoclonal antibodies can also protect ¢cfDNA in mice from degradation
by nucleases. Other strategies include increasing circulating tumor DNA (ctDNA) release from tumors through

ultrasound or ionizing radiation.

Delayed cfDNA clearance
Modulating clearance

e
H:@P
l:'
! \

Nanoparticle
priming agent

\
& 5%
b &

LD

cfDNA

Q

Blood vessel Kupffer cells

e
DNA-binding m}_ L
priming agent

€10, B

Nuclease

sample, the overall lower limit of detection
of ctDNA is inversely correlated with the
number of markers.

For the widespread use of ctDNA to de-
tect early-stage cancer, more generalizable,
tissue-agnostic ctDNA assays are required.
These assays should offer broader patient
coverage, faster turnaround times, and po-
tential cost-effectiveness because they are
not limited by tissue type. In this context,
the integration of biological cfDNA features
extending beyond mutations, such as frag-
ment profiles, nucleosome features, and
methylation patterns, harbor complemen-
tary information and may thereby improve
the sensitivity boundaries (3). Regardless of
which strategies (or a combination thereof)
will prevail, increasing the sensitivity of
ctDNA analyses remains pivotal for im-
proving the clinical utility of liquid biop-
sies in cancer diagnostics and monitoring.
Looking ahead, integrating multianalyte
data—including RNA; exosomes; and cir-
culating tumor cells, proteins, and metabo-
lites—and combining different molecular
features—e.g., genomics and epigenetics—
holds promise for further improving sensi-
tivity and specificity in liquid biopsy.

In addition to the requirement of am-
plifying sensitivity, other challenges per-
sist, including the need for standardiza-
tion of liquid biopsy protocols, addressing
interlaboratory variability, and navigating
ethical and regulatory considerations (e.g.,

Enhanced ctDNA release
Focused ultrasound

Ultrasound

Radiotherapy

lonizing
radiation

handling false negative and false positive
results and cost coverage). Additionally,
evaluation of the cost-effectiveness of high-
sensitivity technologies warrants attention
to enable broad accessibility in clinical set-
tings. Ongoing research and collaboration
among academia, industry, and regula-
tory bodies are essential in refining exist-
ing methods, overcoming these challenges,
and unlocking the full potential of liquid
biopsy to revolutionize cancer diagnostics
and treatment. The journey to redefine lig-
uid biopsy continues, and with each break-
through, a future where early cancer detec-
tion is a reality comes closer.
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Immune damage in Long Covid

Links between the complement and coagulation systems
could lead to Long Covid therapies

By Wolfram Ruf%2

cute infections with severe acute re-

spiratory syndrome coronavirus 2

(SARS-CoV-2) cause a respiratory ill-

ness that can be associated with sys-

temic immune cell activation and in-

flammation, widespread multiorgan
dysfunction, and thrombosis. Not everyone
fully recovers from COVID-19, leading to
Long Covid, the treatment of which is a ma-
jor unmet clinical need (7). Long Covid can
affect people of all ages, follows severe as well
as mild disease, and involves multiple organs.
The persistence of lingering symptoms after
acute disease creates a considerable challenge
for understanding the specific pathophysiol-
ogy and risk factors underlying Long Covid.
On page 273 of this issue, Cervia-Hasler et al.
(2) report a multicenter, longitudinal study of
113 patients who either fully recovered from
COVID-19 or developed Long Covid, identify-
ing localized activation of the innate immune
defense complement system as a likely cul-
prit that induces thromboinflammation and
prevents the restoration of fitness after acute
COVID-19.

Patients with Long Covid display signs
of immune dysfunction and exhaustion
(I), persistent immune cell activation (3),
and autoimmune antibody production (7),
which are also pathological features of acute
COVID-19. Cervia-Hasler et al. undertook a
proteomic screen measuring serum levels of
6596 human proteins that are recognized by
7289 epitope-specific DNA oligonucleotide
aptamer probes. The patients with severe
or mild acute COVID-19 were analyzed dur-
ing the acute infection and 6 months later.
Comparison of the 40 Long Covid patients, 73
recovered patients, and 39 healthy controls
revealed that most serum biomarkers that
were elevated in patients with Long Covid
at 6 months overlapped with those that were
altered in the subgroup of the cohort with se-
vere acute COVID-19.

In particular, the blood antimicrobial de-
fense systems of complement and pentraxin
3 stood out as being significantly associated
with Long Covid development. Complement
components and pentraxins, which include
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serum amyloid proteins, serve humoral im-
munity by destroying and opsonizing patho-
gens for rapid clearance by innate immune
cells. These proteins are up-regulated in
hepatocytes as part of the inflammation-
induced systemic acute phase response (4).
However, the up-regulated markers of this
response in Long Covid—pentraxin 3 and
certain complement factors—are produced
mainly by immune and other tissue-resident
cells and not the liver (5), indicating that per-
sistent inflammation in Long Covid patients
is local rather than systemic.

l'

so-called alternative pathway, in which (H;)%Cz

recruits complement factor B, leading tu 1w
proteolysis, can amplify complement activa-
tion on cell surfaces. The consecutive proteo-
Iytic cleavages in the complement cascade
ultimately generate C5b that binds C6 and
C7. C7 serves as the cell membrane anchor for
the C5b-C7 complex and enables subsequent
recruitment of C8 and C9 in the terminal
complement complex (TCC), which mediates
lysis of pathogens and host cells.

Focusing on Long Covid-specific proteome
changes and taking into consideration age,
sex, and hospitalization, Cervia-Hasler et al.
detected increased C5b-C6 levels, supporting
excessive complement activation. However,
an aptamer probe measuring C7 showed
surprisingly decreased levels. Careful valida-
tion of the aptamer target specificity revealed
recognition of C7 in complex with other TCC
components, but not of free C7. The reduced -
levels of circulating C7-containing complexes

Complement-coagulation cross-talk at the endothelial interface

During acute COVID-19, the complement and coagulation systems can become activated, and remain locally
activated in various tissues in Long Covid patients. Endothelial cell damage by membrane insertion of the ¢
complement C5b-C7 complex results in vVWF and TSP1 release. This is highly prothrombotic because the
resulting vWF multimers recruit platelets and promote thrombin generation, and TSP1 promotes monocyte
interactions with platelets. Additionally, reduced ADAMTS13 in Long Covid patients promotes the accumulation

of ultralarge vVWF multimers, which induces C3b binding and stimulates the alternative pathway of complement B
activation. Together, these feedback loops can maintain local complement activation and inflammation, as well

as generating microclots that could underlie some of the features of Long Covid.
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ADAMTS13, a disintegrin and metalloproteinase with thrombospondin motifs 13; TCC, terminal complement complex;

TSP1, thrombospondin 1; vVWF, von Willebrand factor.

The complement system is crucial for in-
nate immune defense by effecting lytic de-
struction of invading microorganisms, but
when uncontrolled, it causes cell and vas-
cular damage. The complement cascade is
activated by antigen-antibody complexes in
the classical pathways or in the lectin path-
way by multimeric proteins (lectins) that
recognize specific carbohydrate structures,
which are also found on the SARS-CoV-2
spike protein that facilitates host cell entry.
Both pathways may contribute to the pro-
nounced complement activation in acute
COVID-19 (6). Independent of these patho-
gen recognition-triggered mechanisms, the

indicated that assembly of C7 with C5b-C6
resulted in increased membrane insertion
and consequently cell damage in Long Covid.
Consistently, a decreased ratio of complexed
C7/C5b-C6 was a strong predictor for devel-
oping Long Covid (see the figure).
Cervia-Hasler et al. found that Long Covid
patients also showed a marked up-regulation
of serum von Willebrand factor (VWF) and
thrombospondin 1, which are both released
from damaged or activated endothelial cells
as well as from platelets. Conversely, levels
of a disintegrin and metalloproteinase with
thrombospondin motif 13 (ADAMTSI13),
which cleaves VWF, were reduced in Long
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Covid patients, indicating an imbalanced reg-
ulation of vWF in the circulation. ADAMTS13
plays a crucial role in controlling ultralarge
vWF multimers that are released from acti-
vated endothelial cells and are highly pro-
thrombotic by facilitating platelet adhesion.
Moreover, VWF multimers bind C3b and
thereby promote alternative complement
pathway activation, which was also evident
in the Long Covid patients based on mea-
surement of activated factor B fragments.
By contrast, processing of ultralarge VWF
by ADAMTSI3 increases the susceptibility of
C3b to degradation and thereby attenuates
local complement amplification (7). In addi-
tion to inefficient vVWF degradation, Cervia-
Hasler et al. found evidence for red blood cell
lysis and release of heme, which may further
contribute to the persistent local comple-
ment activation in Long Covid patients.

Coagulation activation leads to blood clots
consisting of platelets and fibrin, which is
lysed by fibrinolytic proteases. Acute, severe
COVID-19 is associated with elevated levels
of the fibrin degradation product D-dimer
and by multiorgan thrombosis typically with-
out reduction in platelet counts. Increased
D-dimer and fibrin levels in acute COVID-19
predict the development of cognitive dys-
function (“brain fog”) in Long Covid patients
(8). D-dimer and fibrin elevations did not
persist in Long Covid patients, but—apart
from vWF—Cervia-Hasler et al. found that
levels of coagulation factor 11 (F11) were el-
evated as a potential additional procoagu-
lant mechanism. F11 serves in a coagulation
amplification loop that generates thrombin
on platelets that are recruited to endothelial
vWE, and F11 can promote vascular inflam-
mation without causing overt thrombosis
(9). The lingering thromboinflammatory
dysregulation in Long Covid occurs with ap-
parently otherwise normal endothelial func-
tion. In particular, the biomarker profiles in
Long Covid patients provided no evidence for
an impaired endothelium-protective throm-
bomodulin pathway that not only regulates
fibrinolysis and complement activation but
also supports the degradation of inflamma-
tion-inducing anaphylatoxins C3a and C5a
(10), which were unchanged in Long Covid
patients. Furthermore, ongoing limited co-
agulation in Long Covid is indicated by the
detection of circulating fibrinolysis-resistant
microclots that are enriched in vWEF, C7,
acute-phase serum amyloid proteins, and
fibrin (11), proteins identified in the pro-
teomics screen by Cervia-Hasler et al. as con-
tributors to Long Covid.

The formation of neutrophil extracel-
lular traps (NETs), prothrombotic DNA
“webs” that are ejected from neutrophils to
immobilize pathogens, and other signs of
immunothrombosis are frequent in acute
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COVID-19 but absent in Long Covid. Instead,
platelets were found by Cervia-Hasler et al. to
be associated with classical monocytes in the
blood of patients with persistent Long Covid
symptoms, in line with the demonstrated
increased levels of thrombospondin, which
stimulates platelet interactions with mono-
cytes in addition to other platelet-derived
proteins. Although single-cell sequencing of
a small subset of Long Covid patients did not
detect procoagulant or proinflammatory
gene induction in classical monocytes, these
showed down-regulation of nuclear recep-
tor subfamily 4 group A member 1 (NR4A1)
expression, the key transcription factor
required for monocyte conversion into
endothelial-protective, patrolling mono-
cytes (12). In addition, the transcriptome of
CD16* patrolling monocytes showed an up-
regulation in the expression of interferon-
regulated genes, consistent with previous
studies implicating persistent interferon

“...the connections hetween
viral reactivation, persistent
interferon signaling, and
autoimmune pathologies promise
toyield new insights...”

signaling in Long Covid (3). Because mono-
cytes can rapidly change their procoagulant
properties in the context of complement ac-
tivation without transcriptional induction
of the coagulation initiator tissue factor,
contributions of altered monocyte surveil-
lance to endothelial dysfunction and local
generation of thrombin, which also acti-
vates C3, should be considered in future
studies as additional mechanisms for Long
Covid-associated thromboinflammation.
Long Covid symptoms include a postex-
ertional exhaustion reminiscent of other
postviral illnesses, such as myalgic enceph-
alomyelitis-chronic fatigue syndrome (ME-
CFS) with suspected latent viral reactivation
(I). Antibody titer changes in Long Covid
patients indicate an association of fatigue
with reactivation of latent Epstein-Barr vi-
rus (EBV) infections (13), and Cervia-Hasler
et al. found that the severity of Long Covid
symptoms is associated with cytomegalovi-
rus (CMV) reactivation. In addition, various
autoantibody alterations have been ob-
served in Long Covid with unclear contribu-
tions to pathophysiology (I). Cervia-Hasler
et al. found that autoantibodies to the B
cell-stimulating C-X-C motif chemokine 13
(CXCL13) were decreased in patients with
persistent Long Covid symptoms, which to-

gether with increased interferon signaling
may contribute to persistent autoimmune
pathologies. Intriguingly, complement-de-
pendent prothrombotic antiphospholipid
antibodies, which are observed in acute CO-
VID-19, intersect with coagulation signaling
to induce interferon responses in mono-
cytes and promote autoimmunity by type I
interferon production in dendritic cells (74).
A better understanding of the connections
between viral reactivation, persistent inter-
feron signaling, and autoimmune patholo-
gies promises to yield new insights into the
thromboinflammation associated with Long
Covid.

Although therapeutic interventions with
coagulation and complement inhibitors in
acute COVID-19 produced mixed results,
the pathological features specific for Long
Covid suggest potential interventions for

clinical testing. Microclots are also ob- ~

served in ME-CFS patients (Z), indicating
crucial interactions between complement,
vWEF, and coagulation-mediated fibrin
formation in postviral syndromes. Target-
specific coagulation inhibitors can repro-
gram innate immune phenotypes and inter-
rupt the microangiopathic roles of vWF (15).
Rebalancing complement activation can be
achieved by blocking distinct amplification
points with monoclonal antibodies that
are clinically approved or in development.
Complement and coagulation systems are
not only an integral part of the innate im-
mune response but also are connected at
several levels in feedforward amplification
loops. A better definition of these interac-
tions in preclinical and clinical settings will
be crucial for the translation of new thera-
peutic concepts in chronic thromboinflam-
matory diseases.
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Qubits without qubits

Light-based platforms for quantum computing do not require physical qubits

By Olivier Pfister

he realization of a quantum com-

puter of practical use is fraught with

challenges, including achieving per-

formance that is fault tolerant (has

robust error correction) and having a

scalable architecture. Many physical
platforms are competing to fit the bill, which
makes for a vibrant field: quantum informa-
tion (or qubit) processing by superconduct-
ing electronic circuits, by trapped ion or
trapped atom systems, or by light fields. For
the latter, quantum information is encoded
in the amplitudes of light fields (qumodes),
which can take a continuous range of values
rather than just two distinct values as in qu-
bits. Although qumode-based platforms for
quantum information processing allow out-
standing scalability compared with that of
qubit platforms, they also make error correc-
tion much less intuitive than over qubits. On
page 289 of this issue, Konno et al. () report
the generation of a qubit state encoded in a
qumode, providing an important step toward
quantum computation with light.

Information handling by a classical com-
puter follows binary rules over bits of infor-
mation, which are either a 0 or 1. Qubits, on
the other hand, can be both a 0 and 1 at the
same time, which is called superposition,
and superposition also extends to multiqu-
bit states, which can lead to entanglement.
Harnessing entanglement seems to be the
key to unlocking the power of quantum com-
puting. However, qubits are also eager to
entangle with their intractably vast physical
surroundings, and this leads to the washout
of any quantum computation into a thermal
bath. To prevent this, robust quantum error
correction is required.

In 2001, Gottesman, Kitaev, and Preskill
(GKP) posited that logical qubits could be
encoded in physical qumodes—in particular,
of light (2). Nine years later, it was proposed
that an optical GKP state might be experi-
mentally realized (3). Such qubit-encoding
of information in qumodes (also known as
bosonic codes) combines the two worlds of
continuous and discrete variables, which
have remained decidedly separated in classi-
cal information applications, largely because
of the inability to correct for small drifts of
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continuous variables. Although this spelled
the limits (and thus demise) of classical ana-
log computing, the quantum situation is very
different. GKP-based codes encode and error-
correct qubits and, at the same time, correct
against small drifts of boson (light) field am-
plitudes (typically, the position and momen-
tum of a quantum harmonic oscillator). This
has led to widespread interest in developing
quantum computing platforms that feature
bosonic fields alongside qubits.

There are two salient examples of quan-
tum computing platforms that feature boson

“...there is no fundamental
reason that stands in the way
of...a fully fledged photonic
quantum computer.”

fields in addition to qubits. One involves the
phonon field (mechanical quantum oscilla-
tor) that embodies the vibration of a trapped-
ion qubit (4). The other platform is based on
the microwave cavity field coupled to a super-
conducting qubit (of the transmon kind) (5).
In both cases, GKP state generation in either
a phonon or microwave photon field was en-
abled by a controlled gate that entangles the
field to the qubit.

There is yet another way to generate bo-
sonic qubit encodings that does not require
a physical qubit and is therefore perfectly
suited to “pure field” implementations of
quantum information such as the quantum
optics of propagating light fields. In such
implementations, the physical qubits are
replaced with physical qumodes—that is,
the physical modes of the light defined by
frequency, polarization, spatial profile, and
propagation direction. In the majority of
cases, physical qumodes are defined with
exquisite precision by the resonant modes
of an optical resonator that also contains a
stimulated two-photon emitter. The whole
assembly is called an optical parametric os-
cillator, as opposed to a laser that is based
on single-photon stimulated emission. It has
been shown theoretically (6) and experimen-
tally (7-11) that one or two optical parametric
oscillators can generate all the entanglement
needed for quantum computing tasks. There
are several reasons for this (72). Such oscil-
lators emit a multitude of qumodes, either

in the frequency or the temporal domain (or
both). This forms the foundation for mas-
sively scalable quantum architectures. In
addition, qumode entanglement can be en-
gineered to take the form of cluster states
that enable measurement-based quantum
computing. And there exists a fault-tolerant
threshold for qumode-based, measurement-
based quantum computing if all qumodes are
encoded as GKP qubits (13).

Konno et al. describe the first experimen-
tal generation of GKP states directly over
optical qumodes. To achieve this, the authors
achieved the comb structure of the GKP wave
functions by leveraging the interference in
qumode phase space that is present in exotic
quantum states of light called “cat” states.
In reference to Schrodinger’s famous feline
caught in a quantum superposition of “alive”
and “dead,” optical cat states can be viewed as
aregular laser beam being both in and out of
phase with itself at the same time. By classi-
cal physics, one could only understand this as
destructive interference (no light present at
all). Quantum mechanical light, however, can
be placed in such a state and have nonzero
intensity. Konno et al. generated cat states
experimentally by subtracting photons one
at a time from the light emitted by an opti-
cal parametric oscillator (74). They then cre-
ated the interference of two beams of light in
cat states with controlled relative phases and
measured one interfering beam. This placed
the other beam in a GKP state, which was
precisely and unambiguously characterized
by use of quantum state tomography.

Although Konno et al.’s experiment broke
new ground, their GKP state does not yet
have the quality required to reach fault tol-
erance. But there is no fundamental reason
that stands in the way of experimental prog-
ress beyond this promising start toward a
fully fledged photonic quantum computer.
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Risks from solar-powered groundwater irrigation

Emissions reductions may not meet expectations, and groundwater use will likely increase
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olar-powered groundwater irrigation
is expanding exponentially in low- and
middle-income countries (LMICs),
creating opportunities and risks. In
South Asia, more than 500,000 small
stand-alone pumps have already been
installed (see the figure). In Sub-Saharan
Africa, solar pumps are gaining traction to
expand food production and alleviate pov-
erty. There is optimism about solar-powered
irrigation helping LMICs meet their climate-
change mitigation obligations, but insights
from behavioral sciences, and early evidence,
suggest that such emissions reductions are
complex to calculate and likely lower than
assumed. Groundwater pumping is likely to
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increase. Moving from siloed accounting of
land, water, and energy use to integrated as-
sessment frameworks can help manage unin-
tended risks to land and water resources (1)
and prevent lock-ins. By assessing social costs
and benefits of solar-powered groundwater
pumping, policy-makers can navigate trade-
offs where irrigation expands food production
and alleviates poverty but has unintended or
unaccounted consequences for groundwater
depletion and carbon emissions.

Emissions from agriculture, forestry, and
other land uses accounted for 22% of carbon
emissions globally in 2019 (2). Solar-powered
groundwater irrigation allows for expanding
energy use in agriculture, making it attrac-
tive to use in LMICs where poor farmers have
growing energy needs.

There are three broad approaches to solar-
powered irrigation in LMICs. The first is us-
ing a stand-alone pump powered by a solar
panel, an option especially suited to areas
not serviced by a reliable electric grid, and
where irrigation is either uncommon or re-
lies on diesel-powered pumps. Small stand-

alone solar pumps are typically less than 10
hp (7.5 kW) and meant for individual use.
Community stand-alone solar pumps deliver
irrigation services to a community of farm-
ers. A second approach consists of installing
grid-connected (small) solar panels on the
fields of farmers who use electric pumps, an
option for agricultural areas where electric
pumps are served by well-maintained grids.
Typically, the solar panels installed on farms
generate power and evacuate it into the
same electric grid that powers the electric
pumps. Energy use on the farm is “net-me-
tered,” with farmers charged or credited the
difference between what the electric pump
used and what the solar panel evacuated.
The feasibility of this approach depends on
the magnitude of administrative and engi-
neering costs of installing small, distributed
on-farm solar panels on scores of fields. The
third approach consists of generating solar
energy through large solar power projects
and inputting it into the grid. Similar to any
grid-connected energy generation project,
these are typically implemented through
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Solar panels power irrigation of a watermelon
patch on the outskirts of Al-Hasakah, Syria, on
24 September 2023.

a contract and power-purchase agreement
(that specifies the per unit price at which
generated energy is purchased by the utility
from the project developer). The feasibility
of this approach depends on the ability of the
developer to acquire land to install hundreds
of large solar panels. Both grid-connected
approaches also depend on the grid being
able to receive varying mixes of renewable
and nonrenewable energy.

Current and projected use of solar pumps
in LMICs has mostly focused on small stand-
alone ones, as these can be deployed irre-
spective of the coverage and condition of the
grid. In South Asia, governments are provid-
ing sizable capital cost subsidies on pumps,
and sometimes facilitating financing. For in-
stance, India intends to install 2 million small
stand-alone pumps and solarize 1.5 million ex-
isting electric pumps by 2026 (3). Bangladesh
has installed 2829 solar pumps (4), mostly
community stand-alone ones, while Nepal
has installed around 2000 small stand-alone
pumps. In Sub-Saharan Africa, governments
have focused on providing an enabling envi-
ronment, especially by reducing import and
other taxes on small stand-alone pumps,
while encouraging private vendors to sell and
install them. Reporting of sales by vendors to
industry initiatives (such as the Global Off-
Grid Lighting Association) is voluntary, thus
sales are likely underreported; consequently,
there is considerable uncertainty around the
number of small stand-alone pumps in use
across different countries.

Early estimates of the impacts of stand-
alone solar pumps show that farmers experi-
ence improvements in food production, food
security, and livelihoods, necessary condi-
tions for poverty reduction (7, 5).

COMPLEX TO ASSESS

In India, carbon emissions associated with
pumping groundwater for irrigation are es-
timated at 2 to 7% of annual national total
emissions (6). India’s experience with ground-
water development for increasing agricul-
tural productivity has provided a template
for Sub-Saharan Africa, where emissions are
likely to increase with groundwater devel-
opment. A complete replacement of electric
or diesel pumps with solar pumps would
reduce greenhouse gas emissions. However,
complete replacement is not guaranteed, and
these benefits may come with risks, particu-

larly for groundwater depletion. Some farm-
ers may continue to use their former pumps
along with the new solar pump if irrigation
needs have previously been unmet and ex-
panding energy use is profitable (5). Some
farmers might opt to stack multiple energy
sources—for example, combine using a diesel
pump with a solar pump if the capacity of the
solar pump prevents them from abstracting
enough groundwater to meet their irrigation
needs. Or, they may prefer to retain a device
that works irrespective of weather conditions
(storage batteries may be attached to solar
pumps, but they add to equipment costs that
are already substantial without government
support). If farmers are irrigating multiple
noncontiguous plots, then complete replace-
ment of diesel with solar pumping is only
possible if each plot has its own solar pump,
an expensive proposition.

Additionally, land use and input choices
might change. For example, farmers may
change the cultivated area, cropping in-
tensity, crop choice, and agrochemical use,
especially if they increase net energy use
(5). Other indirect changes such as fuel for
transporting inputs and outputs may also be
linked with the adoption of solar pumps. The
probability of these occurrences and their
intensity will vary by baseline energy use
choices, cropping system, existing agricul-
tural practices, and by farmer (5). However,
such shifts in resource use will need to be
considered, and this is complex to monitor
and measure, especially in the case of stand-
alone solar pumps. If all potential changes
linked to the adoption of solar irrigation are
considered, emissions reductions might well
be lower than originally assumed.

Even if solar-powered irrigation leads to
net-zero emissions, which our analysis calls
into question, it may exacerbate groundwa-
ter depletion and threaten the viability of
millions of wells already at risk of running
dry (6, 7). Solar irrigation is likely to increase
groundwater use as its adoption expands,
because it has zero pumping costs, meaning
that cheap, clean energy can accelerate the
groundwater boom in LMICs and higher-
income settings alike (I, 5, 7). In the case of
stand-alone pumps, there is limited incentive
for farmers to reduce groundwater use, irre-
spective of whether they switched from diesel
or electric pumps, and irrespective of whether
irrigation needs were previously met or not
(5), and existing evidence suggests the same
(I, 5). Increases in groundwater pumping
may be a desirable outcome for improving
food security and livelihoods if groundwater

hydrogeology supports increased abstraction,
such as in the case of local shallow aquifers
that deplete and replenish seasonally.

In the case of installing grid-connected
(small) solar panels on the fields of farmers
using electric pumps—an option receiving
considerable attention in South Asia—net
metering has been proposed to potentially
limit or reduce groundwater abstraction. It
is argued that farmers would be able to earn
money or credit from the utility if they gen-
erate more electricity than the pumps use
(8). Estimates from scenario-based studies in
India, with varying assumptions and based in
different Indian states, have yielded differing
conclusions on whether net metering could
induce substantial reductions in ground-
water use (8, 9). Pilot studies from different
Indian states examining similar financial in-
centives offered to farmers for reducing en-

ergy use have found modest to no reductions ~

in pumping behaviors (10, 11). Understanding
the potential for net metering to reduce
groundwater abstraction is important for
scaling this approach in South Asia, because
the technical logistics and financial costs are
substantial, and the scope of utilities to offer
farms with small solar panels large enough
incentives to guarantee sufficient reductions
in pumping is limited owing to the subsi-
dized prices at which electricity is supplied
to farmers (8).

Emerging evidence also suggests that own-
ership of solar pumps, both stand-alone and
those with net metering, and whether sup-
plied by government-coordinated programs
or private vendors, usually accrues to eco-
nomically and socially better-off farmers who
can afford to access and purchase them (7).
It is important to identify practical ways to
extend the benefits of solar irrigation to those
who cannot purchase pumps.

PROGRESS FOR POLICY

Linking solar irrigation to carbon credit pro-
grams will require integrated assessment
and/or accounting frameworks for estimat-
ing emissions reductions. Such a framework
would have guidelines to establish a refer-
ence baseline level of emissions; specify safe-
guards that have to be met, addressed, and
reported periodically against (such as the
risks of reversals and displacement of emis-
sions); demonstrate additionality (reductions
in emissions would not have occurred with-
out the credit program in place); and imple-
ment a monitoring system that periodically
reports on water-energy-land use changes.
Such a framework may also need to take into
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Growth in stand-alone solar pumps in India
India plans to install 2 million small stand-alone pumps and solarize 1.5 million existing electric pumps
by 2026 to improve livelihoods for the poor and boost incomes from agriculture.
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account the “carbon footprint” of solar photo-
voltaic panels over their lifetime. There is an
opportunity to learn lessons from the mixed
experiences of REDD+ projects that aim to
reduce emissions by creating carbon credits
through improving forest extent and con-
ditions. The complexities of implementing
such programs highlight the need for a mul-
tiscale assessment of impacts along with re-
alistic expectations regarding achievements
on the ground (12).

Improving the scope and quality of in-
formation on water, energy, and land use
changes is needed, with a shift from siloed
to integrated approaches (13). On the bio-
physical side, remotely sensed data on actual
evapotranspiration, irrigated area, and crop
choice could introduce reporting of confi-
dence levels to account for uncertainties as-
sociated with such data and thus support bet-
ter accounting across scales. To ground truth
data, especially in Africa where major knowl-
edge gaps exist, ground-based observation
networks are developing a multi-university
consortium to assess rainfall-recharge rela-
tionships and improve public information
on groundwater availability and variability
(14). Because groundwater abstraction in
LMICs is rarely metered, most estimates of
changes are indirectly inferred, based on re-
ported hours of pumping, liters of diesel use,
and on the rare occasion of metered electric-
ity use. Improvements in measuring abstrac-
tion directly would be important and also
help better calibrate indirect measurements.

On the socioeconomic side, a practical
approach may be to leverage and inte-
grate existing data collection initiatives.
For example, national statistics offices in
LMICs could communicate planned data
collection activities for the financial year
in advance so that agriculture, energy,
and water ministries have an opportu-
nity to explore potential collaborations,
by expanding the scope of established and
periodic surveys to include prioritized in-
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dicators on water, land, and energy use,
which would help a wide range of users.
Remote and crowd-sourced approaches to
collecting data could help decision-makers
informally monitor emerging problems, es-
pecially when high accuracy is not needed.

Emerging technologies could solve some
data challenges, especially where national
statistics offices are capacity constrained.
Solar pumps with inbuilt sensors could be
deployed to measure water abstraction;
if telemetry were enabled and data were
shared, it would help governments moni-
tor and manage groundwater resources
over larger areas. A complementary effort
to track regulatory interventions and gov-
ernance mechanisms for setting and enforc-
ing limits on emissions and pumping would
build our understanding of the fit and ef-
fectiveness of different tools (7).

Insights from entrepreneurship and mar-
ket design could improve policy responses
for how irrigation using stand-alone solar
pumps may reach the poorest (15). In re-
cent years, there has been an emergence
of small enterprises and foundations in
Asia and Sub-Saharan Africa that sell on-
demand services using portable solar or
diesel pumps to communities who require
irrigation but whose land holdings are
too small to justify installing their own
individual pump, and who cannot be ser-
viced through the grid. Coordinated part-
nerships between government extension
services, entrepreneurial initiatives, and
companies that manufacture pumps would
reduce transaction costs and help iden-
tify and scale appropriate services to less
wealthy farmers that are informed by hy-
drological, agronomic and socioeconomic
opportunities and constraints. In agricul-
tural areas served by the electric grid (such
as in South Asia), improving and upgrad-
ing infrastructure to allow grid solariza-
tion would help extend equity in access to
energy over the longer term.

Regulation, planning, and enforcement
capacity for energy and water need im-
provement in both LMICs and higher-in-
come settings. The clean-energy boom will
likely make groundwater problems worse
regardless of income levels and regulatory
capacity, in part because groundwater is
so poorly managed globally (with some
small exceptions) (7). The rapid adoption
of solar irrigation makes these activities
more challenging by giving a short time
for governments and institutions to adapt.
Cumulative limits for carbon emissions and
groundwater depletion, nested at multiple
levels from farms to districts and regions,
need to be established, which increases
regulatory and enforcement responsibilities
and requires overcoming deeply entrenched
interests benefiting from cheap electricity
and free water. Public finance should be tar-
geted where returns are likely to be high, in- ~
cluding monitoring networks and targeted,
time-limited subsidies to spur behavioral
shifts for consumers (food choices) and pro-
ducers (input choices). Advances in data,
behavioral sciences, and entrepreneurship
can equip policy-makers to set realistic «
expectations, equitably share benefits, and
manage risks as solar irrigation expands.
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Searching for meaning
in a world aflame

A metaphor-filled memoir bears witness to our fraught
existence in the age of wildfires

By Stephen Pyne

or Sonoma County, California, 2020

was a hard year. COVID-19 pushed

people outdoors, smoke drove them

indoors, and fires sent them fleeing

to places of refuge. For Sonoma resi-

dent Manjula Martin, there was also
a fiercely personal burden of pain from a
botched operation. As she writes in her new
book, The Last Fire Season, the outside world
and the inside world combined to form a “set
of concentric circles—a hurt body inside a
thriving garden in the middle of a neglected
forest, on an overheating planet surrounded
by an unknowable universe.”

The usual narratives do not apply to
Martin’s story. Well-worn conceits cannot
contain the ceaseless, sometimes erup-
tive, chaos of the interpenetrating worlds.
But fire might. She approaches her nar-
rative from the perspective of one raised
in a hippie-lite community outside Santa
Cruz—think simple back-to-the-landers, not
radical seekers of spiritual enlightenment—
who distrusts traditional power structures.
Instead, she seeks out the knowledge of

The reviewer is an emeritus professor at Arizona State
University, Tempe, AZ, USA, and the author of The Pyrocene:
How We Created an Age of Fire, and What Happens Next (Univ.
of California Press, 2022) and Fire: A Brief History (Univ. of
Washington Press, 2001). Email: stephen.pyne@asu.edu
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Indigenes, small-scale practitioners, and
women. Along the way, she encounters fire
(“fire followed us wherever we went”).

The Last Fire Season opens with a dry
lightning storm that kindled 650 named fires
that massed into complexes, one a million-
acre gigafire. Tellingly, no date is given; this is
a memoir, which holds to “remem-
bered truth.” The fires send Martin
and her partner into serial evacu-
ations, while the flames serve to il-
luminate the interior struggle she
endures, described as an “underly-
ing pulse of chronic pain.”

It is a common rhetorical de-
vice to symbolically link external
and internal worlds. But Martin
goes further and makes the rela-
tionship reciprocal: The outside
world of redwoods, megafires,
smoke palls, social injustice, gar-
dens, and climate change is internalized.
“The forest exhaled and my body took it in,”
she writes, becoming a cipher for the insults
and trials of the Anthropocene.

The book’s core event centers on a bro-
ken IUD, a fragment of which gets absorbed
into Martin’s uterus and leads to a bungled
hysterectomy. A fragment of the outside
world has intruded, unwelcome and harm-
ful, a harbinger of what is to come. The
surgery leaves her with crippling pain that

The Last Fire Season:
A Personal and
Pyronatural History
Manjula Martin
Pantheon, 2024. 352 pp.
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A prescribed burn is ignited near Santa Cruz,
California, in October 2023.

prevents her from engaging with the world
as she would like; even tending a garden is
difficult. Instead, she must bear witness.

Martin’s prose is light, precise, wordy, and
frequently figurative; sentences flow with the
viscosity of air. I enjoyed particularly some
of the sketches and vignettes that sprinkle
the text on such topics as smoke, flowers,
and Big Basin Redwoods State Park, which
spring up from the pages like fire poppies.
The overall organization replaces narrative
and subplots with a daisy chain of topics that
can double as symbols. The 4 months of fire
season proper (August through November)
offer a trellis onto which the many seeds she
plants can loosely attach.

Martin offers no clear structure because
she finds no clear resolution. Eventually, she ~
experiences real fire personally and finds
an awkward reconciliation. Learning to live
with fire bears similarities with learning to
live with pain. Both require ceaseless tend-
ing, both shuffle decks of messy metaphors,
and both have no end point. This is not the
last fire season.

Readers will learn little about fire behav-
ior, fire institutions, fire policy, or fire history.
There are anecdotes drawn from fire ecology, -
some delightful, but they come with scant
explanation. When Martin asks a guide at
Big Basin about a postburn botanical quirk,
she is told opaquely that it is “fire-adapted,”
which to her seemed “like alchemy.”

Readers may find themselves in the same
state. Those who enjoy confessional mem-
oirs, share Martin’s worldview, and savor her
sensibilities will likely relish the
book. Those who don’t, probably .
less so. ¢

Amitav Ghosh has written that
the absence of climate change as
an informing theme for contem-
porary literature bespeaks a crisis
of cultural imagination (I). The
Last Fire Season offers a reply -
to his challenge. It shows how a
confused, compounding barrage
of phenomena and experiences
can be transmuted into personal
meaning.

We have a lot of fire ahead of us—good,
bad, surprising, mean, playful, existentially
wretched. The fires will touch everything. To
survive, we will need metaphors as well as
models and artful memoirs as much as artifi-
cial intelligence-assisted simulations.
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PSYCHEDELICS

When the CIA met LSD

A pair of anthropologists’ personal papers shed light on
US psychedelic science in the mid-20th century

By Alexis Turner

n 1945, Electronic Numerical Integra-
tor and Computer (ENIAC)—the first
programmable, general-purpose elec-
tronic digital computer—was put into
operation at the US Army’s Ballistic

Research Laboratory. When ENIAC was
announced to the public soon after, scien-
tists of all stripes were infatuated with the
machine, not just because of its intended
use (calculating missile trajectories for
improved accuracy) but also because of
what they hoped it promised more broadly.
If you could reprogram a computer, they
wondered, could you also re-
program a human mind? The
question was a seductive one
in the aftermath of World
War II, when the world was
preoccupied with human-
ity’s self-destructiveness. Not
only did innovations such as
ENIAC promise something
better, they also allowed sci-
entists to imagine themselves
as the ones best positioned to
deliver it.

This is the idealism at the
heart of Benjamin Breen’s
new history, Tripping on
Utopia: Margaret Mead, the
Cold War, and the Troubled
Birth of Psychedelic Science.
While the scientific optimism
of the mid-20th century eas-
ily attached itself to numerous
technologies, Breen’s book ex-
plores one of its more colorful
manifestations: US research on the possible
uses of lysergic acid diethylamide (LSD).

Well before hippies got their hands on
the psychedelic compound, scientists were
investigating the drug’s potential to depro-
gram and reprogram minds in the hopes of
creating a more stable world order. The task
would prove easier said than done—and not
just because optimism around the compound
traveled easily across highly varied domains.
Legally sanctioned LSD research took place
in fields such as psychology, biology, anthro-
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pology, chemistry, and child development,
and the compound was investigated at dispa-
rate institutions for very different purposes.
Despite this proliferation of research,
much evidence of it has been lost, thanks
in no small part to the Central Intelligence
Agency (CIA), an institution that was heav-
ily involved in early LSD experiments. Upon
learning that its efforts would be subject to
congressional oversight, the agency destroyed
most of its documentation on the compound.
Where, then, does the historian begin?
While Tripping on Utopia—a sure-
fire crowd-pleaser that lets readers peep
through a window on science meant to re-

Margaret Mead's lesser-known work on LSD offers insight into secretive CIA projects.

main hidden—will be neither the first nor
the last history to answer that question
by turning to the CIA itself, Breen takes a
novel approach. By plumbing the personal
papers of anthropologists Margaret Mead
and Gregory Bateson—researchers known
to have worked with the agency on both cy-
bernetics and propaganda, but the history
of whose work with psychedelics has been
largely neglected—Breen circumvents the
missing evidence. The result is a method-
ologically clever book that sheds new light
on the scientific history of LSD through an
engaging, highly readable story that weaves
a narrative far richer in detail than a typical
academic history.

Tripping on Utopia:
Margaret Mead, the Cold
War, and the Troubled Birth
of Psychedelic Science
Benjamin Breen

Grand Central Publishing,
2024.384 pp.

The book begins with background on
Mead’s and Bateson’s intellectual forma-
tion before moving into the work they did
during World War II with the CIA’s precur-
sor agency, the Office of Strategic Services.
Breen traces the slowly widening divide
between the two researchers after the CIA’s
introduction to LSD in 1949, both person-
ally and in their understanding of the role
scientists ought to play in politics. Other
scientists make appearances as well, from

flamboyant acid guru Timothy Leary to ~

the sober and serious Roy Grinker. By the
end of the story, LSD has been classed as
a Schedule I substance, putting it off-limits
even to medical researchers
and leaving its proponents
searching in vain for a satis-
factory answer to how things
ended up so far from where
they hoped they would be.
Although Breen never en-
tirely answers this question,
his choice to follow a small
handful of actors—with oc-
casional overemphasis on
just how flawed they were—
can leave readers tempted to
imagine that LSD’s downfall
was a consequence of the ac-
tions of bad scientists from
a bygone era. But the book’s
larger argument is that tech-
nical and political consensus
within an open, large, pro-
foundly complex system are
questionable goals in and of
themselves. I think he gets

<

closest to the cause of LSD’s -

demise in a throwaway point he makes but
does not explore in great depth, in which he
observes that the ambitious actors research-
ing the drug intentionally undermined one
another along the way, resulting in pro-
foundly mixed messages about it competing
on the public stage.

Ultimately, Tripping on Utopia is
enough of a romp to be of widespread in-
terest to casual readers, but it is also pro-
fessionally timely, given the recent resur-
gence of medical interest in psychedelics.
It will also be of interest to those who take
seriously the difficulties of the public com-
munication of science.

10.1126/science.adm9748
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Pig virus imperils food
security in Borneo

African swine fever has devastated pig
populations in Asia since 2018 (). On the
island of Borneo, which includes the country
of Brunei, the Malaysian states of Sarawak
and Sabah, and Indonesian Kalimantan,
bearded pigs (Sus barbatus) were once the
most numerous large mammal species (2),
but African swine fever has led to popula-
tion declines of 90 to 100% (3, 4). The sub-
stantial drop may warrant a conservation
status uplisting from Vulnerable to Critically
Endangered (5). The loss of pigs disrupts
food security and ecosystems and threatens
other endangered wildlife.

In the past, bearded pigs constituted
81% of hunted wildlife weight in villages in
East Kalimantan (6). The state of Sarawak
alone once harvested a million bearded
pigs per year (2), and Sabah’s annual
hunted pig weight was estimated at 8.6
million kg (7). Although the Muslim popu-
lation of Borneo does not eat pork, the pig
population collapse affects the livelihoods
and cultural traditions of millions of non-
Muslim people.

The decline of Borneo’s pig population
also poses unknown ecological effects. Wild
pigs are important seed predators that play
a substantial role as ecosystem engineers
(I). In addition, in the absence of pigs, local
people are likely to shift their focus to hunt-
ing endangered species, such as pig-tailed

SCIENCE science.org

macaques (Macaca nemestrina) (8).
Although African swine fever has gar-
nered substantial attention in countries
with major pork industries (9), its effects
in Borneo have been largely overlooked.
Resistance to the disease in domestic pigs in
southern Africa has been identified, but the
basis for resistance remains unknown, espe-
cially in wild pigs (0). There is no evidence
indicating that wild pig populations can
fully recover in Borneo or on other islands
in Southeast Asia where the disease has
taken a toll, including Java, Sumatra, Timor-
Leste, and the Philippines (71, 12). Urgent
research and interventions, with the partici-
pation of rural communities, should focus
on preventing the spread of African swine
fever to other regions where people depend
on pigs, such as the island of New Guinea.
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Environmental risks and
infertility in China

In 2015, the Chinese government termi-
nated the “one-child policy,” which had 3
curtailed overpopulation by reducing

births by approximately 400 million but

led to an aging population, a shrinking

labor pool, and a lopsided sex ratio (). .
China’s 2015 “two-child policy” () and

2021 “three-child policy” (2) have had

some success in increasing birth rates (3),
but the number of newborns remains sur-
prisingly low (4). Birth rate declines are
partly attributable to socioeconomic pres-
sures, which cause some potential parents

to opt for fewer children (5). However, the
declines are also likely due to the preva-
lence of infertility (6), which has increased .
markedly in China in the past two decades ¢
(1, 2). Infertility has been associated with
environmental factors such as air qual-

ity (5, 7, 8). To increase birth rates, China
needs to address the underlying issues
driving the decline.

In 2022, about 46%, 39%, and 15% of
newborns in China were the first, the
second, and the third or beyond child of
their parents, respectively (3). However,
more second and third children did not
mean more total births. China’s birthrate
dropped from 23.33 births per thousand
people in 1987 (25.29 million newborns)
to 6.77 births per thousand people in 2022
(9.56 million newborns) (4).

The infertility rate among the Chinese
population of childbearing age increased
from 11.9% in 2007 to 15.5% in 2010 (1).

In 2020, 17.6% of the Chinese population
of childbearing age—about 33 million
couples—suffered from infertility (2).
Environmental and climate risks may
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contribute to impairment in reproduc-
tive health. For instance, air pollution is
associated with sperm morphology dur-
ing spermatogenesis (7), lowering semen
quality (5, 8). Heatwaves are linked to
complications that lead to gestational
diabetes and hypertensive disorders of
pregnancy, which adversely affect the
fetus (9). Endocrine-disrupting chemicals
in drinking water and food are associ-
ated with decreases in sperm parameters,
longer time to conceive, and compro-
mised oocyte and embryo quality (10). In
China, environmental factors have been
correlated with damage to reproductive
health for both men (5, 7) and women
(8). Environmental risks may also con-
tribute to preterm birth (8, 9), which has
increased in China since 2012 (11).

To address China’s falling birth rates,
scientists need to establish the causality
between declining reproductive health
and each environmental risk. Researchers
should also explore the underlying biologi-
cal mechanisms; thoroughly understand-
ing these interactions may become increas-
ingly urgent given that, in mouse models,

PR

To reflect China’s updated policies, the tw

the progeny of mothers facing current risks

during pregnancy show impaired fertil-
ity (12). In the short term, China needs

to further promote assisted reproductive
technology. Finally, China should miti-
gate environmental pollution and protect
people of childbearing age from exposure
to environmental risks.
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three in Guo Xue’s “A beautiful future” scupture in Wuhan.

India’s coal mining plan
undermines climate goals

Carbon neutrality depends on the reduc-
tion of fossil fuel usage and the develop-
ment of renewable energy (I, 2). At the 2021
United Nations Climate Change Conference
(COP26), India signed an agreement to
reduce coal and enhance its renewable
energy capacity to 500 GW by 2030, with the
goal of achieving net-zero carbon emissions
by 2070 (3, 4). As the world’s third-largest
producer of coal and fourth-largest green-
house gas emitter, India was expected to
play an important role in global mitigation

efforts (5). However, in November 2023, the
country approved a plan to increase coal
production (6), undermining national and
global environmental goals.

To satisfy rapidly growing energy
demands (6), India plans to increase annual
output from its underground coal mines
from 26 million tons in 2023 to 100 million
tons by 2030 (7). The extensive develop-
ment of underground coal mining will have
profoundly negative and potentially irre-
versible effects on the India’s ecosystems,
including increased surface subsidence, soil
erosion, land fissures, vegetation death, and
threats to food security and infrastructure
(8). Underground coal mining disrupts the
flow of underground aquifers, harming
water resources (9). The process brings sub-
stantial quantities of waste soil and rocks to
the surface, which release toxic substances
upon contact with air and water and con-
taminate air, soil, and aquatic ecosystems
(10). Coal mining also poses the risk of gas
explosions, resulting in casualties and exac-
erbating the greenhouse effect (11).

The Global Decarbonization Accelerator,
adopted at the 2023 United Nations Climate «
Change Conference (COP28), calls for the
acceleration of decarbonization in the
energy industry (12). To protect the envi-
ronment and foster a healthier planet, the .
Indian government should abandon its
underground coal mining plan. India must
uphold its COP26 commitments, actively
formulate emission reduction plans, and
set emission targets and actions at both
national and local levels.
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Supersheer and surface faults

he 2023 earthquake sequence in Turkiye and Syria caused a
great deal of damage and loss of life. Meng et al. captured
surface features with a comprehensive set of field and drone
observations before these features could be eroded or
destroyed. The surface deformation caused from the underly-
ing faults was complex but provides insight into fault displacement,
rupture propagation, and slip transfer between fault systems. These

WATER CHEMISTRY
Competitive chemistry
hetween water ions

The mutual neutralization of the
hydronium cation and hydroxide

anion to form neutral water mol-

ecules is one of the most basic
chemical processes. It therefore
has attracted considerable
interest, but direct experimen-
tal probing of the underlying
reaction mechanisms has been
lacking. By realizing the interac-
tion in merged beams of two

ionic species with near-zero rela-

tive velocity, Bogot et al. directly
visualized the neutral products

SCIENCE science.org

observations should help with future seismic hazards and with

of these reactions and reported
three different product channels.
Two channels were attributed to
a predominant electron-transfer
mechanism, and a smaller chan-
nel was associated with proton
transfer. The two-beam collision
experiment is an important
step toward understanding the
quantum dynamics of this fun-
damental reaction. —YS

Science p. 285, 10.1126/science.adk1950

BIOGEOGRAPHY
Peoples’ use of plants

Adiverse array of plants
provides the base materials

interpreting events from the historic record. Ren et al. used an array
of geophysical observations to determine how rupture propagated
along the complex series of faults. The rupture speed was faster
than the shear wave velocity at times, a condition called supershear.
The authors pieced together some of the underlying physics behind
this complex earthquake, helping us better understand the rupture
process and subsequent ground shaking. —BG

Science p.298, 10.1126/science.adj3770, p.305, 10.1126/science.adi1519

for human sustenance and
livelihoods. Although some

of these plant species have
become ubiquitous, others are
endemic to certain locations,
where they have specific cultural
uses. Pironon et al. studied
where plants used by people
occur and how their hotspots of
diversity and endemism overlap
with broader patterns of plant
diversity and the locations of
protected areas. They found that
utilized species diversity is corre-
lated with overall plant diversity,
suggesting that prioritizing
biodiversity hotspots for con-
servation could protect many of

19 JANUARY 2024 « VOL 383 ISSUE 6680

these species. However, current
protected areas are inadequate
for conserving these species
and their associated biocultural
diversity. —BEL

Science p.293, 10.1126/science.adg8028

ELECTROPHOTOCATALYSIS
Radicals from silver

Introducing trifluoromethyl
groups to aryl rings is an
important step in the prepara-
tion of many pharmaceuticals
and agrochemicals, but the
chemistry often requires spe-
cialized, expensive reagents.
Campbell et al. now report
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CORONAVIRUS
Blood alterations
in Long Covid

Some individuals can endure
persistent, debilitating symp-
toms for many months after an
initial severe acute respiratory
syndrome coronavirus 2 (SARS-
CoV-2) infection. However, the
factors underpinning these
health issues, called Long

Covid, are poorly understood.
Comparing the blood of patients
with confirmed SARS-CoV-2
infection with that of uninfected
controls, Cervia-Hasler et al.
found that patients experiencing
Long COVID exhibited changes
to blood serum proteins indicat-
ing activation of the immune
system’s complement cascade,
altered coagulation, and tissue
injury (see the Perspective by
Ruf). At the cellular level, Long
Covid was linked to aggregates
comprising monocytes and
platelets. These findings provide
a resource of potential biomark-
ers for diagnosis and may inform
directions for treatments. —SHR

Science p.273, 10.1126/science.adg7942;
seealsop.262, 10.1126/science.adn1077

LIQUID BIOPSY

DNA hide-and-seek

Liquid biopsy for tumor analysis
offers the potential for noninva-
sive access using a blood draw
instead of a surgical procedure.
In addition, sampling the blood
can detect tumor DNA even
when the location of a tumor is
unknown. However, circulating
tumor DNA is usually scarce,
and it can be difficult to collect
enough blood for adequate
detection, especially in cases
where tumors are small.
Martin-Alonso et al. addressed
this difficulty by developing
two different types of priming
agents that protect circulat-

ing DNA from destruction (see
the Perspective by Moser and
Heitzer). With these agents,
more DNA remains in the blood-
stream and is easier to detect
even in small blood volumes. In
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mouse models of cancer, both
approaches greatly increased
the sensitivity of liquid biopsies.
—YN
Science p.274,10.1126/science.adf2341;
seealso p.260,10.1126/science.adn1886

RADIO ASTRONOMY
A compact object
in the mass gap

There is a substantial gap
between the masses of the
heaviest measured neutron
star and the lightest mea-
sured black hole. This mass
gap carries information about
how both types of object form
during supernovae (see the
Perspective by Fishbach).
Barr et al. used pulsar timing
to investigate a binary system
in a dense star cluster. They
found that the pulsar’s binary
companion is an object in the
mass gap, but could not deter-
mine whether it is an unusually
high-mass neutron star or an
unusually low-mass black hole.
Either way, the authors argue
that it formed by the earlier
merger of two other neutron
stars. —KTS

Science p.275, 10.1126/science.adg3005;
seealsop. 259, 10.1126/science.adn1869

QUANTUM OPTICS
Generating optical
grid states

Quantum computers under
development are at the
intermediate size scale and

are already demonstrating
quantum advantage over clas-
sical systems for specific tasks.
Going to larger scale systems is
challenging for some solid-state
platforms. Optics provides

a possible route, but optical
systems require engineered
photonic states to mitigate for
loss and to run error correction
codes. Konno et al. demonstrate
the generation of Gottesman-
Kitaev-Preskill states, or grid
states, in which the wavefunc-
tion resembles a sharp-peaked

19 JANUARY 2024 « VOL 383 ISSUE 6680

two-dimensional array (see the
Perspective by Pfister). These
states have been predicted

to be fault tolerant, allowing
quantum error correction codes
to be readily implemented.
Realizing such engineered pho-
tonic states will be important in
the development of large-scale
optical quantum computers.
—ISO

Science p. 289, 10.1126/science.adk7560;
seealsop. 264, 10.1126/science.adm9946

NANOMATERIALS
Boosting gold cluster
emission with copper

Gold nanoclusters have
potential applications as near-
infrared emissive materials
for biological applications but
often exhibit low photolumines-
cence quantum yield (PLQY) in
solution at room temperature.
Shi et al. found that copper
substitution to form an Au;gCug
cluster improved the PLQY to
more than 60% in oxygenated
solutions at room temperature.
The presence of copper led to
ultrafast intersystem crossing
to the long-lived triplet state
and also suppressed nonradia-
tive decay. —PDS

Science p.326, 10.1126/science.adk6628

CATALYSIS
How silicon
imparts stability

Copper-zinc oxide catalysts
with elements such as silicon
as structural promoters have
long been used for methanol
synthesis from carbon dioxide
and hydrogen. Barrow et al.
examined how silicon doping
also results in almost doubling
the lifetime of industrially used
catalysts that also incorporate
other metal oxides such as
alumina. Their studies of model
catalysts and of aged industrial
catalysts show that silicon helps
to slow particle growth (sinter-
ing), not only of copper, but
more importantly of zinc oxide.

Silicon’s incorporation into the
zinc oxide lattice improves its
hydrothermal stability under
reaction conditions. —PDS

Sci. Adv. (2024)
10.1126/sciadv.adk2081

THYMUS
How to promote thymus
regeneration

The thymus undergoes tran-
sient but reversible involution

in response to stress stimuli,
but the molecular mechanisms
mediating thymic regen-

eration after involution are

not well defined. Nevo et al.
performed single-cell RNA
sequencing on the thymic
non-T cell compartment after
dexamethasone-induced acute
thymic involution in mice. This
treatment promoted a type 2
immune response driven by
thymic-resident innate lymphoid
cells type-2 (ILC2s), which

were activated in response to
tissue damage by cytokines
produced by thymic tuft cells
and fibroblasts. ILC2s were
required for tissue regeneration
by producing effector molecules
that promoted medullary thymic
epithelial cell differentiation.
Together, these findings identify
a thymic tuft cell-fibroblast—
ILC2 axis required for thymic
regeneration after acute thymic
involution. —HMI

Sci. Immunol. (2024)
10.1126/sciimmunol.abg6930

HIV

Targeting the fusion
peptide

The fusion peptide (FP) on

the HIV-1 envelope proteinis a
conserved site that can be tar-
geted by neutralizing antibodies.
However, the extent of protec-
tion conferred by FP-directed
antibodies in the context of
mucosal infection is unclear.
Pegu et al. tested three different
anti-FP antibodies, including one
human antibody and two rhesus

science.org SCIENCE
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macaque antibodies, for their
ability to neutralize HIV-1in vitro
and confer protection against
simian-human immunodefi-
ciency virus (SHIV) challenge
of rhesus macaques in vivo.

All three antibodies conferred
protection against mucosal
challenge with SHIV at clinically
meaningful titers, supporting
the further development of both
anti-FP antibody therapies and
vaccines designed to elicit anti-
FP humoral responses. —CM

Sci. Transl. Med. (2024)
10.1126/scitranslmed.adh9039

SCIENCE science.org
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that photoexcitation of a silver
complex can release reactive
trifluoromethyl and higher per-
fluoroalkyl radicals directly from
more readily available carboxyl-
ates such as trifluoroacetate.
The silver can then be reoxidized
electrochemically to render the
arene perfluoroalkylation reac-
tion catalytic. The method also
highlights silver's prospective
role as a more general highly oxi-
dizing photoredox catalyst. —JSY
Science p.279, 10.1126/science.adk4919

DNA-COLLOID CRYSTALS
More tilings with short
flexible linkers

Although nanocrystals with
well-defined polyhedral shapes
can be assembled into ordered
lattices with long DNA linkers,
the large linkers often do not
preserve the packing shape.
Zhou et al. have shown that
placing a flexible spacer between
the rigid DNA anchor strand and
the single-stranded DNA sticky
end decouples the binding of
sticky ends from the nanocrystal
shape. This approach allows
imperfect polyhedral building
blocks to assemble into highly
ordered space-filling struc-
tures and for non—space-filling
nanocrystals to co-pack as
complementary shapes. —PDS
Science p.312, 10.1126/science.adjl021

IMMUNOLOGY
HLA allotype pairs
influence HIV

Highly variable human leuko-
cyte antigen (HLA) molecules
bind and present a diverse

range of antigenic peptides

to T lymphocytes, thereby
eliciting an immune response.
Maternally and paternally
derived HLA molecules may
bind very similarly to radically
different sets of peptides. Viard
et al. developed a method that
estimates the difference in types
of peptides bound between the
pairs of HLA variants, which they
termed “functional divergence.”
Itis proposed that individuals
with high functional divergence
present a broader range of

270

peptides and elicit stronger
immune responses compared
with people having low func-
tional divergence. Accordingly,
HIV-infected individuals with the
highest functional divergence
develop less severe disease
relative to those with the lowest
functional divergence. A similar
effect might be observed for
other diseases in which HLA
plays a central role. —PNK
Science p. 319, 10.1126/science.adk0777

CHEMISTRY

Copper-coupling guide
Reactions that form carbon-
nitrogen bonds are central to the
synthesis of pharmaceuticals
and agrochemicals. Although
the general contours of the
catalytic methods in current use
have been known for decades,

it remains surprisingly hard to
predict ahead of time precisely
which conditions will prove opti-
mal to couple a pair of complex
substrates. Samha et al. report
the development and validation
of a model to help optimize ligand
selection in Ullman-type copper-
catalyzed carbon—-nitrogen
coupling. The use of such models
could save substantial time as
chemists seek to access target
compounds. —JSY

Sci. Adv. (2024)
10.1126/sciadv.adn3478

BIOCHEMISTRY
Detecting substrate
and ubiquitination

Ubiquitination is a posttransla-
tional modification that regulates
protein stability and protein-pro-
tein interactions in many signaling
pathways. Goncharov et al. gener-
ated bispecific antibodies that
specifically detect the proinflam-
matory kinases RIP1 and RIP2
and their precise ubiquitin link-
ages. The antibodies revealed an
increase in the ubiquitination of
RIP2 in samples from individuals
with inflammatory bowel disease,
highlighting the potential utility
of these antibodies in character-
izing signaling pathway activity in
disease contexts. —JFF
Sci. Signal. (2024)
10.1126/scisignal.abn1101
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HYDROCLIMATE

Drier than expected

Edited by Caroline Ash
and Jesse Smith

oth theoretical and model analyses predict that atmospheric
water vapor concentrations will increase as the air warms.
However, Simpson et al. report that observations in arid
and semi-arid regions of the Southwestern US reveal that
near-surface water vapor contents have not increased there
over the last four decades, and that models fail to simulate that
behavior. Given the importance of understanding hydroclimate in
dry regions and the fact that models are the primary tools used
to project climate, this discrepancy must be understood and cor-
rected to anticipate future water needs there. —HJS

Proc. Natl. Acad. Sci. U.S.A. (2023)
10.1073/pnas.2302480120

SIGNAL TRANSDUCTION
JAKs suppress lung
inflammation

Protein kinases of the Janus fam-
ily (JAKs) are key components of
inflammatory signaling by cyto-
kines. Therefore, JAK inhibitors
are being used and developed to
treat diseases such as dermatitis
and asthma. Such treatments
are directed at cytokine signal-
ing in hematopoietic cells, but
Tamari et al. have discovered
anti-inflammatory activities of
JAKs in the lungs, where they
suppress inflammation through
signaling in sensory neurons. JAK
signaling promotes synthesis

of the neuropeptide calcitonin
gene-related peptide g (CGRPB)
within neurons that innervate
the lungs. Better understanding
of such tissue-specific signaling
may allow more effective target-
ing of JAKs to avoid conflicting

effects that might limit the effec-
tiveness of current experimental
therapies. —LBR

Cell (2024) ¢

10.1016/j.cell.2023.11.027

NEUROSCIENCE

Lost and now found

Named after Donald Hebb, a
Canadian psychologist, Hebbian
potentiation occurs when a stim-
ulus is repeated, synapse and
target cell-specific connections
grow stronger, and an action
becomes intuitive and “learned.”
Characterization of the plastic-
ity of the underlying cellular and
molecular mechanisms requires
the identification of synaptic
inputs and target cells. Grigoryan
et al. investigated the receptors,
ion channels, and molecular cas-
cades contributing to long-term
potentiation in the hippocam-
pus of mice while learning

science.org SCIENCE



the location of an object. The
authors found evidence of ret-
rograde signaling that required
signaling cascades activated
by metabotropic glutamate
receptor la (MGIuR1la)—coupled
G proteins and a postsynaptic
calcium burst. —PRS

Proc. Natl. Acad. Sci. U.S.A. (2023)

10.1073/pnas.2312752120

PSYCHIATRY
Social microbes

Social anxiety disorder, the
intense feeling of being judged
or rejected in social situations,
is one of the most common
mental disorders in teenagers.
Sufferers experience severe
anxiety or panic attacks in social
situations. Because recent data
have shown that an altered

gut microbiome is associated
with some psychiatric disor-
ders, Ritz et al. investigated

SCIENCE science.org

whether gut bacteria could play
arole in anxiety. The authors
transplanted gut microbiota
from social anxiety disorder
patients and healthy controls in
germ-free mice and performed
behavioral and gene expression
analysis. Animals transplanted
with patient microbiota showed
mostly normal behavior, except
for an increase in social fear
associated with changes in
peripheral immunity and the
neuropeptide oxytocin in brain
areas associated with fear and
interpersonal relationships.
—MMa

Proc. Natl. Acad. Sci. U.S.A. (2023)
10.1073/pnas.2308706120

HYDROGELS
A new route to hydrogels

Many routes to photopolymer-
izing monomers require either
ultraviolet light to activate the

The atmosphere above the
Southwestern US drylands is
drier than predicted.

added photoinitiators or the
addition of a photosensitizer
and co-initiator to use visible
wavelengths. These processes
may not be compatible with

in vivo use because of the use
of UV light or possible toxic-

ity from the additives or their
by-products. Cagnetta et al.
evaluated a range of conjugated
polymer nanoparticles that can
operate across the full spec-
trum of visible light and can

act as both photoinitiators and
cross-linkers for the reactions
and form a series of acrylic
hydrogels showing high water
uptake and swelling. Further, the
authors found that the conju-
gated polymer nanoparticles
were uniformly distributed
within the gels and retained
their photochemical activity,
such as the formation of radical
species under illumination,
which endows the hydrogels

with their antibacterial proper-
ties. —MSL

Macromolecules (2023)
10.1021/acs.macromol.3c02026

SOCIAL CHEMOSIGNALING
Is there power
in awoman'’s tears?

Many animals communicate
through social chemosignaling,
such that molecules in urine,
milk, tears, or feces change
behaviors among others within
their species. For example, the
production of tears among
female rats has been linked to
sexual or aggressive behaviors
among male rats. The effect of
chemical signals from human
emotional tears has been poorly
understood. Agron et al. har-
vested tears from human women
donors and created odorless
saline solutions that looked iden-
tical to tears. When subjects were
exposed to human tears from
women, rather than the saline
controls, the authors observed
reduced aggressive behavior
among men and reduced activity
levels in brain networks linked to
aggression. —EEU
PLOS Biol.(2023)
10.1371/journal.pbio.3002442

DNA SENSORS
A weak but reactive
iron carbene

Single-walled carbon nanotubes
(SWCNTs) can be wrapped with
single-stranded DNA aptamers
that bind neuromodulators such
as dopamine. The subsequent
increase in SWCNT near-infrared
fluorescence can be used as anin
vivo sensor. Rosenberg et al. stud-
ied how the wrapping of (GT)s and
(GT)15 aptamers changed upon
dopamine binding in solution with
x-ray scattering interference. They
functionalized the oligomer ends
with gold nanoparticles that acted
as molecular rulers. Dopamine
binding caused both axial elonga-
tion and radial constriction of
single-stranded DNA on the
SWCNT surface that in turn led to
brighter fluorescence. —PDS

J.Am. Chem. Soc. (2024)
10.1021/jacs.3c09549
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LIQUID BIOPSY

Priming agents transiently reduce the clearance
of cell-free DNA to improve liquid biopsies

Carmen Martin-Alonsot, Shervin Tabrizit*, Kan Xiongt, Timothy Blewett, Sainetra Sridhar,
Andjela Crnjac, Sahil Patel, Zhenyi An, Ahmet Bekdemir, Douglas Shea, Shih-Ting Wang,
Sergio Rodriguez-Aponte, Christopher A. Naranjo, Justin Rhoades, Jesse D. Kirkpatrick,
Heather E. Fleming, Ava P. Amini, Todd R. Golub, J. Christopher Love*,

Sangeeta N. Bhatia*, Viktor A. Adalsteinsson*

INTRODUCTION: Liquid biopsies including the
analysis of cell-free DNA (cfDNA) from blood
can be used to diagnose, monitor, or molecular-
ly profile disease. Despite the fast adoption of
liquid biopsies in oncology, prenatal testing, in-
fectious disease, and organ transplant moni-
toring, higher sensitivity is needed in many
important clinical applications. In oncology,
efforts to improve the sensitivity for detecting
circulating tumor DNA (ctDNA) have mostly
focused on ex vivo sequencing and analysis
methods. However, an intrinsic challenge is
the scarcity of ctDNA in vivo, which leaves
little ctDNA to be collected and analyzed.

RATIONALE: We hypothesized that transiently
attenuating cfDNA clearance in vivo would aug-
ment the levels of ctDNA in circulation and
increase the amount recovered from a blood
draw. The two natural mechanisms for clear-
ing cfDNA are uptake by liver-resident macro-
phages and degradation by circulating nucleases.

Two priming agents for cfDNA

Nanoparticle

Kupffer cell

Injected DNA in
plasma at 1 hour

Al

Antibody

Increased circulation
half-life of cfDNA

D No priming ~ Priming

Better tumor molecular
profiling from cfDNA

In this work, we sought to develop two intra-
venous priming agents given 1 to 2 hours
before a blood draw that act on these mech-
anisms and enhance ctDNA recovery. Our
priming agents comprise (i) nanoparticles
that act on the cells responsible for cfDNA
clearance and (ii) DNA-binding monoclo-
nal antibodies (mAbs) that protect cfDNA.

RESULTS: We first investigated the nanopar-
ticle priming strategy and identified a succinyl
phosphoethanolamine-based liposomal agent
that inhibited cfDNA uptake in vitro and tran-
siently increased the recovery of ¢fDNA from
blood in healthy mice. We confirmed that lipo-
somes rapidly accumulated in the liver and that
liver resident macrophages were necessary for
c¢fDNA half-life extension. As an orthogonal
strategy, we showed that DNA-binding mAbs
interacted with elements of cfDNA and protected
double-stranded DNA from nuclease digestion.
Engineering the mAb to abrogate Fc-y-receptor

Higher ctDNA recovery in preclinical models

Recovery of more ctDNA

%

ctDNA molecules
in plasma

2

No priming  Priming

IS Lo
= =

j j{( ’Nuclease
SO

Priming priming

Priming

Sensitivity
o —

No priming

Tumor SNVs in cfDNA

Priming agents reduce the clearance of cfDNA and enhance the sensitivity
of liquid biopsies. Priming agents transiently attenuate natural clearance
mechanisms for cfDNA and consist of nanoparticles that act on the cells responsible
for cfDNA clearance (top left) or DNA-binding antibodies that protect cfDNA from
cellular uptake and enzymatic digestion (bottom left). In preclinical models, priming

Martin-Alonso et al., Science 3883, 274 (2024)

Tumor fraction in cfDNA

19 January 2024

>10x
increase

Higher sensitivity of ctDNA test

l'

(FeyR) binding increased its persistence in (H;)eci
culation and the recovery of cfDNA from b.o.=
compared with that of the native mAb and an
isotype control mAb in healthy mice. Using a
bespoke ctDNA assay tracking 1822 tumor-
specific single-nucleotide variants (SNVs) in
plasma samples from mouse preclinical cancer
models, we demonstrated that our two ortho-
gonal priming strategies increase the recovery
of ctDNA by >10-fold, enable more complete
tumor molecular profiling from ctDNA, and in-
crease the sensitivity for detection of small
tumors from <10% to >75%.

CONCLUSION: By modulating cfDNA clearance
in vivo, priming agents improved the sensitivity
and robustness of ctDNA testing in tumor-
bearing mice. Just as intravenous contrast
agents have profoundly improved clinical im-
aging, we envision that priming agents will im-
prove the sensitivity and utility of liquid biopsies
across clinical applications. Additionally, the
concept of delivering priming agents that
transiently attenuate analyte clearance in
vivo and boost diagnostic sensitivity may
inform similar approaches to enhance the
testing for other scarce biomarkers in oncol-
ogy and beyond.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: shervin@broadinstitute.org (S.T.); *
clove@mit.edu (J.C.L.); sbhatia@mit.edu (S.N.B.);
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Envisioned clinical application
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agents increased the half-life of cfDNA, enhanced recovery of ctDNA, and
improved tumor molecular profiling from ctDNA and sensitivity of ctDNA testing
(middle). We envision that priming agents could be administered 1 to 2 hours
prior to a blood draw in the clinic to improve the recovery of ctDNA and boost
the sensitivity of many types of liquid biopsy tests (right).

1of1l


mailto:shervin@broadinstitute.org
mailto:clove@mit.edu
mailto:sbhatia@mit.edu
mailto:viktor@broadinstitute.org
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adf2341&domain=pdf&date_stamp=2024-01-19

RESEARCH

RESEARCH ARTICLE

LIQUID BIOPSY

Priming agents transiently reduce the clearance
of cell-free DNA to improve liquid biopsies

Carmen Martin-Alonso"2}, Shervin Tabrizi>*5*{, Kan Xiong®+, Timothy Blewett®, Sainetra Sridhar®,
Andijela Crnjac®, Sahil Patel"*€, Zhenyi An®, Ahmet Bekdemir', Douglas Shea®, Shih-Ting Wang',
Sergio Rodriguez-Aponte®”, Christopher A. Naranjo', Justin Rhoades?, Jesse D. Kirkpatrick'?,
Heather E. Fleming?, Ava P. Amini®, Todd R. Golub®>®, J. Christopher Love31%%,

Sangeeta N. Bhatia'231121314x yjiktor A. Adalsteinsson*

Liquid biopsies enable early detection and monitoring of diseases such as cancer, but their sensitivity
remains limited by the scarcity of analytes such as cell-free DNA (cfDNA) in blood. Improvements

to sensitivity have primarily relied on enhancing sequencing technology ex vivo. We sought to transiently
augment the level of circulating tumor DNA (ctDNA) in a blood draw by attenuating its clearance

in vivo. We report two intravenous priming agents given 1 to 2 hours before a blood draw to recover
more ctDNA. Our priming agents consist of nanoparticles that act on the cells responsible for cfDNA
clearance and DNA-binding antibodies that protect cfDNA. In tumor-bearing mice, they greatly
increase the recovery of ctDNA and improve the sensitivity for detecting small tumors.

iquid biopsies such as blood draws are a
source of biological analytes such as cell-
free DNA (cfDNA), and enable noninva-
sive diagnosis, monitoring, and molecular
profiling of disease (I). The number of
diagnostics based on liquid biopsies has grown
rapidly over the last two decades in prenatal
testing (2), infectious disease (3), oncology (4),
and organ transplant monitoring (5), but the
sensitivity of liquid biopsies remains inade-
quate for many applications. For example, in
oncology the sensitivity of circulating tumor
DNA (ctDNA)-based screening tests is low (~20
to 40% for Stage I cancer) (6, 7), and liquid biop-
sies can be inconclusive in up to 40% of pa-
tients with advanced cancer (8). Additionally,
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up to 75% of patients who test negative for
minimal residual disease after surgery experi-
ence recurrence (9-11).

To date, efforts to improve the sensitivity for
detecting ctDNA have focused on sequencing
and analysis (12, 13), such as tracking multiple
somatic variants (9, 10, 14-16) and integrating
features such as DNA methylation or fragmen-
tation patterns (I7-19). An intrinsic challenge
for all these methods is the scarcity of ctDNA
in the collected samples, which limits sensi-
tivity (20, 21). One option to improve sensitiv-
ity is to draw larger volumes of blood () or to
perform plasmapheresis (16). Large volumes,
however, are impractical in frail or ill patients,
and plasmapheresis carries major risks and
requires expensive instrumentation. Alterna-
tively, methods to sample more proximally to
the tumor (22) or to increase tumor DNA shed-
ding have been proposed (23, 24). These methods
require prior knowledge of tumor location,
are limited to specific primary tumors, and often
require specialized, expensive, and invasive
procedures.

To realize a generalized approach for en-
hancing the amount of ctDNA recovered in
any blood collection, we have developed two
intravenous priming agents that transiently
delay cfDNA clearance in vivo (Fig. 1A). The
two natural mechanisms for clearing cfDNA are
uptake by liver-resident cells of the mononuclear-
phagocyte system (MPS) (25, 26) and degra-
dation by circulating nucleases (27) (Fig. 1B, left).
Given that the majority of cfDNA circulates
while bound to histone proteins as nanopartic-
ulate mononucleosomes (~11 nm in diameter)
(I), we hypothesized that a competing nano-
particle, such as a liposome, that is efficiently
phagocytosed by the cells of the MPS would
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attenuate cfDNA cellular clearance (Fig. 1B,
middle). Although the notion of saturating MPS
uptake with a nanoparticle has been explored
therapeutically to decrease the hepatic accumu-
lation of nanomedicines (25, 28-31), we have
now applied this strategy to increase the abun-
dance of an endogenous analyte for enhancing
a diagnostic signal. As an orthogonal strat-
egy, we also hypothesized that a DNA-binding
priming agent could directly protect cfDNA
itself from circulating DNases and extend its
half-life in circulation (Fig. 1B, right). For this
affinity-based approach, we selected monoclo-
nal antibodies (mAbs) to develop given their
persistence in circulation, ease of engineer-
ing, established manufacturing processes, and
well-established safety and efficacy as bio-
pharmaceuticals (32, 33). In this work, we
show that both approaches to priming agents
improve recovery of ctDNA by more than 10-fold,
enable better molecular profiling of tumors from -
blood samples, and increase the sensitivity for
detection of small tumors from <10 to >75% in
preclinical cancer models.

Nanoparticle priming agent attenuates cfDNA
uptake by cells of the MPS

To test our hypothesis that administering lipo-
somes inhibits cellular uptake of cfDNA, we
first designed an in vitro two-dimensional
assay using the murine macrophage cell line
J774A.1 (Fig. 2A). Following pretreatment of
J774A.1 cells with liposomes, we added Cy5-
labeled mononucleosomes (fig. S1) and quantified
their uptake. Empty liposomes were generated
with cholesterol (50 mol%) and one of three
different lipids [1,2-dipalmitoylsn-glycero-
3-phosphoethanolamine-N-(succinyl) (SPE), 1,2-
distearoyl-sn-glycero- 3-phospho-(1-rac-glycerol)
(DSPG), or 1.2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) (50 mol%)] sometimes used in FDA-
approved liposomal formulations (34) (figs. S2
and S3). The average hydrodynamic diameter
of the liposomes was between 230 and 260 nm
and designed to match the size of the fenestrae
of murine liver capillaries (31) such that they
would preferentially target liver-resident macro-
phages over hepatocytes. The SPE- and DSPG-
based formulations, but not the DSPC-based
one, significantly (P < 0.05) inhibited the uptake
of mononucleosomes by macrophages in a dose-
dependent manner (Fig. 2, B and C). These two
formulations are more negatively charged, con-
sistent with prior reports that negatively charged
particles display increased interactions with
macrophages versus neutrally charged particles
(35, 36). Using SPE liposomes, we confirmed
that inhibition of mononucleosome uptake was
also dose dependent in the independent macro-
phage cell line RAW264 (fig. S4, A and B). Cell
viability was not compromised with liposome
treatment (fig. S4, C and D), and the liposomes
did not impair phagocytosis of inactivated
Escherichia coli in J774A.1 cells at the range of
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Fig. 1. Priming agents reduce clearance of cfDNA and improve the recovery of ctDNA. (A) Priming
agents are injected 1 to 2 hours prior to a blood draw and improve the recovery of ctDNA by >10-fold. (B) (Left) In
the absence of a priming agent, cfDNA (mostly in the form of mononucleosomes) is (i) rapidly taken up by
macrophages of the MPS in the liver and (ii) degraded by circulating nucleases, yielding little ctDNA molecules in a
blood draw. (Center) Following intravenous administration of a nanoparticle (NP) priming agent, (iii) cellular
uptake is attenuated through MPS saturation. (Right) Intravenous administration of an antibody priming agent
(iv) extends the half-life of cfDNA in circulation and (v) protects it from nuclease digestion. Both priming
strategies enhance ctDNA recovery and improve mutation detection from a blood draw.

concentrations tested (fig. S5). These data sug-
gest that our priming agent may not affect nor-
mal phagocytic pathways that play an important
role in defending the host from infection (37).

We next assessed whether SPE-based lipo-
some administration would decrease cfDNA
clearance in vivo. We administered liposomes
to healthy mice, followed by exogenous mono-
nucleosomes carrying the Widom601 sequence
(W601) (38), then quantified the levels of W601
in plasma over time. We observed that the per-
centage of injected W601 in plasma 60 min after
administration increased as liposome doses in-
creased [mean increase between 9- and 3198-fold
at liposome doses of 50 and 300 mg/kg, re-
spectively, relative to phosphate-buffered saline
(PBS) administration; P < 0.05] (Fig. 2D).

To determine whether attenuated clearance
of mononucleosomes would translate to higher
concentrations of endogenous cfDNA in plas-
ma, we next administered liposomes or PBS
into healthy mice and measured cfDNA levels

Martin-Alonso et al., Science 383, eadf2341 (2024)

in blood collected longitudinally. We observed
an increase in the concentration of endoge-
nous cfDNA in plasma after liposome injection
(Fig. 2E), with peak concentration achieved
30 min after administration of a 100 mg/kg
dose (10.3-fold increase over PBS) or 3 hours
after administration of a 300 mg/kg dose
(78.0-fold increase over PBS). Notably, levels
returned to baseline within 5 and 24 hours
of liposome treatment at the lower and higher
doses, respectively, suggesting a transient ef-
fect of liposomes on cfDNA levels. We con-
firmed that SPE liposomes rapidly accaumulated
in MPS organs in vivo (Fig. 2E, insert, and
fig. S6), where they can interact with liver
macrophages responsible for mononucleo-
some clearance (fig. S7), and that depletion
of MPS macrophages by means of liposomal
clodronate eliminated the effect of liposomes
on cfDNA clearance (fig. S8). Together, these
results suggest that uptake of SPE nanopar-
ticles by MPS macrophages can attenuate
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the cellular uptake of mononucleosomes and
increase the recovery of endogenous cfDNA
from a blood draw.

Antibody priming agent protects cfDNA
from clearance

We next investigated whether directly protect-
ing cfDNA with a DNA-binding mAb could
provide an alternative method to increase re-
covery of ctDNA in a blood draw. Of the eight
known mouse anti-DNA immunoglobulin G
(IgG) antibodies that we tested for double-
stranded DNA (dsDNA) binding activity, four
showed detectable binding at similar levels
of affinity (fig. SOA). From these four, we se-
lected a mouse IgG2a mADb (3519) derived from
a NZWxNZB F; lupus-prone mouse for further
investigation, given its reported biochemical and
binding characterization, with dissociation con-
stant (K3) of 90 and 700 nM to dsDNA and
single-stranded DNA (ssDNA), respectively (39).

We first explored the interaction of 3519
with elements of ¢fDNA (mononucleosomes
and free dsDNA) using electrophoretic mobil-
ity shift assays (EMSAs). EMSA of 3519 with
a mixture of free and histone-bound 147-bp
dsDNA revealed H3-negative bands corre-
sponding to discrete ratios of mAb-to-dsDNA,
as well as H3-positive bands corresponding to
the binding of one or more than one mAb to
histone-bound dsDNA (Fig. 3A and fig. S9B).
3519 demonstrated rapid association and dis-
sociation kinetics and similar binding affinity
to various dsDNA oligonucleotides in vitro
(fig. S10). To evaluate whether the observed
interactions would interfere with nuclease
activity, we next characterized the suscepti-
bility of a fluorescence-quenched dsDNA probe
to deoxyribonuclease (DNase) I degradation
when incubated with different concentrations
of 3519. The fluorescent signal generated by
cleavage of DNA in the presence of DNase 1
diminished with increasing concentrations of
3519 (Fig. 3B). Together, these data demonstrate
the ability of mAbs to interact with both free
and histone-bound DNA and protect dsDNA
from nuclease digestion.

To test mAD activity in vivo, we injected mono-
nucleosomes carrying W601 with 3519, with-
out 3519, or with IgG2a control into mice and
measured the concentrations of W601 in plas-
ma over time (Fig. 3C). Although the relative
clearance of W601 was significantly (P < 0.05)
delayed with mAb treatment (fig. S11), the ab-
solute quantity of W601 recovered at 60 min
was similar between 3519 and the IgG2a
control (Fig. 3C). We hypothesized that this
lack of difference at 60 min was due to Fc-y
receptor (FcyR)-mediated clearance of dsDNA-
3519 complexes (40, 41). This effect could re-
late to some of the larger complexes observed
in vitro (Fig. 3A), which would be expected to
be sequestered and cleared rapidly through
FcyR in vivo (42). Coinjection of the W601-mAb
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following SPE liposome priming. (Right) Percentage of W601 remaining in plasma
60 min after administration of different SPE liposome doses (median, n = 3

to 4 mice per group, N = 2). *P < 0.05, two-tailed Mann-Whitney test. (E) (Left)
Experimental approach to determine plasma cfDNA yields and liposome organ
biodistribution. (Right) Plasma cfDNA concentration following Cy7-SPE administration
(mean + SEM, n = 3 mice per group). The largest elevation relative to the

PBS group was at 30 min with the dose of 100 mg/kg liposome (10.3-fold,

*P = 0.034) and at 3 hours with the dose of 300 mg/kg liposome (78.0-fold,

pre-treatment (mean + SEM, n = 3 to 4 wells per condition, N = 2). *P < 0.05;
**P < 0.01; ***P < 0.001; one-way ANOVA. (D) (Left) Experimental approach to
determine the plasma bioavailability of W601-mononucleosomes (W601-MN)

preparation and antibodies blocking mouse
Fe(y)RI, Fe(y)RIL, and Fe(y)RIII yielded higher
W601 levels at 60 min (0.012 pg/ul. versus
0.00043 pg/uL; P = 0.007) (Fig. 3C). Together,
these results suggest that administration of
DNA-binding mAbs can delay the clearance of
dsDNA from blood, but that FcyR-mediated
clearance of dsDNA bound to mAb reduces
the benefits for prolonged stabilization of
the dsDNA.

Engineered variants of the Fc domain of mAbs
provide one way to modulate interactions with
FcyR and have been used in biopharmaceutical
candidates clinically (43). We selected three
sets of sequence variants known to disrupt
FcyR binding (44)- aglycosylated N297A (de-
noted aST2) (45-47), L234A/1.235A/P329G (de-
noted aST3) (48), and D265A (denoted aST5)
(49, 50) (Fig. S12). All three variants still bound
to dsDNA (Fig. S13). In vivo, aST3 yielded the
highest recovery of W601 at 60 min (Fig. 3D,
Fig. S14; 0.641 pg/uL vs. 0.004 pg/uL, P = 0.007),
and was investigated further. We compared
the pharmacokinetics of fluorophore-labeled
aST3 and the Fe-wild type (WT) equivalent
3519 mAb and observed that aST3 levels were
elevated in plasma (Fig. 3E). W601 levels were
below the limit of detection by 24 hours with
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or without aST3 (fig. S15), consistent with a
transient effect. We also compared the biodis-
tribution of aST3 and 3519. The area-corrected
accumulation of both mAbs was similar in the
liver (fig. S7) but reduced in the spleen (Fig. 3F),
suggesting differences in the clearance of aST3
by the two organs (51). Together, these data
suggest that aST3, a DNA-binding mAb with
abrogated FcyR binding, protects cfDNA from
enzymatic digestion, has higher persistence in
circulation, and increases cfDNA recovery from
plasma compared with the native mAb and an
IgG2a control.

Nanoparticle priming agent improves
tumor detection

Because both liposomal and antibody priming
agents showed increased recovery of ¢cfDNA in
healthy mice, we next explored whether they
could enhance ctDNA-based tumor detection
using a tumor-informed approach, tracking
1822 tumor-specific single-nucleotide variants
(SNVs) (9, 52) (fig. S16). After selecting one hour
as the optimal time post liposome administra-
tion for blood sampling (fig. 2E) (52), we per-
formed an experiment with escalating doses of
liposomes in a flank tumor model (figs. S17 and
S18 and data S1) and selected a liposome dose

19 January 2024

**P = 0.005) (unpaired two-tailed t test; n = 3 mice per group, N = 1). (Insert)
Organ biodistribution of Cy7-SPE liposomes 1 hour after administration. Images
from a representative mouse are shown (n = 4 mice, N = 3).

of 100 mg/kg for further testing in a more
disease-relevant transplantation model of lung
metastases (fig. S19 and data S2). In this model,
the luciferized MC26 cell line (Luc-MC26) was
injected intravenously to establish lung meta-
stases. Plasma was collected once a week at
different stages of tumor progression, each time
at one hour after administration of liposomes or
PBS (Fig. 4A). We observed that administration
of liposomes significantly (P < 0.05) increased
concentrations of plasma cfDNA (7-fold, 14-fold,
and 28-fold at weeks one, two, and three, re-
spectively) (Fig. 4B) and the number of mutant
molecules recovered at each time point (4-fold,
19-fold, and 60-fold) (Fig. 4C) relative to PBS-
treated mice (data S3; independent replicate
at week two, fig S20 and data S4). The maxi-
mum improvement in mutant molecule recov-
ery (~60-fold) was observed at week three.
Moreover, additional SNVs were detected after
the administration of liposomes (6-fold and 90-
fold higher at two and three weeks, respectively)
(figs. S21 an S22). Liposome administration did
not significantly decrease the tumor fractions
(the fraction of total cfDNA originating from
the tumor) in this experiment (P > 0.05) (Fig.
4D) but did reach significance (P < 0.05) in
an independent cohort (fig. S20). Incubating
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Fig. 3. Antibody priming agent binds cfDNA and attenuates its clearance
in healthy mice. (A) EMSA of free and histone-bound dsDNA (4 ng/ul per lane)
with varying concentrations of DNA-binding mAb 3519 in PBS (N = 3).

(B) Fluorescence signal from the digestion of a DNA substrate carrying

a hexachlorofluorescein dye on one end and a dark quencher on the other,

with or without 0.1 U of DNase | and mAb 35I9. Points indicate mean and lines
indicate SEM of three technical replicates. Fluorescence signals across the whole
experiment were compared by using mixed models with replicates as random
effects (N = 2). (C) (Left) Experimental approach to evaluate the effect of
priming mAb on dsDNA clearance. (Right) Concentration of W601 in plasma

60 min after injection of W601 only, coinjection with an unrelated IgG2a antibody,

with anti-FcyRI (20 pg), anti-Fc(y)RII, and anti-Fe(y)RIIl (40 ug) (n = 3 mice per
group, N = 2). (D) (Left) Overview of the DNA binding and FcyR binding
properties of engineered mAb aST3 versus IgG2a control mAb and DNA-binding
mAb 35I9. (Right) Concentration of W601 in plasma 60 min after coinjection of
W601 with an unrelated 1gG2a antibody or with the Fc-mutant aST3 DNA-binding
antibody (n = 3 mice per group, N = 3). (E) (Left) Experimental approach to
quantify pharmacokinetics of 3519 and aST3 labeled with AQuora750 in plasma.
(Right) Plasma clearance of antibodies over time (mean +SEM, n = 5 mice

per group, N = 1). (F) Biodistribution and quantification of 3519 (Fc-WT antibody)
or aST3 concentration in liver and spleen 1 hour after administration (n = 5
mice per group, N = 1). [(C), (D), (F)] ns, not significant; *P < 0.05; **P < 0.01;

with 40 pg of DNA-binding antibody 3519, or with 40 ug of 3519 together

primary murine white blood cells with lipo-
somes in vitro led to a dose-dependent in-
crease in the detection of DNA in conditioned
medium, as measured using SYTOX green dye
(fig. S23), suggesting that cfDNA release by
white blood cells exposed to high concentra-
tions of liposomes (53) may contribute to the
modest decrease in tumor fraction observed.
We next assessed how the enhancement in
recovered mutant molecules would impact
the performance of ctDNA analyses, such as
tumor genome profiling and sensitivity for
tumor detection. In the absence of priming,
most high-burden tumors (burden > total flux
1.5e8 p/s) were detectable, but priming with
liposomes enabled detection of 67-fold (me-
dian) more SNVs than PBS (Fig. 4E), providing
a more comprehensive molecular profile of
these tumors. We next evaluated the sensi-
tivity of ctDNA testing with and without
priming by classifying each plasma sample as
ctDNA positive only if the number of SNVs
detected surpassed a given SNV threshold
(between 2 and 10 SNVs, from lower to higher
test stringencies). The liposomes improved the
sensitivity of the ctDNA test (defined as the
fraction of samples that were classified as
ctDNA positive), regardless of SNV threshold,
with the largest improvement in sensitivity
observed in the group with the lowest tumor
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burden (burden < total flux 1.5e7 p/s) (Fig. 4F
and fig. S24). By using a threshold of two
SNVs, as has been previously applied to cli-
nical samples (9), cancer was not detected in
any of the untreated low-tumor burden mice,
whereas 75% of liposome-primed mice were
diagnosed as tumor-bearing with the same
threshold. Improvements in sensitivity became
smaller in the medium- and high-burden groups,
as the untreated cohorts already had substan-
tial levels of ctDNA prior to priming. Further-
more, the liposomes did not affect tumor
progression (fig. S25) or evoke acute toxicity
or weight loss after repeated dosing in healthy
mice (fig. S26). Taken together, these results
suggest that the nanoparticles enable profiling
of more of the tumor genome and improve the
sensitivity of a ctDNA-based test to enable de-
tection of smaller tumors in preclinical models.

Antibody priming agent improves

tumor detection

We next explored the effect of our antibody
priming agent on ctDNA-based tumor detec-
tion in the same transplantation model of lung
metastases. We tested our antibody priming
agent at a range of doses (0.5 to 8 mg/kg
aST3 versus IgG2a Control at 8 mg/kg) at a
single time point (2 weeks) during tumor pro-
gression (Fig. 5A). We sampled blood two hours
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***p < 0.001; one-way ANOVA.

after administering the mAb, as this interval
corresponded to the peak accumulation of en-
dogenous cfDNA in plasma after injection of
aST3 in healthy mice (fig. S27). Accordingly,
we also observed significantly (P < 0.001) higher
recovery of ¢cfDNA from plasma at all concen-
trations of mAbs (compared with an IgG2a iso-
type control) in tumor-bearing mice (Fig. 5B).

Administration of mAb resulted in consis-
tently higher concentrations of mutant mole-
cules with aST3 compared with IgG2a control,
with a dose-dependent improvement between
0.5 and 4.0 mgy/kg (Fig. 5C, fig. S28, and data S5;
independent replicate at 4.0 mg/kg aST3, fig.
S29 and data S4). The maximum effect occurred
at a dose of 4.0 mg/kg, with a median 19-fold
improvement over IgG2a isotype control. With
this agent, no difference in tumor fraction was
observed between the groups post injection
(Fig. 5D). We also detected more total SNVs
when priming with the engineered mAb (me-
dian 77% of SNVs detected with 4.0 mg/kg ver-
sus 15% detected with IgG2a isotype control)
(Fig. 5E), again suggesting that priming im-
proves the genomic profiling of tumors from a
liquid biopsy. Consistent with the nuclease pro-
tection afforded by the DNA-binding mAb (Fig.
3B), we also found that priming resulted in
greater enrichment of parts of the genome close
to or overlapping with DNase hypersensitivity

4 of 10



RESEARCH | RESEARCH ARTICLE

A B

Wwo w1 w2 W3
Time (weeks)

10°%

1021

10"
¥ Luc-MC26i.v.

V' 100mg/kg liposome/PBS i.v.

¥ Pre-tx and 1h post- blood sampling

10°1

cfDNA concentration (ng/mL)

*k%k c D
* 0
104 10°4
= 0 EH PBs < ES pes n.s.
*kk IS =z
ga 10° EH sPe a E¥ sPe
32 * c ns.
3 R F e e, @
== =
o 22 101 ° g
oo £3 off 5> " e
S5 o 5 e . 4
=EE 100 @ o ] £ 1071 A
S =1
Z J ool

Mouse 1 Mouse 2 Mouse 3 Mouse 4

Pre
1h Post ‘

Mouse 5 Mouse 6 Mouse 7

Mouse 8

Pre
1h Post

Mouse 9 Mouse 10 Mouse 11

Pre
1h Post

Fig. 4. Liposome priming improves ctDNA recovery and enables detection
of smaller tumors in a murine lung metastasis model. (A) Experimental
approach for the detection of mutations from the plasma of Luc-MC26
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blood was drawn prior to and 1 hour after i.v. administration of PBS or SPE
liposomes (100 mg/kg) at 1 week (W1), 2 weeks (W2), and 3 weeks (W3) after
tumor inoculation. (B) Plasma cfDNA concentrations, (C) concentration of
mutant molecules detected, and (D) tumor fractions 1 hour after PBS (white) or
SPE (blue) administration at W1, W2, or W3 (n = 6 to 12 mice per group).

(E) (Left) Mutational fingerprints showing distinct SNVs detected pre- and
post-SPE administration for mice with high tumor burden (burden > 1.5e8 p/s
total flux, as measured by IVIS). Each vertical band corresponds to a SNV

peaks (figs. S30, A to C, and S31). We also ob-
served enrichment of sites with higher GC con-
tent and those overlapping CpG islands (figs.
S30, D and E, and S31) (52).

We next investigated the effect of our prim-
ing agent on the sensitivity of ctDNA assays.
Recognizing that our conditions in this pre-
clinical model may not be representative of
current commercial assays that typically have
smaller mutation panels (9, 54, 55), or of much
lower tumor fractions typically observed in
early detection and minimal residual disease
settings, we estimated the benefit of priming
in such settings through a computational down-
sampling approach (52). Across a wide range
of panel sizes and detection thresholds, we
consistently observed superior sensitivity with
our priming agent compared with that of the
IgG2a isotype control (Fig. 5F and fig. S32).
We then evaluated the effect of our priming
agent on ctDNA assay sensitivity at lower tu-
mor DNA abundance (lower tumor fractions)
(fig. S33) (52) and found that our priming agent
resulted in similar sensitivity to that of the IgG2a
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isotype control at approximately 10-fold lower
tumor fraction, irrespective of the SNV thresh-
old used (fig. S34). By using a threshold of two
SNVs, priming with aST3 improved the sensi-
tivity across all different tumor fractions mod-
eled, including at tumor fractions of 1 to 10
parts per million that are typical in the context
of low tumor burden or minimal residual dis-
ease (Fig. 5G) (11, 56). These detection levels
were reached in samples of mouse plasma with
mean volumes of only 0.33 mL (SD, 0.09 mL),
>10-fold less than plasma from a typical blood
draw in humans (4 mL).

Discussion

‘We have developed intravenous priming agents
for liquid biopsies: agents that are given 1 to
2 hours prior to a blood draw to enable re-
covery of more cfDNA in a blood sample. The
liposomal nanoparticles attenuate the up-
take capacity of cfDNA by liver macrophages,
whereas the DNA-binding antibody aST3 pro-
tects the cfDNA itself from nuclease degradation
and plasma clearance. Both agents increase
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Tumor burden

in our 1822-SNV panel and is colored blue if detected at least once in the plasma ¢
sample. (Right) Quantification of these distinct SNVs. (F) Sensitivity of ctDNA
tests versus SNV threshold for tumor detection in mice with low tumor burden
after administration of PBS or SPE liposomes (burden < 1.5e7 p/s total flux, as
measured by IVIS). (G) Sensitivity of ctDNA tests for different tumor burdens
after PBS or SPE administration (Low, burden < 1.5e7 p/s; Medium, 1.5e¢7

p/s < burden < 1.5e7 p/s; High, burden > 1.5e8 p/s). Sensitivity was calculated
as the fraction of samples for which the number of SNVs detected in a blood
sample was = 2 (n = 6 to 12 mice per group; *P < 0.05, Chi-squared test)

(fig. S20, independent replicate at week 2). Boxplots in (B), (C), (D), and (E)

show median and interquartile range. ns, not significant; *P < 0.05; **P < 0.0, ***P <

<

the recovery of ctDNA molecules from blood

>10-fold, enable more of the tumor genome
to be recovered in a blood draw, and enhance
the sensitivity of ctDNA diagnostic tests.

Our priming agents intervene in vivo on the
natural clearance pathways of cfDNA to boost
ctDNA recovery, addressing the well-recognized
barrier of low quantities of input cfDNA that
limits the sensitivity of liquid biopsy tests
(16, 57, 58). Sampling larger blood volumes
has traditionally been used to increase the
total quantity of cfDNA available for assays,
but with only modest linear increases in re-
covery given the notable practical limitations
on sampling large volumes of blood. The prim-
ing agents we describe increase the concen-
tration of ¢fDNA in blood prior to sampling.
These approaches are also distinct from those
that rely on local sampling, such as lymph fluid
or bronchoalveolar lavage (22, 59), because they
preserve the advantages of a blood draw: sam-
pling from all potential disease sites and avoiding
the need for specialized, invasive, and disease-
specific sampling procedures. Our antibody
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Fig. 5. Antibody priming agent improves ctDNA recovery in murine lung
metastasis model. (A) Experimental approach for the detection of mutations
from the plasma of Luc-MC26 tumor-bearing mice with the antibody priming
agent aST3. (B) Plasma cfDNA concentrations, (C) concentration of mutant
molecules detected, and (D) tumor fractions detected 2 hours after administration
of IgG2a control mAb or various doses of aST3 (n = 6 mice per group) (fig. S29,
independent replicate at aST3 4.0 mg/kg). (E) Percentage of distinct SNVs

priming agent showed 86% sensitivity at
1 / 100,000 tumor fraction in 0.33-mL mouse
plasma samples, a sensitivity on par with the
best-performing genome-wide cfDNA tests
reported to date, which use >10-fold higher
plasma volumes from patient plasma samples
(57, 60). When scaling the sample volumes from
mouse plasma to typical clinical blood draws,
the sensitivity afforded by our priming agents
could far exceed those reported in the litera-
ture. Furthermore, because these priming agents
are given prior to collecting and processing
liquid biopsies, they could also enhance existing
genome-wide workflows (16, 18, 19) to maximize
sensitivity.

Although results from our proof-of-concept
studies in preclinical models are encouraging,
it remains to be determined how these strate-
gies would translate clinically. Further develop-
ment prior to clinical testing of either agent
would involve preclinical optimization, formu-
lation, testing, and tolerability in other animal
models. For the nanoparticles, optimizing formu-
lations by using emerging technologies in nano-
particle engineering (61, 62) could improve
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of mutant molecules, with a

potency and mitigate dose-dependent reduc-
tions in tumor fractions. Additionally, inves-
tigating the cellular mechanisms driving the
inhibition of cfDNA uptake, which may involve
changes in membrane availability or compo-
sition (i.e., competition for or internalization of
receptors) or feedback mechanisms in phago-
cytic signaling networks (30, 63), could reveal
additional avenues for development. For the
antibody, higher affinity or alternative cfDNA
binders could be explored to further improve
recovery of cfDNA. One clinically relevant ob-
servation to support the translational potential
of the antibody is from studies of the auto-
immune disease systemic lupus erythemato-
sus. A feature of this disease is elevated levels
of anti-DNA antibodies. Higher concentrations
of ¢fDNA have been associated with increased
titers of anti-DNA antibodies along with re-
duced degradation of extracellular DNA (64, 65).
These observations support the potential effi-
cacy of an antibody priming agent in humans.
Furthermore, engineering of the Fc-effector
function, as we demonstrated, could reduce
or eliminate potential safety risks related to
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from an 1822-SNV panel detected in plasma with control mAb or various
doses of aST3. (F and G) Estimation of sensitivity for detection of ctDNA upon
administration of 8 mg/kg of IgG2a control or 4 mg/kg of aST3 versus

(F) panel size (G) or tumor fraction based on binomial down-sampling

detection threshold of = 2 SNVs (mean + SEM,

n =100 replicates). Boxplots in (B) to (E) show median and interquartile range.
ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA.

Fc-mediated immune activation (66-68) for
transient administration of low doses, as tested
here (49, 69). In our testing, no sign of acute
toxicity was observed with either agent. Future
development work will be needed to evaluate
safety in other animal models prior to first-in-
human testing,.

Because the two approaches have different
targets (liver macrophages for nanoparticles
and cfDNA in blood for antibodies), each has
distinct advantages as a priming agent. For
nanoparticles, interfering with the uptake
capacity of macrophages could potentially
enhance the recovery of other circulating
analytes cleared through similar pathways. For
antibodies, their target specificity could be fur-
ther engineered to enhance the recovery of other
analytes or of subpopulations of ¢cfDNA mole-
cules, such as those carrying specific epigenetic
marks. The optimal approach would depend
on the intended application. With our two
approaches targeting different processes, a
broad range of potential diagnostic applica-
tions as well as possible combinations of the
two could be considered.
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We envision that the initial clinical use of
our priming agents could be in patients with
a previous cancer diagnosis in which tumor
detection or monitoring sensitivity is current-
ly lacking. Priming could boost the sensitivity
of minimal residual disease tests to guide
clinical decisions, such as the use of adjuvant
therapy or evaluating the efficacy of nonsur-
gical organ-preserving treatments. In patients
with advanced cancer, priming could enable the
detection of rare targetable mutations missed
by conventional liquid biopsies. Looking ahead,
priming could also boost the sensitivity of
liquid biopsy cancer screening tests and would
be especially useful for individuals at elevated
risk of cancer, with nonspecific symptoms that
may be associated with cancer, or with indeter-
minate findings from other diagnostics such as
imaging scans. A notable example would be
indeterminate nodules on lung computed
tomography scans. Furthermore, given that
our priming agents modulate cfDNA clearance,
their use could be considered in applications
beyond oncology. Priming could improve de-
tection of microbial cfDNA during early or
deep-seated infections (70), where diagnosis
is critical for therapy selection but remains
challenging. Liquid biopsy-based applications
in cardiovascular disease and Alzheimer’s dis-
ease are other areas where the low abundance
of cfDNA is a limitation, and where priming
agents may be beneficial (71, 72). Deeper char-
acterization of the effect of priming on other
aspects of cfDNA, such as epigenetics and frag-
mentomics, could reveal further insights into
cfDNA biology and motivate other applications.
We believe that the concept of a priming agent
capable of perturbing endogenous biomarker
clearance in vivo can change how we think
about the limit of diagnostic detection. These
approaches should spark interest in the field, not
only for further development of related prim-
ing agents for cfDNA detection, but also for im-
proved detection of other circulating biomarkers.

In this work, we present liquid biopsy prim-
ing agents that improve the sensitivity and the
robustness of ctDNA testing in tumor-bearing
mice by modulating cfDNA clearance. Just
as iodinated and gadolinium contrast agents
greatly improve the sensitivity of clinical imag-
ing, we envision that priming agents can boost
the sensitivity of liquid biopsies in cancer care
and for indications beyond oncology.

Materials and methods summary
Liposome synthesis and characterization

Liposomes were prepared using the lipid film
rehydration method with slight modifications
from the protocol described by Saunders et al.
(31). Briefly, ovine cholesterol (50 mol %, cat.
700000P, Avanti Polar Lipids) was solubilized
in chloroform and added to 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(succinyl)
(sodium salt) (SPE) (50 mol %, cat. 870225P,
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Avanti Polar Lipids), 1,2-distearoyl-sn-glycero-
3-phospho-(1'-rac-glycerol) (sodium salt) (DSPG)
(50 mol %, cat. 840465P, Avanti Polar Lipids),
or 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) (50 mol %, cat. 850365P, Avanti Polar
Lipids) with 1:1 (v/v) methanol. The solution
was evaporated under nitrogen flow to form a
thin dry film and vacuumed overnight to remove
any traces of organic solvent. The lipid film
was hydrated at 60°C with sterile Dulbecco’s
phosphate-buffered saline (DPBS) to a total
lipid concentration of 50 mg/ml. Extrusion was
performed at 60°C with 1-um (cat. WHA110410,
MilliporeSigma) and 0.4-um polycarbonate mem-
branes (cat. WHA10417101, MilliporeSigma), 21
and 20 times respectively, using the 1000-uL
Mini-Extruder from Avanti Polar Lipids (cat:
610023). For the fluorescent liposome used for
biodistribution studies, 0.2 mol % of SPE was
replaced for Cy7-SPE (cat: 810347C, Avanti Polar
Lipids) prior to solubilization with organic sol-
vents. The hydrodynamic diameter and poly-
dispersity index of liposomes was characterized
using a Zetasizer NanoZS (Malvern Instruments).
The morphology of liposomes was confirmed by
cryo-transmission electron microscopy imaging.

Mononucleosome preparation and labeling

To prepare mononucleosomes, chromatin was
extracted from CT26 cells following manufac-
turer’s recommendations using the Nucleosome
Preparation Kit (cat. 53504, Active Motif). The
enzymatic digestion time was optimized as
30 min, and the resulting mononucleosomes
were confirmed via electrophoresis through
a 1.5% agarose gel. Subsequently, aliquots of
10 ug mononucleosomes were washed and
buffer-exchanged into PBS. Four washes were
performed using 30-kDa Amicon filters (cat.
UFC503024, EMD Millipore) by centrifugation
at 12,000 rpm for 10 min at 4°C. The protein
yield was calculated using a commercial HeLa
mononucleosome standard by measuring ab-
sorbance at 230 nm using a Nanodrop 8000
Spectrophotometer (cat. ND-8000-GL, Thermo
Fisher). To label mononucleosomes, sulfonated-
Cy5 (cat. 13320, Lumiprobe) was added at a 25:1
molar ratio of dye to protein, and the reaction
incubated at 4°C in an Eppendorf Thermomixer
C Model 5382 (Eppendorf) at 550 rpm overnight.
Excess dye was removed using Micro Bio-Spin
Columns with Bio-Gel P-6 (cat.7326221, BioRad)
by centrifugation at 1000g for 2 min at room
temperature. Labeling efficiency was quantified
by measuring Cy5 intensity at 650/680 nm against
a Cy5 standard using an Infinite F200 Pro reader
(Tecan) fluorometer and protein yield was es-
timated by measuring absorbance at 230 nm
using a Nanodrop 8000 Spectrophotometer.

In vitro macrophage mononucleosome uptake
inhibition assay with liposomes

J774A.1 (TIB-67, ATCC) cells were plated at a den-
sity of 30,000 and 45,000 cells per chamber,
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respectively, in 8-well chamber slides (cat.80806,
Ibidi). Following overnight acclimatization, cells
were incubated with 300 uL of liposomes (SPE,
DSPG, or DSPC) diluted in Dulbecco's Modified
Eagle Medium (DMEM) at the desired concen-
trations (0.1 to 5 mg/ml) for 4 hours at 37°C.
Next, 30 uL. of mononucleosomes were spiked
into each well to achieve a final mononucleo-
some concentration of 10 nM and further in-
cubated for 2 hours at 37°C. Cells incubated
with DMEM followed by mononucleosome
addition were used as a positive control for
uptake, and cells incubated only with DMEM
were used as a negative control. At the end of
the incubation, cells were washed once with
DMEM, stained with Hoechst 33342 (cat. H3570,
ThermoFisher) at 1:2000 dilution in DMEM for
10 min at room temperature, and further washed
(twice with DMEM and once with PBS) to
remove any extracellular mononucleosomes.

Subsequently, cells were fixed with 4% PFA -

for 20 min at room temperature and washed
with PBS prior to imaging on an Eclipse Ti
microscope (Nikon).

To quantify cellular uptake, four fields of
view per well were obtained at 10X magnifi-
cation, and mean Cy5 fluorescence intensity
per cell was quantified using custom scripts in
QuPath (73). Results are displayed after back-
ground subtraction using the mean Cy5 fluores-
cence intensity per cell from the negative control.

Electrophoretic mobility shift assays (EMSA)

‘Widom601 dsDNA complexed with recombinant
human histones was purchased from Epicypher
(cat. 16-0009). dsDNA (free and/or histone
bound) was combined at a final concentration
of 4 ng/uL total DNA with varying concen-
trations of 3519 (Abcam ab27156) in PBS (21-
040-CM, Corning) in 10 uL total volume. 1 uL.
of Novex high density TBE sample buffer (cat.
LC6678, Thermo Fisher Scientific) was added,
and 10 pL of mixture was loaded into 6% DNA
Retardation Gels (cat. EC6365BOX, Thermo
Fisher Scientific). Gels were run at 4°C, 100 V
for 120 min in 0.5x TBE, stained with SYBR
Safe (cat. S3312, Thermo Fisher Scientific) at
1:10000 dilution in 0.5x TBE for 30 min, and
imaged on an ImageQuant LAS4000.

DNase protection assays

To measure sensitivity to DNase digestion, the
DNaseAlert kit (cat. 11-02-01-04, IDT) was used
in combination with various concentrations of
recombinant DNase I and antibody 3519 in
100-uL reactions incubated at 37°C in a Tecan
microplate-reader with initial measurement
before addition of DNase I and subsequent
measurements every 5 min after addition of
DNase I (excitation 365 nm, emission 556 nm).

Animal models

All animal studies were approved by the Mas-
sachusetts Institute of Technology Committee
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on Animal Care (MIT Protocols 042002323,
2301000462). Female BALB/c mice (6 to 10 weeks,
Taconic Biosciences) were used for all healthy
mice experiments. To generate the CT26 flank
tumor model, female BALB/c mice (6 weeks,
Taconic Biosciences) were injected subcuta-
neously with 2 x 10° CT26 cells resuspended in
Opti-Mem (cat. 11058021, Thermo Fisher) into
bilateral rear flanks. Tumors were measured
every other day for 2 weeks, and tumor vol-
umes were calculated by the modified ellip-
soidal formula VV = 0.5 x (I x w®), where [ and w
are the tumor length and width, respectively.
To generate the transplantation model of lung
metastasis, 1 x 10° Luc-MC26 cells in 100 uL of
DPBS were injected intravenously (i.v.) into
female BALB/c mice (6 weeks, Taconic Bio-
sciences). Tumor growth was monitored by lu-
minescence using the In Vivo Imaging System
(IVIS, PerkinElmer) on days 6, 13, and 20 after
tumor inoculation.

Blood collection

Retroorbital blood draws (70 pL in general,
35 uL for antibody pharmacokinetic study)
were collected by means of nonheparinized
capillary tubes from mice under isoflurane an-
esthesia, alternating between eyes for serial
draws. Blood was immediately displaced from
the capillary tube into 70 uL of 10-mM EDTA
(cat. AM9260G, Thermo Fisher Scientific) in
PBS. For terminal bleed samples, blood was
collected through cardiac puncture into a
syringe filled with 200 uL of 10-mM EDTA in
PBS. Total volume was measured and an ad-
ditional 10 mM of EDTA in PBS was added to
reach a 1:1 ratio of blood to EDTA. Blood with
EDTA was Kkept on ice and centrifuged within
90 min at 8000g for 5 min at 4°C. The plasma
fraction was collected and stored at -80°C
until further processing.

cfDNA extraction and quantification

Frozen plasma was thawed and centrifuged
at 15,000g for 10 min to remove residual cells
and debris. PBS was then added into plasma to
make the total volume 2.1 ml for cfDNA ex-
traction using the QIAsymphony Circulating
DNA kit (cat:937556, Qiagen). The extracted
c¢fDNA was quantified using a Tagman quanti-
tative polymerase chain reaction (qPCR) assay
targeting a locus in the mouse genome and then
kept at 4°C until ready for further processing.

In vivo mononucleosome pharmacokinetic studies

SPE liposomes or sterile DPBS were admin-
istered i.v. into awake mice (50 to 300 mg/kg,
200 pl). 30 min after liposome injection, 1 ug
of recombinant mononucleosomes carrying
the Widom601 (W601) sequence (cat. 81070,
ActiveMotif) suspended in 10 uL of DPBS were
injected i.v. into anesthetized mice. In the
study evaluating the percentage of exoNCP
remaining at 60 min (7 = 4 per group), 70 uL.
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of blood was drawn retro-orbitally 1 and 60 min
after mononucleosome injection. For the mAb
pharmacokinetic assay, 10 to 20 ng of W601
sequence (cat. 81070, ActiveMotif) was com-
bined with antibody in 200 uL of PBS. Engi-
neered variants were produced in house; 3519
was purchased from Abcam (cat. ab27156);
mouse IgG2a control (clone 20102, cat. MAB0O03),
anti-FcyRII/III (rat anti-mouse, clone 1909009, cat.
MABI460), and anti-FcyRI (rat anti-mouse, clone
29035, cat. MAB2074) were purchased from
R&D systems. 40 ug of anti-FeyRII/IIT and 20 ug
of anti-FcyRI were used in FeyR-blocking con-
ditions. Each mouse was anesthetized with
inhaled isoflurane and injected i.v. with 200 uL
of mixture. At 1 min after injection, 70 uL of
blood was collected through a retro-orbital
blood draw. Mice were allowed to recover after
this and between subsequent blood draws (all
70 uL). Percentage of W601 remaining was
calculated as the percentage of W601 remain-
ing at 60 min relative to 1 min, as quantified
using Tagman qPCR.

Plasma cfDNA concentration measurements
following liposome administration

100 or 300 mg/kg SPE liposomes (200 pL in
sterile DPBS) or DPBS were administered i.v.
in awake mice (7 = 3 mice per group). At 1 and
30 min and 1, 3, 5, and 24 hours after liposome
administration, 70 pL of blood was collected
retro-orbitally. Only two blood samples were
collected from each mouse to prevent repeated
sampling from the same capillary bed. Plasma
c¢fDNA concentration was quantified as de-
scribed above. Given that cfDNA recovery was
highest 30 min and 3 hours after liposome ad-
ministration for the 100 mg/kg and 300 mg/kg
doses, respectively, we decided to sample blood
1 hour after liposome administration, which
allowed us to compare results from animals
treated with different liposome doses in our
tumor models.

Antibody expression and purification

Desired Fc changes were introduced into the
heavy-chain sequence (as determined by liquid
chromatography-mass spectrometry de novo
sequencing) and codon-optimized for expres-
sion in HEK293 cells. Gene blocks for the heavy
and light chains were cloned into the same
gWiz plasmid, separated by the T2A ribosome
skipping sequence (74, 75). Expi293F cells at a
density of 3 x 10° cells/mL were transfected
with 1 mg/L of culture of plasmid complexed
with PEI Max 40K (cat. 247765-100, Polysciences)
in a 1:2 plasmid:PEI w/w ratio in 40 mL of
Opti-MEM (cat. 31985062, Thermo Fisher Sci-
entific) per 1L culture. Flasks were kept in a
shaking incubator (125 rpm) at 37°C and 8%
CO,. 24 hours after transfection, flasks were
supplemented with glucose and valproic acid
(cat. P4543, Millipore Sigma) to final concen-
trations of 0.4% v/v and 3 mM, respectively.
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Culture supernatant was harvested after 5 to
6 days and purified using Protein A affinity
chromatography (AKTA, Cytiva), buffer ex-
changed into PBS, and sterile filtered and stored
at -80°C.

Cell-line and buffy coat sequencing
and fingerprint design

Genomic DNA (gDNA) was extracted from
CT26 cells, Luc-MC26 cells, and Balb/c buffy
coat, then sheared to 150 bp. gDNA libraries
were prepared using the Kapa HyperPrep Li-
brary Construction kit (cat. KK8504, Roche
Diagnostics). Whole-genome sequencing was
performed to 30x coverage for CT26 and Luc-
MC26, and 15x coverage for Balb/c buffy coat.
Tumor fingerprints consisting of 98 and 1822
single-nucleotide variants (SNVs) were designed
for CT26 and MC26 (data S1 and S2, respec-
tively), as previously described (9).

Library construction, hybrid capture,
and sequencing

cfDNA libraries were constructed using the
Kapa Hyper Prep kit (cat: 07962363001, Roche)
with custom dual index duplex UMI adapters
(IDT), as previously described (9). Hybrid cap-
ture (HC) using tumor specific panels was per-
formed using the xGen hybridization and wash
kit (cat: 1080584, IDT) with xGen Universal
blockers (cat: 1075476; IDT). For the ctDNA di-
agnostic test, libraries were pooled up to max-
imum 12-plex, with a library mass equivalent
to 25x DNA mass into library construction for
each sample, and a panel consisting of 120-bp
long probes (IDT) targeting tumor-specific
SNVs was applied. After the first round of
HC, libraries were amplified by 16 cycles of
PCR and then carried through a second HC.
After the second round of HC, libraries were
amplified through 8 to 16 cycles of PCR, quan-
tified, and then pooled for sequencing (151 bp
paired-end runs) with a targeted raw depth of
40,000xper site per 20 ng of DNA input. Se-
quencing data were processed by our duplex
consensus calling pipeline as previously de-
scribed, yielding measurements of the total
number of mutant duplexes detected, the unique
number of loci detected, and the tumor frac-
tions (9). Relative duplex depth at each site was
computed by subtracting mean overall depth for
the library and then dividing by the standard
deviation to obtain a relative duplex depth.

Assessing the performance of liposomal priming
agent for tumor detection

Six days after tumor inoculation, mice bearing
Luc-MC26 metastatic tumors were random-
ized into different treatment groups [100 mg/kg
SPE liposomes (2 = 12 mice) or PBS (n = 8 mice)]
such that total burden was equivalent across
different treatment groups (1.08 + 0.5€7 photons/s
for 100 mg/kg SPE liposomes versus 9.95 +
5.2e6 photons/s for PBS). To determine how
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our liposomal priming affected ctDNA per-
formance at different tumor burdens, priming
was performed 1, 2, and 3 weeks after tumor
inoculation. At each timepoint, 70 uL of blood
was sampled retro-orbitally from each mouse
prior to treatment as an internal control. Sub-
sequently, 100 mg/kg SPE liposomes (in 200 uL.
sterile DPBS) or sterile DPBS were adminis-
tered i.v. into awake mice. 1 hour after treatment,
70 uL of blood was collected retro-orbitally from
the contralateral eye, and a terminal bleed was
then performed. cfDNA concentration measure-
ment and ctDNA detection was performed on
all samples as described above.

To calculate the sensitivity of the ctDNA
test for tumor detection, mice were grouped
as a function of tumor burden into those with
small (total burden < 1.5€7 photons/s), medium
(1.5€7 photons/s < total burden < 1.5e8 photons/s),
and large (total burden > 1.5e8 photons/s) tu-
mors. Retro-orbital plasma samples were clas-
sified as ctDNA positive if the number of distinct
SNVs detected surpassed a given SNV threshold
(between 2 and 10 SNVs, from lower to higher
stringency of the test), and sensitivity was
calculated as the % of samples that were ctDNA
positive per group.

Assessing the performance of antibody priming
agent for tumor detection

Between days 10 and 12 post-tumor inocula-
tion, the performance of aST3 on ctDNA testing
was assessed in Luc-MC26 tumor-bearing mice.
As an internal control, 70 uL of blood was sam-
pled retro-orbitally from each mouse prior to
treatment. Subsequently, 4.0 mg/kg of aST3 (in
200 uL sterile DPBS) or 4.0 mg/kg of 1gG2a
isotype were administered into awake mice i.v.
2 hours after treatment, 70 uL of blood was
collected retro-orbitally from the contralateral
eye, and the remainder of the blood was col-
lected by means of cardiac puncture. The 2 hour
time point was chosen as it resulted in the high-
est endogenous cfDNA concentration in healthy
mice after injection of aST3 (fig. S27). ¢cfDNA
concentration measurement and ctDNA de-
tection was performed on all samples as de-
scribed above.

ctDNA sensitivity estimation

To estimate sensitivity at smaller panel sizes,
we used a bootstrap procedure down-sampling
with replacement from our 1822-site panel to
smaller panel sizes. Sensitivity at different de-
tection thresholds was estimated as the frac-
tion of mice that had mutant molecules detected
at the given threshold. For each panel size and
dose, 100 replicates were generated, and the
mean sensitivity and standard error was com-
puted. To estimate sensitivity at lower tumor
fractions, we first confirmed that the distribu-
tion of mutant molecules (n;) and the distribu-
tion of the ratio of mutant molecules to total
molecules (n;/t;) could be accurately recapitu-
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lated through a binomial sample 7;; ~ Binom
(ty f?), where ny; is the number of mutant
molecules at site j in sample 7, ¢;; is the number
of total molecules at site j in sample 7, and f; is
the global tumor fraction in sample 7. To es-
timate sensitivity at lower tumor fractions, we
then generated distributions of mutant mole-
cules under lower f; for each sample, also in-
corporating various panel sizes as above, and
computed sensitivity for detection of mutant
molecules under various detection thresholds.
Sensitivity at each f;, dose, and panel size was
estimated by taking the mean and standard
error from 100 replicates.

Statistical analysis

One-way analysis of variance (ANOVA) was
used for statistical testing unless noted other-
wise. A suite of scripts (Miredas) was used for
calling mutations and creating metrics files
(9, 15). All other analysis was performed using
GraphPad Prism v9, custom Python scripts,
and R (v4.0.3) [code available on Zenodo (76)].
Detailed statistical information is provided in
figure captions. For each animal experiment,
mice were randomized such that groups would
have comparable tumor burden. Investigators
were not blinded to the groups or the treat-
ments during the experiments.

Full materials and methods are available in
the supplementary materials (52).
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Persistent complement dysregulation with signs
of thromboinflammation in active Long Covid

Carlo Cervia-Hasler, Sarah C. Briiningk, Tobias Hoch, Bowen Fan, Giulia Muzio, Ryan C. Thompson,
Laura Ceglarek, Roman Meledin, Patrick Westermann, Marc Emmenegger, Patrick Taeschler,

Yves Zurbuchen, Michele Pons, Dominik Menges, Tala Ballouz, Sara Cervia-Hasler, Sarah Adamo,
Miriam Merad, Alexander W. Charney, Milo Puhan, Petter Brodin, Jakob Nilsson, Adriano Aguzzi,
Miro E. Raeber, Christoph B. Messner, Noam D. Beckmann, Karsten Borgwardt, Onur Boyman*

INTRODUCTION: Acute infection with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
causes various clinical phenotypes, ranging from
asymptomatic to life-threatening COVID-19.
About 5% of all infected individuals do not
recover from acute disease but develop long-
term complications, called Long Covid. Current
hypotheses on factors contributing to Long Covid
include tissue damage, viral reservoirs, auto-
immunity, and persistent inflammation. There
are currently no diagnostic tests or therapeutic
solutions for affected patients.

RATIONALE: We followed 39 healthy controls
and 113 COVID-19 patients for up to 1 year after
initial confirmation of acute SARS-CoV-2 in-
fection to identify biomarkers associated with
Long Covid. At 6-month follow-up, 40 patients
had Long Covid symptoms. Repeated clinical
assessments were paired with blood draws,
resulting in a total of 268 longitudinal blood
samples. We measured >6500 proteins in serum
by proteomics. Top candidate biomarkers were
identified using computational tools and fur-
ther evaluated experimentally.
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RESULTS: Long Covid patients exhibited in-
creased complement activation during acute
disease, which also persisted at 6-month follow-
up. The complement system is part of the
innate immune system and contributes to im-
munity and homeostasis by targeting patho-
gens and damaged cells, among other functions.
Interestingly, blood complement levels nor-
malized in Long Covid patients recovering be-
fore their 6-month follow-up. The complement
system can be activated by various triggers,
resulting in formation of the terminal comple-
ment complex (TCC), made of the complement
components C5b-9. These complexes can in-
tegrate into cell membranes and induce cell
activation or lysis. Long Covid patients showed
imbalanced TCC formation, marked by in-
creased soluble C5bC6 complexes and decreased
levels of C7-containing TCC formations that
can incorporate into cell membranes. This sug-
gested increased membrane insertion of TCCs
in Long Covid patients, contributing to tissue
damage. Accordingly, Long Covid patients
showed elevated tissue injury markers in blood
and a thromboinflammatory signature, char-
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blood cell lysis. Low antithrombin III levels in

Long Covid patients were accompanied by
signs of increased cleavage by thrombin, a
driver of TCC formation. Furthermore, Long
Covid patients had elevated platelet activation
markers and monocyte-platelet aggregates at
6-month follow-up, particularly in cases where
Long Covid persisted for 12 months or more.
These patients also showed signs of antibody-
mediated activation of the classical comple-
ment pathway, which was associated with
increased anti-CMV (cytomegalovirus, also
known as human herpesvirus 5) and anti-EBV
(Epstein-Barr virus) immunoglobulin G (IgG)
antibody levels.

CONCLUSION: Our data suggest that active Long
Covid is accompanied by a blood protein sig-
nature marked by increased complement ac- -
tivation and thromboinflammation, including
activated platelets and markers of red blood
cell lysis. Tissue injury may also be complement-
mediated and, in turn, activate the complement
system. Moreover, complement activation may
be driven by antigen-antibody complexes, in-
volving autoantibodies and antibodies against
herpesviruses, as well as cross-talk with a dys-
regulated coagulation system. In addition to
offering a basis for new diagnostic solutions,
our work provides support for clinical research
on complement modulators for patients suf-
fering from Long Covid.
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Pathomechanistic model of Long Covid. Model of complement-mediated thromboinflammation, showing increased and decreased biomarkers (up arrows and
down arrows, respectively) measured at 6-month follow-up in patients with persistent Long Covid symptoms compared with recovered COVID-19 patients and
healthy controls. Measurements were done using proteomics, spectral flow cytometry, single-cell transcriptomics, high-throughput antibody measurements,
and targeted assays. Red arrows mark activating protein interactions, and blue arrows mark inhibiting protein interactions. Dashed arrows connect changes in

different biological pathways.
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Persistent complement dysregulation with signs
of thromboinflammation in active Long Covid

Carlo Cervia-Hasler', Sarah C. Briiningk®>, Tobias Hoch', Bowen Fan?3, Giulia Muzio®?,

Ryan C. Thompson*5, Laura Ceglarek’, Roman Meledin’, Patrick Westermann’,
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Milo Puhan®, Petter Brodin'®", Jakob Nilsson', Adriano Aguzzi®, Miro E. Raeber’,

Christoph B. Messner’, Noam D. Beckmann*®®'2, Karsten Borgwardt?3, Onur Boyman™*3*

Long Covid is a debilitating condition of unknown etiology. We performed multimodal proteomics
analyses of blood serum from COVID-19 patients followed up to 12 months after confirmed severe

acute respiratory syndrome coronavirus 2 infection. Analysis of >6500 proteins in 268 longitudinal
samples revealed dysregulated activation of the complement system, an innate immune protection

and homeostasis mechanism, in individuals experiencing Long Covid. Thus, active Long Covid was
characterized by terminal complement system dysregulation and ongoing activation of the alternative
and classical complement pathways, the latter associated with increased antibody titers against
several herpesviruses possibly stimulating this pathway. Moreover, markers of hemolysis, tissue injury,
platelet activation, and monocyte-platelet aggregates were increased in Long Covid. Machine learning
confirmed complement and thromboinflammatory proteins as top biomarkers, warranting diagnostic

and therapeutic interrogation of these systems.

cute infection with severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2)
causes a variety of clinical phenotypes
ranging from asymptomatic to life-
threatening COVID-19 (I). Continuous
transmission of SARS-CoV-2 in a previously
naive population has been accompanied by
mounting evidence that about 20% of patients
diagnosed with COVID-19 and about 5% of
all SARS-CoV-2-infected persons do not re-
cover from acute disease but develop long-
term complications, called Long Covid (2-4).
Multifaceted symptoms, including fatigue, post-
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exertional malaise, and cognitive impairment
(5), can resemble other postviral conditions and
myalgic encephalomyelitis/chronic fatigue syn-
drome (ME/CFS) (6). Current hypotheses on
Long Covid include tissue damage, viral res-
ervoirs, autoimmunity, and persistent inflam-
mation (7).

The immune response to SARS-CoV-2 has
been extensively studied and is initiated at
first contact with the virus, leading to strong
activation of the innate and adaptive immune
systems (8-12). These include interferons and
immunoglobulin G3 (IgG3), the latter an IgG
subset involved in antiviral immune responses
and considered a protective factor against Long
Covid and ME/CFS (13-15). Acute SARS-CoV-2-
related immunopathology has been associated
with excess inflammation, complement ac-
tivation, hypercoagulation, and vascular in-
jury (16, 17). We applied two high-throughput
proteomics approaches to a prospective co-
hort that included healthy controls, Long Covid
patients, and patients who fully recovered from
mild or severe COVID-19. Based on longitudi-
nal measurements of >6500 serum proteins,
we found evidence of persistent complement-
mediated immunopathology associated with
thromboinflammation in individuals experi-
encing Long Covid.

Results
Cohort characteristics

In this multicenter study, we followed 113
COVID-19 patients for up to 1 year. Study par-
ticipants were included after confirmed acute

19 January 2024

SARS-CoV-2 infection, determined by a re-
verse transcriptase quantitative polymerase
chain reaction (RT-qPCR) test, and were seen
for follow-up visits at 6 and 12 months after
acute COVID-19. Moreover, 39 healthy adults
were included as controls (fig. SIA and table
S1). Of the 113 COVID-19 patients, 37 (33%) had
a disease course classified as severe according
to the World Health Organization (WHO) cri-
teria (7, 18). Sixty-five patients (58%) recovered
fully, whereas 48 patients reported one or more
COVID-19-related symptoms that persisted
at 6-month follow-up (hereafter referred to as
6-month Long Covid). Eight patients indicated
only changes in smell or taste; as isolated chemo-
sensory disorders may reflect only a local path-
ology of the olfactory system (19), we excluded
these individuals from our 6-month Long Covid
definition. Therefore, we used samples from
40 patients to investigate systemic mechanisms

underlying Long Covid. The 6-month Long -

Covid group showed a higher prevalence of
severe acute COVID-19 compared with the 73
other COVID-19 patients (table S1). Sixteen pa-
tients without 6-month Long Covid experi-
enced symptoms for longer than 1 month
but recovered before the 6-month follow-up
(Fig. 1A). In the 12-month follow-up, 22 of the
40 6-month Long Covid patients reported per-
sisting symptoms, whereas 10 had recovered
and 8 were lost to follow-up (fig. S1A).

Serum proteome of patients with persistent
Long Covid at 6-month follow-up

Serum was collected from healthy controls and
COVID-19 patients during acute COVID-19 and
at 6-month follow-up. To analyze serum pro-
teins, we used the SomaScan platform (20).
This platform is based on synthetic aptamers
that are short single-stranded nucleic acids
with unique binding specificities to proteins,
similar to antibodies. The platform included
7289 different aptamers targeting distinct hu-
man protein epitopes. As some proteins were
targeted by several aptamers, a total of 6596
different human proteins were measured (Fig. 1A).
We detected differences in serum protein lev-
els between patients with severe COVID-19 and
those with mild acute COVID-19 (Fig. 1B), as well
as differences between 6-month Long Covid
patients and patients without 6-month Long
Covid (Fig. 1C), both during acute COVID-19
and at 6-month follow-up.

Severe COVID-19 is associated with auto-
antibody formation and persistent inflamma-
tion even after recovery (27-24) and thus can
confound Long Covid-associated changes. We
therefore searched for differences in the serum
proteome that were distinct from those re-
lated to severe COVID-19. To this end, we tested
all aptamer measurements for association with
6-month Long Covid, while considering po-
tential confounders, such as patient age, sex,
and hospitalization status (13, 25). Statistical
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Fig. 1. Differentially expressed proteins and pathways in Long Covid.

(A) Study overview indicating the number of individuals used to generate data.
[Created with BioRender.com] (B and C) Volcano plots showing differential
serum levels of 7289 human protein epitopes in (B) severe versus mild COVID-19
patients and (C) patients with Long Covid (6-month Long Covid) versus no
Long Covid at 6-month follow-up (no 6-month Long Covid), measured during
acute COVID-19 (left) and at 6-month follow-up (right), using two-tailed t tests.
(D) Significantly enriched Reactome pathways using 6408 different proteins
measured during acute COVID-19, ranked by means of logistic regression.
Benjamini-Hochberg (BH) adjusted. (E) Venn diagram showing overlap of
proteins (P < 0.05) in (B) and (C). (F) Volcano plot showing differential expression
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of 331 epitopes [from 270 proteins from (E), right] selected at 6-month follow-up.
Logistic regression of 6-month Long Covid (versus no 6-month Long Covid and
healthy controls) adjusted for patient age, sex, and hospitalization. Bonferroni
adjusted. (G) Association of protein clusters (table S2) with 6-month Long Covid
(versus no 6-month Long Covid and healthy controls), including covariates
patient age, sex, and hospitalization, in the Zurich cohort during acute COVID-19
and at 6-month follow-up (left) and the Mount Sinai cohort during acute
COVID-19 (right; n = 280, including 145 6-month Long Covid patients). P values
were calculated using logistic regression with likelihood-ratio test, colored
according to their relative value at each time point (columns) and highlighted
with asterisks when lower than a regression model based on covariates only.
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modeling was applied to data of patients with
6-month Long Covid, patients without 6-month
Long Covid, and healthy controls. The associ-
ation between individual aptamer measure-
ments, representing protein serum levels, and
6-month Long Covid was quantified for fur-
ther analysis of enriched biological pathways
(26). The pathways “complement cascade,” “reg-
ulation of complement cascade,” and “immune
system” were significantly enriched in 6-month
Long Covid patients during acute COVID-19
(Fig. 1D and fig. S1B) but not at 6-month follow-
up (fig. SIC). Next, we compared proteins en-
riched in severe acute COVID-19 patients with
proteins enriched in 6-month Long Covid pa-
tients and found a large overlap, particularly
during acute COVID-19 (Fig. 1E and data S1 to
S4). To identify biomarkers of Long Covid that
are also applicable to patients with mild acute
disease, we examined proteins that were spe-
cific to 6-month Long Covid patients at 6-month
follow-up (Fig. 1E) and tested for their associa-
tion with 6-month Long Covid, while consid-
ering patient age, sex, and hospitalization status
during acute illness. We found complement
component 7 (C7) measurements by one ap-
tamer (seq.2888.49) to be significantly decreased
in 6-month Long Covid patients (Fig. 1F).

C7 belongs to the complement system, which
is part of the innate immune response and com-
prises a protein cascade targeting pathogens
and cell debris, among other functions. The
complement system can be activated by antigen-
antibody complexes (classical pathway), bacte-
rial sugars (lectin pathway), or spontaneously
on cell surfaces (alternative pathway), requir-
ing regulatory control on host cells. All three
pathways lead to cleavage of C5 into C5b, which
sequentially binds to C6, C7, C8, and C9, thus
forming the terminal complement complex (or
TCC; C5b-9). This complex can integrate into
cell membranes and mediate cell activation
or lysis. Pentraxins, a protein group involved
in acute immune reactions, can also activate
complement pathways (27, 28).

Based on our finding of decreased C7, we
analyzed association of 6-month Long Covid
with protein clusters of selected biological path-
ways related to C7, including other TCC com-
ponents and upstream complement activation
pathways (table S2). Association of the se-
lected pathways with 6-month Long Covid was
analyzed, considering patient age, sex, and
hospitalization, using logistic regression with
likelihood-ratio test. During acute COVID-19,
pentraxins and the alternative complement
activation pathway were most strongly asso-
ciated with 6-month Long Covid (Fig. 1G). At
6-month follow-up, TCC components were
most differentially expressed in 6-month Long
Covid patients, with C7 (measured by two dif-
ferent aptamers) representing the top asso-
ciated protein cluster within the TCC (Fig. 1G
and fig. S1D).
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To confirm complement dysregulation in
Long Covid, we analyzed SomaScan measure-
ments in acute COVID-19 samples of an inde-
pendent external cohort (the Mount Sinai
cohort), including 198 patients hospitalized
due to acute COVID-19, of which 145 (73.2%)
developed 6-month Long Covid (fig. S1E and
table S3). In the Mount Sinai cohort, TCC com-
ponents were most differentially expressed
in 6-month Long Covid patients, compared
with COVID-19 patients without 6-month Long
Covid, patients hospitalized for reasons unre-
lated to COVID-19, and healthy controls, with
C5bC6 complexes representing the top asso-
ciated protein cluster within the TCC during
acute COVID-19 (Fig. 1G and fig. S1D). Alto-
gether, we found evidence of a dysregulated
complement system in 6-month Long Covid
patients, particularly affecting the terminal
pathway including C7.

Reduced levels of complement component 7
complexes in active Long Covid

C7 can be found as monomeric protein and as
C7 complexes within the TCC formations C5b-7,
C5b-8, and C5b-9 (Fig. 2A) (27). Thus, we de-
termined C7 aptamer (seq.2888.49) specificity
by an in-house enzyme-linked immunosorbent
assay (ELISA) using C7 aptamers to capture
different complement components. ELISA con-
firmed C7 aptamer binding to monomeric and
complexed C7 but no other TCC components
(fig. S2A). C7 aptamer-based pull-down and
ELISA of monomeric and complexed TCC com-
ponents in the presence of a polyanionic com-
petitor, representing similar conditions as in
the SomaScan assay, revealed strong aptamer
binding to C7 complexes but not monomeric
C7 (fig. S2, B and C), showing increased spe-
cificity of the C7 aptamer for complexed C7.
Further analysis of C7 aptamer measurements
by SomaScan revealed significantly reduced
serum C7 complexes in patients with 6-month
Long Covid at 6-month follow-up (Fig. 2B, left
panel). Notably, C7 complexes were consistent-
ly reduced at 6-month follow-up, both in mild
and severe cases with 6-month Long Covid (Fig.
2B, right panel). No significant differences could
be detected when comparing healthy controls
with mild and severe COVID-19 cases (Fig. 2C).

To assess whether C7 complexes were low only
in Long Covid patients with active disease, we
grouped patients without 6-month Long Covid
into patients who recovered within 1 month
(no Long Covid) and patients experiencing
prolonged symptoms for more than 1 month
but who fully recovered from Long Covid be-
fore 6-month follow-up (hereafter referred to
as recovered Long Covid). Only 6-month Long
Covid patients had decreased C7 complexes at
6-month follow-up, whereas recovered Long
Covid patients had normal serum levels (Fig.
2D). Paired comparison of acute COVID-19 and
6-month follow-up samples revealed no signifi-
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cant changes of C7 levels with time (Fig. 2, E
and F). Increasing patient age was not cor-
related with decreased C7 complexes (fig. S2D).
Additionally, COVID-19 vaccination status did
not influence the association of low C7 com-
plexes with 6-month Long Covid (fig. S2E and
table S4).

As monomeric C7 is 1000 times more abun-
dant than C7 in TCCs in serum (29), we ap-
plied an ELISA using polyclonal C7-specific
antibodies to quantify total C7. In contrast to
the C7 aptamer, polyclonal anti-C7 antibodies
target multiple epitopes on C7 and detect both
monomeric and complexed C7. Total C7 levels
were comparable in individuals with and with-
out 6-month Long Covid, suggesting an isolated
decrease in C7 complexes in 6-month Long
Covid (Fig. 2G). A second aptamer targeting
a different C7 epitope (seq.13731.14) was also
unchanged in 6-month Long Covid patients

compared with patients without 6-month Long -

Covid (fig. S2F) and correlated with total C7
levels measured by antibody-based ELISA (fig.
S2G), thus most likely recognizing an epitope
accessible on monomeric C7. The ratio of C7
complexes (measured by seq.2888.49) over total
C7 (measured by seq.13731.14) was consistently
decreased in 6-month Long Covid patients at
6-month follow-up (fig. S2H). We did not de-
tect increased C7-specific autoantibody reactivity
in 6-month Long Covid patients, suggesting no
interference with C7 complex formation by
autoantibodies (Fig. 2H and fig. S2, I and J).
Thus, we observed low serum levels of C7 com-
plexes in active Long Covid at 6-month follow-
up, which normalized upon recovery.

Increased C5bC6 levels and complement activity
in Long Covid

Formation of the TCC is initiated by associa-
tion of C5b and C6 in stable bimolecular C5bC6
complexes. The recruitment of C7 to the C5bC6
complex enables subsequent binding to C8
and multiple C9 molecules, ultimately forming
the potentially lytic membrane attack complex
(MAC) or soluble C5b-9 (sC5b-9) (27). C7is a
central regulator of this process, as it can
either scavenge C5bC6, forming soluble C7
complexes, or incorporate C5bC6 into cell mem-
branes, leading to MAC formation and subse-
quent target-cell activation or lysis (30, 31). In
agreement with previous reports on increased
complement activation in severe COVID-19
(32), we observed the highest C5bC6 levels in
severe cases of acute COVID-19, which remained
elevated at 6-month follow-up (Fig. 3A). In pa-
tients with 6-month Long Covid, we found
higher C5bC6 levels both during acute COVID-19
and at 6-month follow-up compared with pa-
tients without 6-month Long Covid (Fig. 3B) and
those who recovered before 6-month follow-up
(fig. S3A). Paired comparison of acute COVID-19
and 6-month follow-up samples showed that
in 6-month Long Covid patients, C5bC6 levels
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Fig. 2. Reduced levels of complement component 7 complexes in active
Long Covid. (A) Schematic of terminal complement complexes. (B) Complement
component 7 (C7) complexes in logio-transformed relative fluorescence units
(loglORFU), measured by C7 aptamer seq.2888.49 in patients without (orange) or
with 6-month Long Covid (red), during acute COVID-19 (left) and at 6-month
follow-up (right). Comparison of all patients (left panel), and mild versus severe
cases (right panel). (C) C7 complexes in healthy controls, mild or severe
COVID-19 patients, at acute COVID-19 (left) and 6-month follow-up (right). (D) C7
complexes in patients with no Long Covid (symptom duration < 1 month), Long
Covid recovered before 6-month follow-up, or 6-month Long Covid, at 6-month

were highest during acute COVID-19 and re-
mained elevated over time (Fig. 3C). ELISA
measurements of sC5b-9 complexes, detect-
ing a neoepitope of the fully assembled TCC,
showed increasing concentrations with acute
COVID-19 severity, but no differences at 6-month
follow-up (Fig. 3D). Long Covid patients who
recovered before 6-month follow-up and 6-month

Cervia-Hasler et al., Science 383, eadg7942 (2024)

Long Covid patients had elevated sC5b-9 lev-
els during the initial acute COVID-19 phase,
whereas sC5b-9 levels were unchanged at
6-month follow-up (Fig. 3E and fig. S3B). In
contrast, complement activity, determined
by a CH50 equivalent assay measuring total
sC5b-9 formation upon in vitro complement
activation, revealed increased lytic activity,

19 January 2024

follow-up. (E) C7 complexes in patients without (left) or with 6-month Long Covid
(right), at acute COVID-19 and 6-month follow-up (paired, Wilcoxon signed-rank
test), compared with healthy controls. Lines connect corresponding patients. (F) C7
complexes in patients without (open circles) or with 6-month Long Covid (black
dots), relative to time after symptom onset, including linear models. Healthy controls
with median. (G) Total C7 (ELISA) in mild and severe COVID-19 patients without or with
6-month Long Covid, at acute COVID-19 and 6-month follow-up. (H) C7-specific
IgG in healthy controls, patients without or with 6-month Long Covid at 12-month
follow-up (n = 101), with median. Dots represent individual patients. Two-sided
Wilcoxon test, unless otherwise specified. *P < 0.05, **P < 0.01, ***P < 0.001.

both during acute COVID-19 and at 6-month
follow-up, in 6-month Long Covid patients
but not in recovered Long Covid patients (Fig.
3, F and G, and fig. S3C).

To determine which TCC components were
associated with increased sC5b-9 formation
upon complement activation, we applied sta-
tistical modeling (linear mixed-effects model),
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Fig. 3. Increased complement activity in Long Covid. (A) Complement
C5bC6 complex (C5bC6) in healthy controls and mild and severe COVID-19
patients, at acute COVID-19 and 6-month follow-up. (B and C) C5bC6 in
patients without or with 6-month Long Covid, at acute COVID-19 and 6-month
follow-up (B), (paired test) compared to healthy controls (C). Lines connect
corresponding patients. (D and E) Soluble C5b-9 (sC5b-9; ELISA) in healthy
controls and mild or severe COVID-19 patients (D), and patients with no Long
Covid, recovered Long Covid, or 6-month Long Covid (E), at acute COVID-19
and 6-month follow-up. (F and G) Complement activity in patients without or with
6-month Long Covid (F) and patients with no Long Covid, recovered Long Covid,
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Acute COVID-19 Acute COVID-19 + follow-up

or 6-month Long Covid (G), at acute COVID-19 and 6-month follow-up. (H) Linear
mixed-effects model of complement activity as a function of complement
levels, adjusted for age, sex, severe COVID-19, 6-month Long Covid, and sampling
time point, using acute COVID-19 and 6-month follow-up data. (I) Spearman
correlation of C5bC6/C7 complex ratio and complement activity. (J) C5bC6/C7
complex ratio in patients without or with 6-month Long Covid, at acute COVID-19
and 6-month follow-up. (K) C5bC6/C7 complex ratio in patients without or
with 6-month Long Covid, relative to time, with linear models. Healthy controls
with median (left). Dots represent individual patients. Two-sided Wilcoxon test,
unless specified otherwise. *P < 0.05, **P < 0.01, ***P < 0.001.
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considering patient age, sex, COVID-19 sever-
ity, 6-month Long Covid status, and sampling
time point (Fig. 3H and fig. S3D). Combining
acute COVID-19 and 6-month follow-up data,
we found increased complement activity in
COVID-19 patients to be associated with high
levels of early TCC components, including
C5bC6 and total C7, as well as low levels of late
TCC formations, including C7 complexes and
sC5b-9 (Fig. 3H). As C5bC6 and C7 complexes
showed a negative correlation (fig. S3E), we
calculated the C5bC6/C7 complex ratio, which
strongly correlated with complement activity
in study participants (Fig. 3I). The C5bC6/C7
complex ratio was increased in 6-month Long
Covid patients, both during acute COVID-19
and 6 months later (Fig. 3J), with a tendency
toward higher levels during acute COVID-19,
followed by a gradual decrease with time (Fig.
3K), which was not influenced by patient age
(fig. S3F). C7 complexes and the C5bC6/C7 com-
plex ratio were similarly reduced at 6-month
follow-up in all patients with 6-month Long
Covid, regardless of whether they progressed
to 12-month Long Covid (fig. S3G) and inde-
pendent of frequency or quality of Long Covid
symptoms (fig. S3, H to K). Collectively, in-
creased complement activity in Long Covid
patients at 6-month follow-up was marked
by elevated early TCC formations, whereas re-
duced late TCC formations suggested mem-
brane insertion of TCCs.

Association of classical and alternative
complement activation with Long Covid

The classical and lectin complement activation
pathways converge in activation of comple-
ment C2 and C4, followed by conversion of
C3 to active C3b, thus initiating the assembly
of C5 convertase, which results in TCC forma-
tion (27). Factor B is a central component of
the alternative pathway. Moreover, C5 can be
activated directly by thrombin by cross-talk
with the blood coagulation system and initiate
TCC formation (33, 34) (Fig. 4A). We therefore
investigated whether changes to the upstream
complement activation pathways were associ-
ated with Long Covid. We detected increased
C2 levels in 6-month Long Covid patients dur-
ing acute COVID-19 and at 6-month follow-up
(Fig. 4B), indicating classical or lectin path-
way activation. ELISA measurement of the
C4 cleavage product, C4d, revealed transiently
increased C4d during acute COVID-19 but no
differences based on Long Covid history (Fig.
4C and fig. S4A). Conversely, mannose-binding
lectin (MBL), a central component of the lectin
pathway, was unaltered between patients with
and without 6-month Long Covid at 6-month
follow-up (fig. S4B).

During acute COVID-19, factor B levels were
increased in 6-month Long Covid patients
compared with patients without Long Covid
and healthy controls (Fig. 4D and fig. S4C).
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ELISA measurement of the cleavage product,
factor Ba, confirmed increased levels in Long
Covid patients during acute COVID-19 (fig.
S4, C and D). At 6-month follow-up, factor Ba
levels were persistently elevated in 6-month
Long Covid patients compared with patients
without Long Covid and healthy controls (Fig.
4E and fig. S4E). Complement C3d, the final
degradation product of C3, was also elevated
in 6-month Long Covid patients at 6-month
follow-up compared with healthy controls (Fig.
4F). We analyzed serum levels of the thrombin
inhibitor antithrombin III and found per-
sistently low levels in 6-month Long Covid
patients during acute COVID-19 and at 6-month
follow-up (Fig. 4G and fig. S4E). In a subset of
the Mount Sinai cohort (n = 21), we con-
sistently found increased complement C3d
and decreased antithrombin IIT in 6-month
Long Covid patients at 3-month follow-up
compared with patients without 6-month Long
Covid, patients hospitalized for reasons un-
related to COVID-19, and healthy controls
(Fig. 4H; fig. S4, F and G; and table S3).

To validate complement system dysregula-
tion further, we performed mass spectrom-
etry on 6-month follow-up serum samples of
COVID-19 patients in our cohort. Complement
components were among the top differential-
ly abundant proteins in 6-month Long Covid
patients compared with patients without
6-month Long Covid (Fig. 4I). Consistent with
our previous analyses, complement C5 and
factor B were increased and antithrombin
1T was decreased in 6-month Long Covid pa-
tients (Fig. 4J). In 6-month Long Covid pa-
tients, C5 was the only TCC component with
significantly altered total levels (fig. S4H).
Analysis of additional complement components
showed increased complement regulatory pro-
teins factor I, factor H, and C4-binding pro-
tein beta (C4BPB) and confirmed increased C2
in 6-month Long Covid patients (Fig. 4K). In-
terestingly, C2 was most elevated in 6-month
Long Covid patients experiencing fatigue (fig.
S41) and 6-month Long Covid patients pro-
gressing to 12-month Long Covid (Fig. 4L) but
showed no significant association with the
number of 6-month Long Covid symptoms
(fig. S4J). Instead, C2 highly correlated with
C4BPB serum levels (fig. S4J), thus possibly
explaining the high C2 levels in the pres-
ence of normal C4d levels. C2 levels measured
by mass spectrometry at 6-month follow-up
distinguished between patients developing
12-month Long Covid and those recovering
before 12-month follow-up, as quantified by an
area under the curve (AUC) of 0.81 (Fig. 4M).
Other proteins of the complement system, such
as C3 desArg, C5a, clusterin, vitronectin, and
the pentraxins CRP, pentraxin 3 (PTX3), and
serum amyloid A4 measured by SomaScan,
mass spectrometry, or ELISA were unchanged
(fig. S4K).
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Analysis of antithrombin III peptides by mass
spectrometry showed a decrease of peptide in-
tensities after the reactive site with thrombin in
6-month Long Covid patients (fig. S4L). The
ratio of peptide intensities on either side of this
cleavage site was increased in 6-month Long Covid
patients (Fig. 4N), suggesting increased cleav-
age of antithrombin III (35). Peptides at a heparin-
binding region of antithrombin III were also
decreased, accompanied by a decrease of the
potential binding partner heparan sulfate pro-
teoglycan 2 (HSPG2; fig. S4, L and M) (35-37).
Analysis of other components of the coagu-
lation system showed increased coagulation
factor XI, fibrinogen beta, protein C, and hepa-
rin cofactor II in 6-month Long Covid patients
(Fig. 40). Altogether we demonstrated, by two
approaches, classical and alternative comple-
ment system activation as well as low anti-
thrombin III levels and increased cleavage of
antithrombin III at the thrombin-reactive site.

Signs of complement-mediated tissue injury
in Long Covid

Downstream effects of pathological comple-
ment activation entail hemolysis; induction of
thromboinflammatory responses, including
platelet and endothelial activation; and changes
in innate immune cells, such as neutrophils
(88-40). Combining SomaScan and mass spec-
trometry proteomics, we assessed a total of
84 measurements of 49 different serum bio-
markers in the above-mentioned cell types (data
S5) (41-46). Statistical modeling identified eight
measurements associated with 6-month Long
Covid, including decreased hemopexin (three
times), ICAM-1, and S100-A8/A9, as well as
increased thrombospondin-1 (TSP-1; twice)
and von Willebrand factor (vWF) (Fig. 5A).
ICAM-1 levels were persistently low during
acute COVID-19 and at 6-month follow-up in
6-month Long Covid, suggesting low base-
line levels (fig. S5A). Low levels of hemopexin,
a marker of increased heme levels, were accom-
panied by normal hemoglobin and myoglobin
levels (Fig. 5B and fig. S5B). An additional
colorimetric assay was performed on 6-month
follow-up samples of COVID-19 patients to
quantify heme in serum, which revealed an
association of increased heme with 6-month
Long Covid and confirmed correlation of de-
creased hemopexin with increased heme (Fig.
5C and fig. S5C). Erythrocyte counts were un-
changed, whereas haptoglobin was increased
in 6-month Long Covid patients, along with
slightly elevated interleukin-6 (IL-6) levels
(Fig. 5B and fig. S5B). Measurements of trans-
ferrin, a marker of iron homeostasis, revealed
a tendency toward reduced levels in 6-month
Long Covid patients at 6-month follow-up
(fig. S5B). Other markers of hemolysis and
muscle cell injury as well as neutrophil and
thrombocyte counts were unchanged overall
(Fig. 5D and fig. S5, D and E).
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Fig. 4. Complement activation pathways at 6-month follow-up. (A) Schematic of
pathways. [Created with BioRender.com] (B and C) C2 (B) and C4d (C) in patients

without or with 6-month Long Covid, at acute COVID-19 or 6-month follow-u

p. (D) Factor

B in healthy controls, patients without or with 6-month Long Covid, at acute COVID-19.

(E) Factor Ba (ELISA) in patients with no Long Covid, recovered Long Covid,

or 6-month

Long Covid, at 6-month follow-up. (F) C3d in patients without or with 6-month Long Covid,
at acute COVID-19 and 6-month follow-up (paired test), compared with healthy
controls. Lines connect corresponding patients. (G) Antithrombin Il in patients without

or with 6-month Long Covid, at acute COVID-19 and 6-month follow-up.

(H) C3d

and antithrombin 11l in healthy and patient controls (blue; n = 85), and 6-month Long
Covid patients (red; n = 18) of Mount Sinai cohort at 3-month follow-up. (I) Differential
proteins (mass spectrometry) in patients with versus without 6-month Long Covid,

Cervia-Hasler et al., Science 383, eadg7942 (2024) 19 January 2024

at 6-month follow-up. (J) C5, factor B, and antithrombin IIl in patients without or with
6-month Long Covid, at 6-month follow-up. (K) Differential complement proteins (BH-
adjusted) in patients with versus without 6-month Long Covid, at 6-month follow-up.
(L) C2 in patients with no Long Covid, recovered Long Covid, 6-month Long Covid,
6-month Long Covid lost to follow-up, or 12-month Long Covid, at 6-month follow-up.
(M) Area under the curve (AUC) for prediction of 12-month Long Covid as a function
of C2 or factor B, in 6-month Long Covid patients at 6-month follow-up, using
logistic regression. (N) Ratio of antithrombin Il peptides intensity before and after
thrombin-reactive site, in patients without or with 6-month Long Covid, at 6-month
follow-up. (0) Differential coagulation proteins in patients with versus without 6-month
Long Covid, at 6-month follow-up. Dots represent individual patients. Two-sided Wilcoxon
test, unless specified otherwise. ns, nonsignificant; *P < 0.05, **P < 0.01, **P < 0.001.
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Fig. 5. Tissue injury markers in Long Covid. (A) Differential proteins
[SomaScan aptamers (apt) and mass spectrometry; logistic regression] in
patients with versus without 6-month Long Covid, at 6-month follow-up, including
84 measurements of 49 tissue injury markers (data S5). (B) Hemopexin,
hemoglobin, myoglobin, haptoglobin, and erythrocyte counts in patients without
or with 6-month Long Covid, at 6-month follow-up. (C) Linear model of heme
(colorimetric assay) as a function of patient age, sex, and 6-month Long Covid,
in COVID-19 patients at 6-month follow-up. (D) Neutrophil and thrombocyte
counts in patients without or with 6-month Long Covid, at acute COVID-19 and
6-month follow-up. (E) Von Willebrand factor [vWF; SomaScan (left) and mass

Serum levels of vVWF, measured by SomaScan,
mass spectrometry, and an ELISA calibrated
to WHO standards, were increased in 6-month
Long Covid patients both during acute COVID-19
and at 6-month follow-up but not in recovered
Long Covid patients (Fig. 5, E to G, and fig. S5,
F and G). The regulatory counterpart of vVWF,
ADAMTSI13 (47), was decreased in 6-month
Long Covid patients at 6-month follow-up (fig.
S5H). The vWF/ADAMTSI3 ratio, a marker of
thromboinflammation and endothelial dysreg-

Cervia-Hasler et al., Science 383, eadg7942 (2024)

ulation (45, 47, 48), was increased in 6-month
Long Covid patients both during acute COVID-19
and at 6-month follow-up (Fig. 5H). Both, vVWF
and the vVWF/ADAMTSI3 ratio showed posi-
tive correlation with complement activity (fig.
S5I). Notably, at 6-month follow-up, vWF lev-
els were lower in hospitalized patients who
had received antiviral treatment with remde-
sivir during acute COVID-19 when compared
with hospitalized patients who had not been
treated with remdesivir (fig. S5J). Moreover,

19 January 2024

spectrometry (right)] in patients without or with 6-month Long Covid, at

acute COVID-19 and 6-month follow-up. (F) vWF (ELISA) in patients with no
Long Covid, recovered Long Covid, and 6-month Long Covid, at 6-month
follow-up. (G) VWF in patients without or with 6-month Long Covid, at acute
COVID-19 and 6-month follow-up (paired test), compared with healthy controls.
Lines connect corresponding patients. (H and I) vWF/ADAMTSI13 ratio (H) or
ApoB/ApoAl ratio [mass spectrometry; (I)] in patients without or with 6-month
Long Covid, at acute COVID-19 or 6-month follow-up. Dots represent individual
patients. Two-sided Wilcoxon test, unless specified otherwise. *P < 0.05,

**p < 0.01, ***P < 0.001.

we detected increased coagulation factor VIII
(FVIII) levels in 6-month Long Covid patients
at 6-month follow-up (fig. S5K), which could be
explained by vVWF acting as a carrier of FVIIL In
line with this thromboinflammatory signature,
we also observed decreased platelet-activating
factor acetylhydrolase (PAF-AH) and an in-
creased ratio of low-density lipoprotein com-
ponent apolipoprotein B (ApoB) to high-density
lipoprotein component ApoAl in 6-month Long
Covid patients (Fig. 5I and fig. S5L), which is
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an established cardiovascular risk factor (49).
Antithrombin IIT and vWF levels were not af-
fected by the presence of fatigue (fig. S5M).
Collectively, Long Covid was characterized by
elevated tissue injury markers, such as hemo-
lysis and endothelial and platelet activation.

Increased monocyte—platelet aggregates
in Long Covid patients

Next, we explored thromboinflammatory signa-
tures on a cellular level. We performed spectral
flow cytometry on peripheral blood mononu-
clear cells (PBMCs) from seven healthy controls,
five COVID-19 patients without 6-month Long
Covid, and ten 6-month Long Covid patients, of
whom six progressed to 12-month Long Covid,
all sampled at 6-month follow-up (Fig. 6A).
These analyses were paired with single-cell
transcriptomics of flow cytometry-sorted mono-
cytes. Comparing cellular markers in these
four groups, we found different phenotypes in
cell clusters corresponding to classical mono-
cytes (Fig. 6, B to D, and fig. S6A). We also
measured CD41, a platelet marker usually ab-
sent on monocytes; thus, CD41-positive mono-
cytes correspond to aggregates of monocytes
with platelets (50). Based on CD41 surface abun-
dance, classical monocytes were further man-
ually subclustered into CD41"e", CD4~1d““, and
CD41"® monocytes (Fig. 6E). Frequencies of
CD41%eh monocytes were highest in 12-month
Long Covid patients (Fig. 6, B and F).

Flow cytometry-sorted monocytes of healthy
controls were negative for CD41; however, add-
ing platelets to these monocytes increased their
CD41 abundance, regardless of activation by
lipopolysaccharide (Fig. 6G and fig. S6, B to D),
demonstrating that CD41%eh monocytes repre-
sented monocyte-platelet aggregates. On direct
ex vivo analysis of cells, CD41 surface expression
on monocytes was lowest in healthy controls
and highest in Long Covid patients (Fig. 6H).
Notably, CD41"Eh monocytes showed different
marker expression profiles than CD41%™ and
CD41°*® monocytes, including increased CD55,
also known as complement decay-accelerating
factor (Fig. 61). Single-cell transcriptomics of
sorted monocytes (Fig. 6J) did not reveal a
prothrombotic transcriptional signature of
monocytes (Fig. 6K) but did confirm their ab-
sent Cd41 mRNA expression (fig. SGE). We
found low abundance of IL1B and NR4AI, par-
ticularly in classical monocytes, and increased
expression of the interferon-induced transmem-
brane protein IFITM3 (Fig. 6K and fig. S6, F to
H). Altogether, we found monocyte-platelet
aggregates in Long Covid patients at 6-month
follow-up, which were highest in patients pro-
gressing to 12-month Long Covid.

Association of classical complement activation
with IgG against herpesviruses

To identify antibodies potentially driving clas-
sical complement activation in 6-month Long

Cervia-Hasler et al., Science 383, eadg7942 (2024)

Covid patients, we investigated autoantibodies
and antiviral antibodies. Using a highly sensi-
tive indirect immunofluorescence assay, we
assessed antinuclear antibody (ANA) titers at
6-month follow-up and detected an increased
prevalence of ANA positivity in 6-month Long
Covid patients compared with patients without
6-month Long Covid (fig. S7A). ANA fluores-
cence patterns were mainly of nonspecific or
fine speckled fluorescence across the nucleo-
plasm in 6-month Long Covid patients, whereas
in ANA-positive patients without 6-month
Long Covid, nucleolar patterns were more
frequent (fig. S7B), which suggests different
autoantibody specificities. Anti-chemokine
antibodies, previously described to be protec-
tive in Long Covid, were measured in a subset
of 88 COVID-19 patients. Statistical modeling
revealed low anti-CXCL13 to be significantly
associated with 6-month Long Covid (fig. S7, C
and D), confirming published data (51).

High-throughput measurement of antiviral
antibodies was performed by phage immu-
noprecipitation sequencing technology (Vir-
Scan) for a total of 87,890 epitopes in a subset
of 57 COVID-19 patients during acute disease,
including 22 that developed 6-month Long
Covid, and 18 healthy controls (Fig. 7A and
table S5). Although we found no overall in-
crease in reactivity to viral epitopes in 6-month
Long Covid patients compared with patients
without 6-month Long Covid and healthy con-
trols, IgG titers against herpesviruses 1 to 8 were
increased proportionally (Fig. 7, A and B). On
the epitope level, we observed low IgG against
enterovirus B and high IgG against human
herpesvirus 5 [also known as cytomegalovirus
(CMV)] in 6-month Long Covid patients (Fig.
7, C and D). Statistical models showed asso-
ciations of low anti-enterovirus IgG with patient
age and of high anti-CMV IgG with 6-month
Long Covid (fig. S7E).

On the basis of these data and previous re-
ports on Epstein-Barr virus (EBV) reactivation
(52), we measured serum titers of IgM and
IgG against CMV and EBV at 6-month follow-
up. Whereas antiviral IgM is increased during
active viral replication, antiviral IgG indicates
an immune response to past infection (53).
Overall serum positivity for CMV- and EBV-
specific IgG and, thus, prevalence of CMV or
EBV infection did not differ between patients
with and patients without 6-month Long Covid
(Fig. 7E). We also found no difference in anti-
CMV and anti-EBV IgM titers (Fig. 7F and fig.
S7F). However, both anti-CMV and anti-EBV
IgG were increased in 6-month Long Covid pa-
tients (Fig. 7F and fig. S7F). Statistical modeling
confirmed the association of high anti-CMV
and anti-EBV IgG titers with 6-month Long
Covid (Fig. 7G). Notably, C2 levels were asso-
ciated with anti-CMV IgG titers and 12-month
Long Covid (Fig. 7H). We found no differences
in serum IgG antibodies targeting four differ-
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ent SARS-CoV-2 spike epitopes in patients with
and patients without 6-month Long Covid (Fig.
71 and fig. S7G) and no evidence of SARS-CoV-2
or herpesviral transcripts in monocytes (Fig.
7)). Analysis of previously reported inflam-
matory markers in Long Covid showed that
interferon alpha 2 inversely correlated with C7
complexes, and IL-6 correlated with C5bC6
complexes in COVID-19 patients at 6-month
follow-up (fig. S7H). Altogether, increased
titers of antibodies against herpesviruses in
Long Covid patients were associated with C2
of the classical complement pathway, suggesting
that viral antigen-antibody immune complexes
could be involved in activation of this pathway.

Serum proteomics for Long Covid diagnosis
and prediction

To translate the observed differences into a
predictive model for 6-month Long Covid, we
included up to 61 uncorrelated protein epitope
measurements of involved biological pathways
(with absolute Spearman correlation coeffi-
cients below 0.3), two protein ratios, and in-
formation on medical history (14 variables)
(data S8). For diagnostic purposes, we included
only protein measurements and medical his-
tory obtained at 6-month follow-up to identify
diagnostic biomarkers associated with 6-month
Long Covid and, thus, normal in recovered
patients and healthy controls. We applied a
random forest classifier, a machine learning
algorithm suitable for analyzing large datasets.
Through iterative assessment of acute COVID-19
and 6-month follow-up data, the algorithm
identified the most influential biomarkers for
predicting Long Covid. The models were trained
through fivefold nested cross-validation, with
model hyperparameters being tuned on the
training part of the data (Fig. 8A). Relevant
data splits were stratified for acute COVID-19
severity. The resulting predictions performed
well in the unseen test sets (corresponding to
patient data not used for training the pre-
diction model), as quantified by the area under
the receiver operator characteristic (AUROC;
>0.74 + 0.10 for 6-month Long Covid) and re-
lative average precision scores accounting for
Long Covid prevalence and class imbalance
(Fig. 8B and fig. S8A).

Studying the intricate interplay of features
driving the prediction, we identified patient age,
C5bC6/C7 complex ratio, VWF/ADAMTSI3 ratio,
and patient body mass index (BMI) as the
driving variables (Fig. 8C). These four varia-
bles were sufficient to predict 12-month Long
Covid (mean AUC of 0.81 + 0.08) in a cohort of
both healthy and COVID-19 subjects. Addition
of the two protein ratios to age and BMI im-
proved model performance in all scenarios
(Fig. 8B and fig. S8, A and B). Inclusion of
healthy controls in the group not developing
Long Covid reduced the association of Long
Covid with potentially preexisting risk factors
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Fig. 6. Increased monocyte-platelet aggregates in Long Covid. (A) Overview of
groups for spectral flow cytometry and sorting of PBMCs isolated at 6-month
follow-up, for single-cell RNA (scRNA) sequencing of monocytes. Six-month Long
Covid patients were subgrouped into patients with or without recovery before
12-month follow-up. For scRNA sequencing, five out of seven healthy controls were
analyzed [sex: 1Im/4f; age: 44 (23-65)]. A total of 19,247 monocytes were sequenced.
[Created with BioRender.com] (B) Uniform manifold approximation and projection
(UMAP) density plots of gated monocytes (spectral flow cytometry) of indicated
groups. (C) UMAPs of scaled marker expression of monocytes. (D and E) UMAPs
of all (D) and classical monocytes manually subclustered on the basis of CD41
expression profiles (E). (F) Relative (inside heatmap) and cumulative (gray bars)
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(H) CD41 surface abundance on classical monocytes from indicated groups.

(1) Scaled marker expression in CD41-subclustered classical monocytes. (J) UMAP
of all monocytes (scRNA sequencing). (K) Volcano plot of differentially expressed
RNA transcripts in monocytes of Long Covid patients (6- and 12-month Long
Covid) versus controls (no 6-month Long Covid and healthy controls), at 6-month
follow-up. Vertical dashed lines indicate log, fold change of -0.5 and 0.5.
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Fig. 7. Increased antibody reactivity against herpesviruses in Long Covid.
(A) Antiviral 1gGs (VirScan) in healthy controls (n = 18) and patients without
(n = 35) or with 6-month Long Covid (n = 22), during acute COVID-19.

Viruses with >300 epitope hits. (B) Total viral (left) and percentage of
herpesviral (right) epitope hits in healthy controls and patients without or with
6-month Long Covid, with median. (C) Differential abundance of viral epitope-
specific 1gG in patients with versus without 6-month Long Covid, BH-adjusted.
(D) CMV LSP epitope hits in healthy controls and patients without or with
6-month Long Covid. (E) Serum reactivity for anti-CMV (left) and anti-EBV
(right), and IgM (top) and IgG (bottom) in patients without (orange) or with (red)
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6-month Long Covid, at 6-month follow-up (ELISA; n = 113). (F) Anti-CMV

IgM (left) and IgG (right) in patients without or with 6-month Long Covid.

(G and H) Linear model coefficients for anti-CMV or anti-EBV IgG titers (G) and
C2 (H). (I) Radar plot. Wedge sizes represent median IgG titers of patients
without or with 6-month Long Covid, normalized to median titers of all
patients, at 6-month follow-up. (J) UMAP of monocytes showing absence

of intracellular herpesviral and SARS-CoV-2 transcripts (ScRNA sequencing).
ECD, extracellular domain; RBD, receptor binding domain. Dots represent
individual patients. Two-sided Wilcoxon test, unless specified otherwise.

*P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 8. Predictive and diagnostic models of Long Covid. (A) Overview of
model training strategy by nested cross-validation. For each fold, models were
trained on training portion of data with hyperparameters adjusted on the basis
of validation set. Each trained model was evaluated on an unseen test set.
[Created with BioRender.com] (B) Area under the receiver operating characteristics
curve (AUROC) of a random forest predictor using up to 61 uncorrelated protein
measurements, 2 protein ratios, 14 general clinical variables, top selected features of
6-month Long Covid prediction selected on training data [age, body mass index
(BMI), C5bC6/C7 complexes, and VWF/ADAMTSI3 ratio], or age and BMI alone.

in healthy controls, thus increasing specificity
of identified biomarkers for active Long Covid.
We also tested the models upon exclusion of
healthy controls and consistently confirmed
the diagnostic and predictive potential of the
protein biomarkers (fig. S8C). Collectively,
machine learning algorithms independently
identified complement and thromboinflam-
matory markers as top protein biomarkers
of active Long Covid.

Discussion

New SARS-CoV-2 variants have confronted
the world with repeated SARS-CoV-2 infection
(54), contributing to a high prevalence of Long
Covid (55). We identified common patterns in
the serum proteome of Long Covid patients
not recovered at 6 months after acute infec-
tion by studying a prospective cohort of mild
and severe COVID-19 patients and healthy
controls.

Analysis of >7000 protein measurements
revealed the complement system as the top
dysregulated biological pathway in Long Covid.
At 6-month follow-up, late TCC formations,
comprising the soluble C7 complexes C5b-7,
C5b-8, and C5b-9, were reduced in individ-
uals experiencing active Long Covid. These
findings were paralleled by an increase of the
early TCC formation C5bC6 and increased
complement activity. The imbalance in TCC
formations was best quantified by a C5bC6/C7
complex ratio, also identified by machine learn-
ing as the top predictive biomarker of Long
Covid. Binding of C7 to the stable bimolecular
complex C5bC6 enables the trimolecular C5b-7
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C5bC6/C7 complexes + VWF/ADAMTS13)

[ Age + body mass index

complex to integrate into cell membranes (30).
Our observation of increased complement ac-
tivity in the presence of elevated C5bC6 levels
and decreased soluble C7 complexes suggested
increased membrane insertion of TCCs in ac-
tive Long Covid.

Increased factor Ba levels suggested alter-
native complement pathway activation as a
possible driver of TCC formation (27). More-
over, increased C2, reflecting classical com-
plement pathway activation, was associated
with Long Covid persistence. Our finding of
increased anti-CMV and anti-EBV IgG titers
in Long Covid patients at 6-month follow-up
suggested increased viral antigen exposure
and, thus, antiviral antibody formation in
Long Covid patients, perhaps through reac-
tivation of herpesviruses. The association of
C2 levels with anti-CMV IgG titers and Long
Covid persistence may connect our finding
of increased complement activation to recent
reports of herpesvirus reactivation in Long
Covid (52). Furthermore, C5 could be activated
directly through thrombin, as supported by
our findings of a dysregulated coagulation
cascade, low antithrombin III levels in Long
Covid patients in two independent cohorts,
and increased antithrombin III cleavage at
the thrombin-reactive site (33-36).

Elevated vWF and TSP-1 along with de-
creased protective factors, such as ADAMTSI13,
PAF-AH, and ApoAl, indicated thromboin-
flammatory responses, which can also drive
complement activation (38, 39, 47). Both vWF
and TSP-1 can be secreted by endothelial cells
and thrombocytes. Persistently low ICAM-1
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Input measurements obtained at acute COVID-19 or 6-month follow-up for
prediction of 6-month Long Covid versus no 6-month Long Covid and healthy
controls (n = 40, 73, and 39, respectively), and at 6-month follow-up for
prediction of 12-month Long Covid versus no 12-month Long Covid and healthy
controls (n = 22, 73, and 39, respectively; mean + SD). (C) Top features of
prediction of 6-month Long Covid versus no 6-month Long Covid and healthy
controls, using 6-month follow-up measurements. Summed importance rank was
calculated over all five cross-validation folds. Top selected features were
identified by elbow analysis.

levels in Long Covid patients argue against
strong endothelial activation and have been
associated with genetic ICAM-1 variants (41, 56).
The finding of increased monocyte-platelet ag-
gregates in Long Covid patients suggested
platelet activation at 6-month follow-up (57).
However, normal platelet counts despite the
presence of increased monocyte-platelet ag-
gregates indicated compensatory mechanisms.
As single-cell monocyte transcriptomes lacked
signs of a prothrombotic signature, aggregates
may be driven by platelet activation rather than
by monocytes (50). However, monocytes showed
distinct transcriptomic changes in Long Covid
patients, including decreased NR4AI and in-
creased transcripts for interferon-induced
transmembrane proteins. Interestingly, NR4A1-
dependent monocyte subsets have been asso-
ciated with endothelial homeostasis in mice
(58). Moreover, increased interferon-induced
transcripts have been associated with severe
cases of SARS-CoV-2 infection (59). As with
monocytes, we did not observe any increased
markers of neutrophil activation and NETosis,
and neutrophil counts were normal at 6-month
follow-up.

Pathological complement activation has been
previously associated with thromboinflamma-
tory and microangiopathic manifestations (38).
Chronic diseases involving complement activa-
tion include neurodegenerative diseases (60) as
well as atypical hemolytic uremic syndrome and
paroxysmal nocturnal hemoglobinuria, which
are marked by complement-mediated hemo-
lysis (38). We found signs of a hemolytic pro-
cess in Long Covid, including low hemopexin
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and increased heme levels in Long Covid
patients. Hemopexin-heme complexes are formed
upon hemolysis to prevent heme-mediated
oxidative damage. These findings were accom-
panied by increased haptoglobin and IL-6, as
well as normal hemoglobin and erythrocyte
counts, suggestive of a chronic inflammatory
process (42, 61, 62). As tissue injury can be me-
diated by complement, and in turn also activates
the complement system, the observed mark-
ers may be both consequence and cause of
complement activation. Clinical history and
the overall pattern of our findings suggested
chronic processes, possibly maintained by ex-
ternal drivers, including chronic herpesvirus
infection, or by a self-perpetuating cycle of
thromboinflammation.

Excessive complement activation has been
reported in severe acute COVID-19 (32). MBL,
a central member of the lectin pathway, can
directly bind SARS-CoV-2 (63) and is increased
in severe pediatric cases (64) but was unchanged
at 6-month follow-up in our cohort. Increased
PTX3 has been associated with short-term
COVID-19 mortality (65) and Long Covid at
8-month follow-up (66) but was not altered
in our study by two different methods. Other
pathways of complement activation include
intracellular mechanisms in SARS-CoV-2-
infected host cells (67, 68). COVID-19-associated
thromboinflammation has been described in
hospitalized patients (32) and has also been
proposed to underlie Long Covid (69-71). Brain
autopsies of COVID-19 patients showed signs
of neurovascular injury accompanied by clas-
sical complement component deposition on
endothelial cells and platelets (72). Moreover,
the vVWF/ADAMTSI3 ratio was associated with
increased thrombogenicity in Long Covid pa-
tients (73), and vVWF and C7 were among the
top enriched proteins in amyloid-like micro-
clots found in Long Covid patients, supporting
a central role of C7 (74).

Our multicenter, longitudinal study pro-
vides evidence of an inflammatory signature
restricted to patients with active Long Covid,
with diagnostic accuracy 6 months after symp-
tom onset and independent of any information
on COVID-19 history, thus facilitating clinical
applicability. Moreover, our findings address the
gap between observed complement-activating
properties of SARS-CoV-2 and reports of micro-
clots, vascular inflammation, and cardiovas-
cular complications (75). We were able to
validate our hypothesis of dysregulated com-
plement activation by different experimental
approaches as well as an independent longi-
tudinal cohort of hospitalized COVID-19 pa-
tients. However, external validation of our
findings with larger cohorts, including Long
Covid patients with mild acute COVID-19 and
later blood sampling time points, is needed.
Larger cohorts might allow more granular
assessment of Long Covid subgroups. Other
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limitations include caveats of high-throughput
biomarker discovery, which were addressed by
multiple testing correction, hypothesis-driven
analysis, and validation of results by additional
methods. The specificity of C7 aptamer for C7
complexes, but not monomeric C7, highlights
the need of experimental validations when
applying high-throughput approaches.

Given our data, early cardiovascular assess-
ment of Long Covid patients should be consid-
ered. Moreover, antivirals targeting SARS-CoV-2
or herpesviruses could reduce thromboinflam-
matory responses. Available therapeutics target-
ing the terminal complement pathway could
offer new treatment strategies for Long Covid
and possibly other postinfection syndromes.

Materials and methods
Experimental study design and Zurich cohort

This study was approved by the Cantonal Ethics
Committee of Zurich (BASEC #2016-01440).
Adult individuals were included in the study
between April 2020 and April 2021 on the basis
of RT-qPCR-confirmed SARS-CoV-2 infection.
The latest inclusion time point for acute SARS-
CoV-2-infected patients was January 2021.
Follow-up was continued until 1 year after acute
COVID-19 disease, with the last follow-up visit
in February 2022.

Following written informed consent, 152 study
participants attended one to three study visits
(fig. S1A), consisting of a structured question-
ing by trained physicians and a blood draw.
Thirty-nine healthy controls donated blood
during the first study visit, and 113 COVID-19
patients donated blood during acute infection
as well as 6 months later at the second study
visit (6-month follow-up). Eighty-five COVID-19
patients attended a third study visit 12 months
after acute COVID-19 (12-month follow-up).
Patients unable to attend the 12-month follow-
up visit in person were questioned by phone
by a trained physician. Eighteen patients de-
clined a 12-month follow-up or could not be
contacted. The multicenter study was com-
posed of patients from four different hospitals
in the region of Zurich, Switzerland, including
the University Hospital Zurich (n = 77), City
Hospital Triemli (n = 18), Limmattal Hospital
(n =13), and Uster Hospital (n = 5). No further
inclusion or exclusion criteria were applied
on analysis of the 152 study participants. All
healthy controls were included at the Uni-
versity Hospital Zurich and reported no his-
tory of SARS-CoV-2 infection and no acute or
active illness prior to blood sampling, and they
had a negative serology for SARS-CoV-2 spike
S1-specific IgA and IgG. Participants were mostly
Caucasian, and ethnicity was not systemati-
cally assessed.

Mount Sinai COVID-19 cohort

This cohort was approved by the Human Re-
search Protection Program at the Icahn School
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of Medicine at Mount Sinai (STUDY-20-00341).
Following written informed consent, 280 in-
dividuals were enrolled in the Mount Sinai
COVID-19 cohort between April and June 2020
and had venous blood sampled for proteomics
analysis at SomalLogic, Inc. (Boulder, CO). In-
cluded in this cohort were 198 patients hospital-
ized with COVID-19 and 82 controls, including
35 healthy controls and 47 patients hospitalized
for reasons unrelated to COVID-19. Patients
with acute COVID-19 were followed-up with
6 months or later [median: 414 days; interquar-
tile range (IQR): 326 to 503] after COVID-19
hospital admission (fig. S1E). No further in-
clusion or exclusion criteria were applied on
analysis of the 280 study participants with
complete proteomics analysis and follow-up.
Acute COVID-19 sampling was performed at a
median time point of 1 day (IQR: 0 to 2) after
hospital admission and before discharge. A

subset of 21 patients underwent venous blood -

collection for further proteomics analysis after
hospital discharge at a median time point of
89 days (IQR: 53 to 125) after hospital admis-
sion, i.e., 3-month follow-up (fig. S4F). Demo-
graphic characteristics of the cohort are given
in table S3.

Definitions

Acute COVID-19 severity was graded accord-
ing to recommendations of the World Health
Organization (WHO) classification criteria into
mild cases, including asymptomatic cases and
patients with mild illness or pneumonia, and
severe cases, consisting of patients with severe
pneumonia, or mild, moderate, or severe acute
respiratory distress syndrome (ARDS) (7, 18, 76).
Symptomatic patients with uncomplicated
SARS-CoV-2 infection, defined by an absence
of abnormal vital signs and pathological lung
examination findings, were classified as pa-
tients with mild illness, whereas patients with
complicated SARS-CoV-2 infection, defined by
the presence of one or more aforementioned
criteria, were classified as patients with pneu-
monia. Patients with pneumonia requiring sup-
plemental oxygen therapy, presenting with
symptoms of severe respiratory distress, an
increased respiratory rate (>30 breaths/min),
and/or blood oxygen saturation levels below
93% on ambient air, were classified as patients
with severe COVID-19. Severe COVID-19 pa-
tients were further classified on the basis of
blood gas analysis (PaO,/FiO, ratio) into se-
vere pneumonia (>300 mmHg or unavailable),
mild (=300 mmHg), moderate (<200 mmHg),
and severe ARDS (<100 mmHg) (I, 18, 76).
Acute COVID-19 severity was followed up until
recovery or hospital release, thus, beyond the
blood-sampling time point. Long Covid was
defined as one or more persisting COVID-19-
related symptoms, which could not be explained
by an alternative diagnosis (2). In the present
study, patients reporting isolated changes in

13 of 18



RESEARCH | RESEARCH ARTICLE

smell and/or taste were excluded from the Long
Covid definition prior to analysis of the serum
proteome, as pathomechanistic causes might
be distinct in this patient subgroup (19). All
reported symptoms are listed in table SI.
Moreover, in accordance with the WHO clin-
ical case definition of post COVID-19 condi-
tion (2), 6-month Long Covid and 12-month
Long Covid were defined as persisting Long
Covid symptoms at 6-month and 12-month
follow-up, respectively. “Recovered Long Covid”
included COVID-19 patients reporting one or
more symptoms lasting for more than 4 weeks
but no symptoms at 6-month follow-up (5, 77).

For the Mount Sinai cohort, 6-month Long
Covid symptoms were defined in the same man-
ner as for the Zurich cohort. These included
fatigue, pulmonary symptoms, chest pain, gastro-
intestinal symptoms, cognitive symptoms, anx-
iety or depression, headache, and joint and
muscle pain (table S3).

Serum processing and SomaScan proteomics

Following venous blood sampling, BD Vacutainer
CAT serum tubes (Becton Dickinson, Franklin
Lakes, NJ) were centrifuged at 1100g and 4°C
for 10 min, followed by aliquotation and stor-
age at —80°C. Thirty-nine serum samples of
healthy controls and 113 paired serum samples
of COVID-19 patients at acute COVID-19 and
6-month follow-up were used for proteomics
analysis at SomalLogic using the SomaScan
platform (version 4). Protein measurements
were performed using 7335 modified single-
stranded aptamers (SOMAmer reagents), in-
cluding 7289 aptamers specific to 6596 unique
human proteins and 46 internal controls, as
previously described (20, 78). Protein epitope-
SOMAmer reagent complexes were quantified
by fluorescence using DNA-hybridization micro-
arrays. All measurements passed manufacturer-
defined quality control standards. Assay-intrinsic
variation was corrected by median normaliza-
tion using external references derived from 1025
healthy participants (79). Relative fluorescence
units were log;o-transformed for analysis.

Mass spectrometry sample preparation,
data acquisition, and processing

Samples were prepared as follows: 2.5 ul of the
serum/plasma was transferred to a 0.5-ml 96-
deepwell plate containing 27.5 ul denaturation/
reduction buffer [8 M urea, 100 mM ammonium
bicarbonate (ABC) and 46 mM dithiothreitol].
The plates were subsequently centrifuged for
20 s at pulse setting (Heraeus Multifuge X3R,
Rotor TX-1000), mixed, and incubated at 30°C
and 500 rpm for 60 min (Eppendorf Thermo-
mixer C). Next, 2.5 ul of 100 mM chloroace-
tamide (CAA) was added to each sample, and
the plate was incubated in the dark at 23°C
and 500 rpm for 30 min (Eppendorf Thermo-
mixer C). The samples were then diluted with
170 ul 100 mM ABC. Subsequently, 12.5 ul
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trypsin solution (0.092 ug/ul) was added, and
samples were incubated at 37°C and 500 rpm
for 17 hours. Digestion was stopped by adding
10% formic acid (FA) to reach a final concen-
tration of 1% FA. Peptides were desalted using
an Oasis Prime HLB 96-well pFElution Plate.
Samples were loaded onto columns, washed
twice with 400 pl 0.1% FA and once with 200 pl
ddH,0, and eluted with 50 ul 70% acetonitrile
after a 1-min incubation at room temperature
(RT). The liquid was evaporated with a SPD120
SpeedVac (Thermo Fisher Scientific), and sam-
ples were resuspended in 80 ul 0.1% FA, son-
icated for 5 min in an ultrasonication water
bath (Elmasonic P90), and centrifuged for
10 min at 3000 rpm and 4°C. Twenty micro-
liters of the resulting samples was transferred
to a 96-well plate, and 1 ul was injected.
Samples were acquired on an EASY-nL.C 1200
coupled to a Thermo Orbitrap Eclipse Tribrid
MS in data-independent acquisition (DIA) mode.
Buffer A was 0.1% FA in water, and buffer B
was 0.1% FA in 80% acetonitrile. A nanoL.C
column with integrated emitter from CoAnn
Technologies with the following dimensions
was used: 75 um ID x 25 cm L x 365 um OD,
ReproSil-Pur120 C18 particles (1.9 um). Fur-
ther, an Acclaim PepMap 100 C18 pre-column
(0.1 mm ID x 150 mm L with 5 pm particle size)
was used. Flow rate was set to 200 nl/min, and
the following gradient was applied: 45 min from
5% B t0 31% B, 5 min from 31% B to 44% B, 1 min
from 44% B to 95% B, 10 min hold at 95% B,
1 min from 95% B to 5% B, and 5 min equilibration
at 5% B. For the MSI1 scan, orbitrap resolution
was set to 120,000, with quadrupole isolation
turned on. A scan range of 380 to 980 m/z was
applied, the RF lens was set to 30%, and stan-
dard automatic gain control (AGC) target with
a custom maximum injection time of 50 ms
was applied. For MS2 scan, orbitrap resolu-
tion was set to 15,000, with 50 fixed windows
(12 m/zisolation window and 0.5 m/z overlap).
Higher-energy collisional dissociation collision
energy was fixed at 30%. MS/MS scan range
was defined as 145 to 1450 m/z, and RF Lens
was set to 30%. AGC Target was set to 1000%
with custom maximum injection time of 22 ms.
Raw data was processed using DIA-NN soft-
ware with default settings (80). Search was per-
formed library-free with an in silico digestion
and deep learning-based spectra and retention
time prediction. The human fasta file was down-
loaded from UNIPROT (3AUP00005640Uniprot,
downloaded on 7 September 2022). Downstream
analysis was performed with R. For protein
analysis, precursors were filtered for proteo-
typicity, precursor g-values were filtered with
a threshold of 0.01, and protein group g-values
were filtered with a threshold of 0.05. Only
precursors quantified in >50% of samples were
considered. Signal drifts were corrected by fit-
ting a loess function for each precursor across
the measurements (span = 0.7). Protein quanti-
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ties were calculated using maxLFQ algorithm
(maxLFQ function within DIA-NN R-package).
For peptide level analysis of antithrombin III
(gene name: SERPINCI), peptides with >10 ob-
servations measured per group (ie., “no 6-month
Long Covid” and “6-month Long Covid”) were
summarized on the basis of their identical
sequences, independently of differences in
oxidation.

Protein and heme quantifications by ELISA,
functional assays, and complete blood counts

Total C7 (AssayPro; Cat#EC7101-1), sC5b-9 (Quidel;
Cat#A020), factor Ba (Quidel; Cat#A033), CH50
Equivalent (Quidel; Cat#A018), and VWF (AssayPro;
Cat#CEV20301) were measured by applying
commercially available ELISAs on patient sera
analyzed with the SomaScan platform (39 healthy
controls, and 113 COVID-19 patients at acute
COVID-19 and 6-month follow-up), according

to the manufacturers’ instructions. vWF mea- -

surements were calibrated against WHO con-
trols. Factor Ba purified from human serum
(CompTech; Cat#A154) was used as positive
control. Six-month follow-up serum samples
(n = 113) were used for measurements of PTX3
(AssayPro; Cat# EP2877-1) and heme (Sigma-
Aldrich; Cat# MAK316). IL-6 serum concentra-
tions were determined by ELISA (R&D Systems)
on an Opsys Reader (Dynex). I1-6 measurements,
hemoglobin, and complete blood counts were
performed at an accredited laboratory of the
University Hospital Zurich using serum or fresh
whole blood.

C7-specific and SARS-CoV-2-specific

IgG measurement

C7-specific autoantibodies were assessed using
a previously described method (81). In brief,
human C7 protein (Quidel; Cat#A405) diluted
in phosphate-buffered saline (PBS) to 1 pug/ml
was dispensed into high-binding 384-well
SpectraPlates (Perkin Elmer) at 20 ul per well
using Multidrop Combi nL (Thermo Fisher
Scientific). Following coating overnight at 4°C,
plates were washed three times with PBS
Tween-20 0.1% (PBS-T) on a Biotek El406 de-
vice using the 192-pin manifold. Forty micro-
liters per well of blocking buffer (PBS-T with
5% milk powder) was dispensed, and plates
were blocked for 1 hour at RT. Following
removal of blocking agent, serial dilutions
were done of serum samples (range: 0.02 to
2.74 x 107°) and of a polyclonal HRP-linked
rabbit anti-human anti-C7 antibody as positive
control (Novus Biologicals; Cat#NBP3-00202H;
range: 4 to 8.4 x 1077 ug/ml; fig. S2I), in sam-
ple buffer (PBS-T with 1% milk powder).
Following incubation at RT for 2 hours, plates
were washed five times. Twenty microliters per
well of secondary antibody (HRP-conjugated
goat anti-human IgG; Jackson), diluted 1:4000
in sample buffer, was dispensed into wells con-
taining plasma samples, and 20 pl/well sample
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buffer without secondary antibody into wells
containing positive control using a Biotek
Multiflo FX dispenser. After an incubation of
1 hour at RT and three wash cycles, 20 ul/well
TMB followed by 20 ul/well 0.5 M Hy,SO,, were
dispensed using an eight-pin manifold on a
Certus Flex device (Fritz Gyger AG). The incu-
bation time between the two reagents was 5 min.

SARS-CoV-2 spike-specific IgG was measured
with the TRABI technology, as previously de-
scribed (81), using wild-type/Wuhan SARS-CoV-2
spike extracellular domain, spike S1, spike S2
(AcroBiosystems; Cats#SIN-C52H2, S2N-C52H5),
or receptor binding domain as antigens. The
inflection points of sigmoidal binding curves
[-log;oECso or p(ECso) values of respective
sample dilutions] were determined using a
custom-designed fitting algorithm, with pla-
teau and baseline inferred from respective
positive and negative controls in a plate-wise
manner. Negative p(ECs,) values, reflecting
nonreactive samples, were rescaled as zero.
Samples included in C7-specific measurements
were assayed and analyzed as duplicates, where-
as SARS-CoV-2-specific measurements were
conducted as unicates.

Antinuclear, anti-chemokine, and antiviral
antibody quantifications

Antinuclear antibodies were measured by in-
direct immunofluorescence assays on HEp-2
cells using a computer-aided microscopy system
(Euroimmun) at an accredited laboratory of the
University Hospital Zurich, in a blinded manner,
as previously reported (22). As positivity cutoff a
dilution of 1:320 was applied. ANA patterns were
classified on the basis of international consensus
on ANA patterns anticell (AC) nomenclature (82).

Anti-chemokine antibodies were quantified
by ELISA, as previously described (51). Anti-
chemokine levels measured on 12-month follow-
up samples of our cohort have been previously
reported (51). For the present study, published
data were reanalyzed in the context of 6-month
Long Covid, by including only a subset of
patients, for which we also had SomaScan and
mass spectrometry measurements at 6-month
follow-up available (7 = 88, with 31 experiencing
6-month Long Covid).

For human virome-wide serological profiling
by VirScan (22, 83), serum samples obtained at
first study visit, including 57 acute COVID-19
patients (of which 22 developed 6-month Long
Covid) and 18 healthy controls were measured,
as previously reported (22). Briefly, duplicate
serum samples were normalized for total IgG
and incubated with a bacteriophage library
displaying linear viral epitopes with lengths of
56 amino acids. IgG-phage complexes were
isolated with magnetic beads and quantified
by next-generation sequencing. Epitope hit
counts were obtained using SAMtools (84)
upon mapping of reads to the epitope library
using Bowtie2 (85). Positivity for epitopes was

Cervia-Hasler et al., Science 383, eadg7942 (2024)

determined on the basis of a previously pub-
lished binning strategy (86). Data on prokar-
yotes, eukaryotes, and nonhuman viruses, as well
as human viruses with a maximal summed epi-
tope hit count below three, were excluded.

For quantification of CMV- and EBV-specific
IgM and IgG titers, ELISAs certified for diag-
nostic use were applied, according to the man-
ufacturer’s instruction, on 6-month follow-up
serum samples of 113 COVID-19 patients (TestLine
Clinical Diagnostics; CatstCMM096, CMG096,
VCMO096, VCG096).

Anti-C7 aptamer ELISA, pull-down
for SDS-PAGE, and Western blot analysis

For in vitro assembly of different TCC confor-
mations, commercially available human recom-
binant C5bC6 (Sigma Aldrich; Cat#204906),
C7 (Quidel; Cat#A405), C8 (Sigma Aldrich;
Cat#204896), and C9 (Sigma Aldrich; Cat#204910)
were mixed at an equimolar concentration
(200 nM for pull-down) in SOMA1 buffer with
Tween-20 buffer (120 mM NacCl, 5 mM KCl,
5 mM MgCl,, 40 mM HEPES, pH 7.5, 0.05%
Tween-20) and incubated overnight at 4°C.
For assessing C7 aptamer (seq.2888.49) spe-
cificity, streptavidin-coated plates (Thermo
Fisher Scientific) were incubated overnight with
the aptamer (20 nM diluted in SBT buffer).
The next day, plates were blocked with 100 uM
biotin (10 min) and 3% bovine serum albumin
(30 min) in SBT buffer. Upon addition of dif-
ferent combinations of TCCs C5bC6, C7, C8,
and C9 at increasing concentrations (31.25 to
4000 ng/ml; 2 hours incubation), C7 was de-
tected with a primary, polyclonal, full-length
human C7-directed, rabbit antibody (Novus
Biologicals; Cat#H00000730-D01P) and an
HRP-linked secondary, goat, anti-rabbit IgG
antibody (Cell Signaling Technologies; Cat#7074S).
This experimental setup was repeated for mea-
surement of monomeric C7 and of complexed
C5b, C6, C7, C8, and C9 at different concentra-
tions and in triplicates. To reduce unspecific
aptamer-protein interactions, 1 tM polyanionic
competitor (SomalLogic) was added, reflecting
similar conditions as the SomaScan platform.
For C7 aptamer-mediated pull-down of TCC
components, Pierce Streptavidin magnetic beads
(Thermo Scientific) were diluted in SBT buffer
and mixed with 100 nM biotinylated C7 aptamer
(SomalLogic, seq.2888.49) and incubated over-
night at 4°C. The next day, beads were repeatedly
washed with SBT buffer and mixed with com-
plement protein solutions at a 1:1 ratio, together
with 1 uM polyanionic competitor (SomaLogic).
After 2 hours of incubation, mixtures were
washed with SBT buffer, and captured protein
complexes were eluted from beads using 20 mM
NaOH. Complement protein solutions were
mixed with Laemmli sample buffer (BioRad)
and incubated at 95°C for 5 min. Subsequently,
samples were loaded on 4 to 20% polyacryl-
amide gels (BioRad). After separation, gels were
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stained overnight using QuickBlue Protein
Stain (Lubio science). Standard Western blot-
ting protocol was applied. Rabbit anti-human
C7 polyclonal antibodies (Novus Biologicals;
Cat#H00000730-D01P) and HRP-linked goat
anti-rabbit IgG antibodies (Cell Signaling Tech-
nologies; Cat#7074S) were used for detection.
Acquisition was performed using Pierce ECL
western substrate (Thermo Scientific) and im-
aged with a ChemiDoc Imaging System (BioRad).

Spectral flow cytometry and fluorescence-activated
cell sorting (FACS)

Frozen PBMCs were thawed by slowly adding
prewarmed RPMI medium (Gibco) containing
10% fetal bovine serum (FBS; Gibco). Cells were
washed and stained, as previously published
(11, 12). Briefly, after staining with ZombieUV
Viability dye (1:400; BioLegend) and TruStain
FcX (1:200) in PBS for 30 min at 4°C, surface

antigens were stained with a mix of diluted -

fluorophore-conjugated antibodies (listed in
data S6) in a 1:10 mixture of Brilliant Buffer
(BD Bioscience) and FACS buffer (PBS con-
taining 2% FBS and 2 mM EDTA) for 30 min
at 4°C. Samples were acquired on a Cytek Aurora
spectral flow cytometer. Gating strategy is
shown in fig. S6A. Spectral flow cytometry data
were analyzed using FlowJo (version 10.9.0).
Dimensionality reduction and clustering were
performed using the CATALYST (87) package
in R (version 4.22). The dataset was reduced to
5000 randomly selected monocytes per patient
to reduce required computational resources.
Expression was scaled by hyperbolic arcsine
transformation with a cofactor of 6000. UMAPs
were calculated on CD14, CD16, CD11b, and
CD36 levels using CATALYST. Monocytes were
clustered using PhenoGraph clustering workflow
of Rphenograph (88) package (version 0.99.1).

For sorting of monocytes using PBMC sam-
ples, staining was applied as described for the
spectral flow cytometry analysis. In brief, cells
were stained with fixable viability dye eFluor
780 (eBioscience) and TruStain FcX, followed by
incubation with fluorescently labeled antibodies.
For single-cell RNA sequencing, each sample
was additionally barcoded with a hashtag anti-
body (data S6). For validation of monocyte-
platelet aggregate staining by CD41, FACS-sorted
(FACS Aria III 4L, BD Biosciences) monocytes
were incubated with increasing counts of iso-
lated platelets, with and without prestimula-
tion of monocytes by LPS (10 ng/ml). Platelets
were isolated from a healthy donor by cen-
trifugation of EDTA blood, once at 1000g for
15 min and a second time at 13,000g for 5 min.
Gating strategy is shown in fig. S6B.

Single-cell RNA sequencing

FACS-sorted PBMCs were immediately pro-
cessed for further analysis by single-cell RNA
sequencing. The resulting libraries were pro-
cessed on an Illumina NovaSeq 6000 S1 flow
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cell. Sequencing parameters were set accord-
ing to 10X Genomics’ recommendations, using
paired-end reads with the following specifica-
tions: R1 = 26, i7 = 10, i5 = 10, and R2 = 90. An
average depth of around 50,000 reads per cell
was achieved. A custom reference genome was
built to screen for herpesviral RNA transcripts
by concatenating exogenous sequences in fasta
format from NCBI to the human reference ge-
nome (build GRCh38.p13). Subsequently, the
whole exogenous sequence was added to gene
model (GENCODE Release 42) as an exon in
GTF format, as recommended by 10X Genomics.
The resulting hybrid fasta and GTF files were
used as inputs to generate a 10X-compatible ref-
erence genome using CellRanger (v7.1.0) mkfastq
(89). The CellRanger pipeline was used for de-
multiplexing, read alignment to the custom
reference, barcode processing, and unique mo-
lecular identifier (UMI) counting. Custom refer-
ences are listed in data S7.

Subsequent data analysis was performed in
R. Single cells were mapped to a PBMC refer-
ence dataset (version 1.0.0) (90) using Seurat
(version 4.3.0) (91), as described in the multi-
modal reference mapping vignette. Differen-
tial gene expression analysis of monocytes was
performed using the Seurat package.

Gene set enrichment analysis, association
analysis, and random forest prediction model

Univariate association analysis of protein-
aptamer concentrations to binary 6-month
Long Covid endpoints was performed using
logistic regression, adjusting for patient age,
sex, and hospitalization status (6-month Long
Covid ~ aptamer xyz + patient age [numeric] +
sex [female/male] + hospitalization during acute
COVID-19 [yes/no] + intercept constant), imple-
mented as the python Statsmodels API Logit
class. Analyses were performed with respect to
either acute COVID-19 or 6-month follow-up
measurements. The obtained P values for the
individual aptamers were used for further
analysis, such as differential expression and
ranking of protein concentrations for enrich-
ment analysis. For gene set enrichment analysis,
duplicate measurements of proteins, resulting
from multiple aptamers targeting the same
protein, were selected on the basis of the low-
est Pvalue of competing aptamers, resulting in
6408 aptamers with unique Entrez Gene ID’s.
Subsequently, these 6408 human proteins were
ranked by multiplying univariate association
—log;o-transformed P values with the sign of
recorded fold changes. Gene set enrichment
analysis was performed using the fgsea R pack-
age with Reactome pathways (26, 92).
Biological protein clusters were selected on
the basis of protein measurement availability
and maximizing uniqueness and representa-
tiveness for the respective pathways and pro-
tein groups according to the literature (table
S2). Biological protein cluster associations with
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6-month Long Covid were assessed by associa-
tion analysis through logistic regression, with
all protein levels of a specific cluster or path-
way being used as model inputs, in addition
to patient age, sex, and hospitalization status.
Relevant P values in these analyses represented
the log likelihood ratios (LLR) of the model
as a whole. For associations, we determined a
Bonferroni-corrected significance threshold of
P < 6.80 x 107%, corresponding to a P value of
0.05 divided by 7353, including all 7335 apta-
mer measurements and 18 biological protein
clusters.

Finally, binary predictions of 6- and 12-month
Long Covid were performed using a random
forest classifier implemented using the sklearn
RandomForestClassifier (93). Input data were
obtained at acute COVID-19 or 6-month follow-
up and comprised all SomaScan proteomic
measurements, four protein ratios based on
biological reasoning and published literature
(C5/C7 complexes, C5bC6/C7 complexes, VWF/
ADAMTSI13, and angiopoietin-2/angiopoietin-1),
and 14 general clinical variables assessed at
acute COVID-19 or 6-month follow-up. We pur-
posely excluded clinical variables on COVID-19
history, as this information may not be available
for patients assessed for Long Covid diagnosis
in a clinical setting. Of 7289 aptamer measure-
ments, 61 uncorrelated measurements (with
absolute Spearman correlation coefficient val-
ues below 0.3) were selected together with two
uncorrelated protein ratios, and 14 clinical
variables for prediction of 6-month Long Covid
versus no 6-month Long Covid and healthy
controls (n = 40, 73, and 39, respectively) with
acute COVID-19 or 6-month follow-up data.
We performed stratified (for patient age group
[<60 years/>60 years] and acute COVID severity
[mild/severe]) fivefold nested cross-validation
using 20% of the samples for testing, and in-
ner fivefold cross-validation for hyperpara-
meter tuning by GridSearch optimizing tree
depth, number of leaves, sample splits, and
maximum number of features. All models were
trained with balanced class weights and results
were reported as mean values and standard
deviations of independent test sets in terms of
AUROC and relative average precision scores,
reflecting the area under the precision recall
curve normalized by positive class prevalence.
The latter score indicates the improvement be-
yond a random classifier for values exceeding
unity. To infer features that drove predictions,
we performed post-hoc interpretability analy-
sis using SHapley Additive exPlanations as
part of the python shap package (94). We re-
ported an agglomerated interpretation over-
view in terms of summed ranks of individual
fivefold cross-validation interpretations. The
top features obtained in this analysis and
identified by visual inspection of an elbow plot
were selected for reevaluation in the predic-
tion task, as outlined above. Importantly, the
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identified top four features were selected on
training data allowing further predictions fol-
lowed by evaluation on test data.

Visualization and statistics

Descriptive statistics for the study participants
are reported in numbers and percentages of
total for categorical as well as median and IQR
for continuous variables. Comparison of paired
variables was performed using Wilcoxon’s
signed-rank test and comparison of nonpaired
variables was performed using nonparametric
two-sided Wilcoxon’s rank-sum test. Split vio-
lin plots overlayed with boxplots visualize me-
dian and quartiles. Correlations were calculated
using Spearman’s correlation in R. Differential
expression in volcano plots was calculated using
t tests, Wilcoxon’s rank-sum test, or logistic re-
gression, as specified. P values were —log;o-
transformed and fold changes log,-transformed.
Multiple testing was corrected by Benjamini-
Hochberg (95) or Bonferroni correction, as
specified. Statistical analysis was performed
with R studio (version 2023.03.1) and R (ver-
sion 4.1.2) using the packages SomaDatalO,
fgsea, pheatmap, corrplot (96), ImerTest (97),
VennDiagram, and tidyverse (98) as well as
python (version 3.7.4) using the packages
Numpy, Openpyal, Scipy, Pandas, Scikit-learn,
Statsmodels (99), and Shap. Acute COVID-19
and 6-month follow-up clinical and SomaScan
data contained no missing values. ELISA val-
idation experiments contained a total of three
to seven missing values. The number of ob-
servations per analysis are listed in data S9.
The present study is reported according to
the STROBE (Statement for reporting cohort
studies) guidelines (100).
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A pulsar in a binary with a compact object in the
mass gap between neutron stars and black holes

Ewan D. Barr'*+, Arunima Dutta'*1, Paulo C. C. Freire!, Mario Cadelano??, Tasha Gautam’,
Michael Kramer', Cristina Pallanca®>, Scott M. Ransom®, Alessandro Ridolfi®,

Benjamin W. Stappers®, Thomas M. Tauris'’, Vivek Venkatraman Krishnan®, Norbert Wex?,
Matthew Bailes®°, Jan Behrend', Sarah Buchner'®, Marta Burgay®, Weiwei Chen’, David J. Champion’,
C.-H. Rosie Chen', Alessandro Corongiu®, Marisa Geyer'®'t, Y. P. Men',

Prajwal Voraganti Padmanabh™>*3, Andrea Possenti®

Some compact objects observed in gravitational wave events have masses in the gap between
known neutron stars (NSs) and black holes (BHs). The nature of these mass gap objects is
unknown, as is the formation of their host binary systems. We report pulsar timing observations
made with the Karoo Array Telescope (MeerKAT) of PSR J0514-4002E, an eccentric binary
millisecond pulsar in the globular cluster NGC 1851. We found a total binary mass of 3.887 +
0.004 solar masses (My), and multiwavelength observations show that the pulsar’s binary
companion is also a compact object. The companion’s mass (2.09 to 2.71 M, 95% confidence
interval) is in the mass gap, indicating either a very massive NS or a low-mass BH. We propose that
the companion formed in a merger between two earlier NSs.

l'

with spin periods P < 10 ms) in almost circ %hecz
orbits around low-mass companions (2, .
There are a total of 305 pulsars known in 40
GCs (4), the vast majority of which are MSPs.
Most of the systems in GCs are similar to the
MSP population found in the Galactic plane,
although their orbital eccentricities are often
higher, which is thought to be a result of close
encounters with other stars (5).

In GCs with the densest cores, any particu-
lar star or MSP is likely to experience multiple
exchange encounters over its lifetime (6). A
possible outcome is the exchange of a low-mass
companion of an MSP for either a massive
white dwarf (WD) or another NS, resulting in
a massive, eccentric MSP binary (7-10). Ob-
serving such systems allows their component
masses to be measured and can test theories of
gravity (1I). The same exchange process could
also produce an MSP-black hole (BH) binary
system (12).

The miillisecond pulsar binary PSR
J0514-4002E

A survey searching for MSPs in GCs (10) has
been carried out with the MeerKAT radio tel-
escope array in South Africa (13, 14). The |

lobular clusters (GCs) are dense, gravi- | expand and start transferring mass to the NS, | results of the survey (15) included 13 MSPs
tationally bound stellar clusters. Obser- | at which point an LMXB is formed. in NGC 1851, a GC located in the Southern
vations show that GCs host a large number These x-ray binaries are expected to produce | constellation of Columba (76). These include
of low-mass x-ray binaries (LMXBs), con- | millisecond pulsars (MSPs; radio-emitting NSs | three massive, eccentric MSP binaries: PSR
sisting of a compact object accreting
material from a donor star in a binary system.
3 4: Year
LMXBs are ~10" times more abundant per 2006 2008 2010 2012 2014 2016 2018 2020 2022
unit of stellar mass in GCs than in the disk of " " " " " " " " " 0.04
the Milky Way (along the Galactic plane) (1). 200f
This is due to the high stellar densities at the 3 100} 0.02 o
center of GCs, which increase the rate of ex- = E
change encounters in which neutron stars (NSs) é L0 | e --10.00 =
acquire low-mass main-sequence (MS) binary i 1ool a
companions. The MS stars evolve until they | = 1-0.02
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J0514—4002A (8, 17), PSR J0514—4002D, and
PSR J0514—-4002E (16).

The latter MSP has a spin period (P) of 5.6 ms,
an orbital period (P,) of 7.44 days, and an
orbital eccentricity (e) of 0.71 (16). The time
required for light to cross the projected semi-
major axis of the pulsar’s orbit (x = a,sini/c,
where a,, is the semimajor axis of the pulsar
orbit, 7 is the orbital inclination, and c is the
speed of light in vacuum) is 27.8 s (I16). The
mass function (f) is thus

. w3

Flmp,me)= TSI
(mp + me)
A a®
47:251? =0.41672+0.00022 My (1)
where m, is the mass of the companion, m,, is
the mass of the pulsar, and G is the gravita-
tional constant. The unit M, is the mass of the
Sun; we used the nominal solar mass adopted
by the International Astronomical Union (I8).
All uncertainties are confidence intervals (CIs)
corresponding to 68.3% confidence level, unless
otherwise stated. Assuming the maximum pos-
sible inclination (an edge-on orbit, 7 = 90°) and
my, = 1.17 Mg —corresponding to both the low-
est NS mass measured (19) and a theoretical
lower limit (20)—the mass function alone in-
dicates m. = 1.40 M,

Radio timing observations

To determine the spin, astrometric, and orbi-
tal parameters for all the pulsars in NGC 1851,
we conducted 24 observations of this GC using
MeerKAT. The observations used either the
L-band (856 to 1712 MHz) or ultrahigh fre-
quency (UHF; 544 to 1088 MHz) receivers (10)
and were performed between January 2021
and August 2022. Data acquisition and initial
reduction were performed by using the Pulsar
Timing User Supplied Equipment (PTUSE) in-
strument (21). We analyzed the resulting times
of arrival (ToAs) of the pulsed signal to deter-
mine an initial phase-coherent timing model
for PSR J0514—-4002E (22). Using this model,
we recovered the previously undetected sig-
nals from this pulsar in six archival observa-
tions of NGC 1851 made with the 800 MHz
(795 to 845 MHz) and S-band (1.73 to 2.60 GHz)
receivers on the Robert C. Byrd Green Bank
Telescope (GBT) (23) between December 2005
and August 2006. We combined the MeerKAT
and GBT ToAs (22) and refitted the timing
parameters to determine a refined timing mod-
el. The results are listed in Table 1, and the
fitting residuals between this model and the
observed ToAs are shown in Fig. 1.

The timing model includes a precise mea-
surement of the binary’s rate of periastron
advance & = 0.03468 + 0.00003° year. We
obtained a consistent value (but slightly higher
uncertainty) when we considered the MeerKAT
data alone (fig. S2). The nonzero ® is due to

Barr et al., Science 383, 275-279 (2024)

Table 1. Timing model for PSR J0514-4002E. The model was derived from the MeerKAT and GBT
data, with the single GBT observation at S-band excluded during fitting (22). Because the proper
motion and parallax cannot be measured from the timing data, we adopted the bulk proper motion
and parallax for NGC 1851 derived from HST and Gaia observations (28). Values are reported in

barycentric dynamical time (TDB), and uncertainties are 68.3% Cl.

Dataset and model fitting quality

Observation span

MJD 53731 to 59793

Number of ToAs 476

Weighted root mean square residual 28.41 us

Reduced y? value 1.019

Degrees of freedom 458
Fixed quantities

Reference epoch MJD 59400

Proper motion in right ascension, p,,

2.128 milli-arc sec year™

Proper motion in declination, us

—0.646 milli-arc sec year!

Parallax

0.0858 milli-arc sec

Measured quantities

Right ascension, o (J2000 equinox)

05"14™06°.73709 + 0.00017

Declination, & (J2000 equinox)

—40°02'48".0556 + 0.0014

Pulse frequency, v

178.70074989725 + 0.000000000085 Hz

First derivative of pulse frequency, v

(-6.1727 + 0.0042) x 10725 Hz s*

Second derivative of pulse frequency, v

(7.3+£22) x107%° Hz 52

Dispersion measure, DM

51.93061 + 0.00057 pc cm™>

Orbital period, Py,

74478966582 + 0.0000000072 days

Projected semi-major axis of orbit, x

27.8192 + 0.0050 s

Orbital eccentricity, e

0.70793232 + 0.00000085

Epoch of periastron, Ty

MJD 59361.29117138 + 0.00000037

Longitude of periastron, wo

65.317 + 0.022°

Rate of advance of periastron, &

0.034676 + 0.000031° year!

Rate of variation of the orbital period, Py

(81456 10125 st

Einstein delay, ye

0.0111 + 0.0084 s

Orthometric amplitude of Shapiro delay, h3

0.02 + 0.91 us

Derived quantities

Total mass* M

38870 + 0.0045 M,

Pulse period, P

0.005595947418100 + 0.000000000000027 s

First derivative of pulse period, P

(1.9330 + 0.0013) x 10 s 57!

*This assumes that the observed o is due to relativistic effects (supplementary text).

relativistic effects, with other contributions
being small compared with the measurement
uncertainty (supplementary text), and its value
implies a high total system mass. We therefore
performed an additional dense observing cam-
paign (22) to search for Shapiro delay, a rela-
tivistic effect that causes light propagation
delay in the system (24). The longer time span
provided by the GBT data also enabled us to
search for the Einstein delay, another rela-
tivistic effect caused by the varying time dila-
tion experienced by the pulsar at different
orbital phases. We did not detect either the
Shapiro delay or Einstein delay in our timing
data, setting 95% confidence upper limits of
hs < 148 pus and yg < 25 ms, where h; is the
orthometric amplitude of the Shapiro delay (25)
and yg is the Einstein delay parameter. These
nondetections further constrain the companion
mass.

19 January 2024

Near-ultraviolet and optical observations

If the =1.40 M, companion of PSR J0514—
4002E were a MS star, it should be detectable
at optical wavelengths. We searched for an op-
tical source using archival Hubble Space Tele-
scope (HST) observations with the Wide Field
Camera 3 (WFC3) in the F275W and F336W
filters. This filter combination is particularly
sensitive to blue stars such as blue straggler
stars (BSSs) and WDs (26, 27). Bright BSSs are
common in GCs, formed through stellar col-
lisions or mass-transfer in a binary system; they
can in principle have masses compatible with
those predicted for the companion of PSR
J0514—4002E.

No optical source was detected at the posi-
tion of PSR J0514—4002E (Fig. 2, A and B). The
closest stellar source to the pulsar position is a
star with a color-magnitude position consist-
ent with those of BSSs (Fig. 2C), which is offset
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Fig. 2. Stars near the position of PSR J0514-4002E. (A) HST image in

the F275W filter of the 4" by 4" region surrounding the radio timing position
of PSR J0514-4002E (green cross). The blue and red circles indicate the

two stars discussed in the main text; the circle sizes are twice the astrometric
uncertainty. (B) A 0.3" by 0.3" zoom of the green box in (A). The radio
timing position is indicated with a black ellipse with size and orientation equal
to the 95% ClI on the pulsar’s position, relative to the International Celestial

by 90 milli-arc sec, which is more than six times
the astrometric precision (14 milli-arc sec).
This excludes a physical association because
the orbital separation between the pulsar and
companion calculated from our timing model,
located at the cluster distance of 11.66 kpc (28),
is <107 milli-arc sec. Assuming that the opti-
cal source is a hydrogen-burning star, we esti-
mate its mass as ~1.2 M, (22), which is lower
than the lower limit on 72, from the mass func-
tion. Another star, located 100 milli-arc secfrom
the pulsar position, is a red giant. Red giant
branch stars in old GCs such as NGC 1851 have
masses of about 0.7 to 0.8 M, (29), which is
also lower than the minimum companion mass.
We therefore conclude that the companion
of PSR J0514—4002E is not detectable in the
HST images.

Total mass of the system

The nondetection of the companion of PSR
J0514-4002E in the HST images implies that
it must be a compact object. There is no mea-
surable excess pulse dispersion around superior
conjunction, which could be produced by ion-
ized gas emanating from either a main sequence
or a giant star companion (22). We therefore
interpret the measured rate of periastron ad-
vance (®) as being of purely relativistic origin,
with negligible contributions from the spins of

Barr et al., Science 383, 275-279 (2024)

16 o

17

18

20

211

22 L

MEg275W
=
[(e]
T
3

symbol size (22).

the binary components (supplementary text).
Assuming general relativity (GR), the total mass
of the system is then (30, 31)

M=my+ me

3 - 3/2 5/2
= C_ 9 (1 — 32) }i
G |3 2n

= 3.887 £0.004 Mo (2)

This is 1.0 M, more massive than PSR J1913+
1102, the highest-mass double neutron star
(DNS) system known in the Milky Way, which
has a total mass of 2.8887 + 0.0006 M, (32). It
is also larger than the total mass of GW1904:25,
the heaviest DNS merger detected by using
gravitational waves, at >99.5% probability [(33),
their figure 5].

Nature of the companion

Combining the measured total mass and mass
function, the limiting case of an edge-on orbit
(7 = 90°) sets m, < 2.04 M, and m, = M, (Fig.
3). Smaller inclination angles (7 < 90°) would
imply a smaller m, and larger m,. This com-
panion mass is far too high for a WD; the upper
mass limit for a rigidly rotating WD is about
147 M, (34). Adopting the minimum pulsar
mass discussed above, m, = 1.17 M, we con-
strain ¢ > 42.9° and m, < 2.71 M,

19 January 2024

=0.5 0.0 0.5

v 15 2.0 2.5 3.0
MEe275w — MF336W

Reference System. (€C) Color-magnitude diagram of NGC 1851 derived from the
HST images. m is apparent magnitude, with subscripts indicating the filter
used. The black dots indicate all the cluster stars within the sampled field of
view. The blue and red circles indicate the stars marked in (A) and (B), which we
interpret as a BSS and red giant, respectively. The photometric uncertainty
for both the magnitude and color of the two marked stars is smaller than the

We did not detect additional relativistic ef-
fects that could allow the individual masses to
be determined. However, our upper limits on
the Shapiro delay and the Einstein delay pro-
vide additional constraints on the masses and
orbital inclination. To quantify these, we per-
formed Bayesian estimation of the component
masses based on the goodness of fit of the
model to the observational data (Xz) calculated
over a grid of total masses and orbital inclina-
tions (22). The variation of the orbital period is
contaminated by the acceleration of the sys-
tem within the GC. We assumed that all other
relativistic effects are as predicted by GR and
adopted my, = 117 M, as above (22). We found
Bayesian posteriors of M = 3.887 + 0.004 M,
my = 1537518 Mo, me = 2.357539M , and
i = 52"%° (all median values with 68.3% con-
fidence limits) (22). This value of M is identical
to that calculated from Eq. 2, but through a
different method. The 95% probability limits
are 7 < 62° my, < 1.79 M, and therefore, m, >
2.09 M.

The companion mass is therefore likely to
be in the mass gap for compact objects (35).
Tt is higher than the largest precisely measured
pulsar masses, m,, = 2.08 = 0.07 M, for PSR
J0740+6620 (36) and m, = 2.01 + 0.04 M, for
PSR J0348+0432 (37). It is simultaneously be-
low the observed minimum mass of BHs in
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Fig. 3. Companion mass e T ‘ ‘ = it
of PSR J0514-4002E. ol A B § |
(A) The derived companion EO o[ ' T s BESY
mass at different orbital = ol lle | =Ts5| le -
inclinations for the PSR £~ BH 1 § L3 Ig 1=
J0514-4002E system. The g 5L I s °l |« 9
solid red curve indicates g S moss*“ len —=° I g
solutions within the 95% CI, - ¥ L gadp 4| S

o~ o @ o~ I
the dotted segments indi- 2 . + OI ce | O
cate lower and higher g ~«F NS e+ 2L 8E8E|Ha g
masses that are consistent g w | T § g 1o
with the mass function but A T 8 S T2
excluded by our Bayesian r 1 1 1 1 5 5 1

model or the adopted
minimum pulsar mass myp =
117 Mg, respectively. The
gray shaded region is ruled

30

Orbital inclination angle, i (deg)

out by the mass function and the total mass (Egs. 1 and 2). Depending on the (unknown) NS equation of
state (49, 50), the light blue-shaded mass gap corresponds to either massive NSs or light BHs. (B) Inferred
companion mass of PSR J0514-4002E (red) compared with the largest observed masses of radio pulsars
(blue), low-mass components of gravitational-wave mergers (black), and the total postmerger remnant mass
of GW170817 (gray, assuming no energy and mass loss after the inspiral, so an absolute upper limit). Source
names followed by (C) or (M) indicate companion star mass and remnant mass of the merger product,
respectively. The masses, uncertainties, and references are listed in table S2.

Galactic x-ray binaries, which is about 5 M,
(38, 39).

If the companion were a massive NS, it
might also be a radio pulsar. We searched for
radio pulsations from the companion, assum-
ing the full allowed range of mass ratios, but
did not detect any (22). We therefore cannot
determine whether the companion is a mas-
sive NS or a low-mass BH.

Formation of the system

The combination of the location in a dense
GC (where stellar exchange encounters often
occur), the highly eccentric orbit, the fast spin
of the pulsar, and the large companion mass
indicates that the PSR J0514—4002E system
is the product of a secondary exchange en-
counter. We propose that an earlier low-mass
companion transferred mass to this pulsar,
increasing the pulsar spin rate, before being
replaced by the present high-mass compan-
ion in an exchange encounter. However, a more
complicated evolution with multiple exchange
encounters is also possible. We therefore can-
not infer the nature of the companion from
binary evolution models.

If the mass of the primary in PSR J0514—
4002E is in the range of 1.25 to 1.55 M, which
spans the four measurements of pulsar masses
in GCs (9, 11, 17, 40), then the corresponding
value of m, (2.34 to 2.63 M) overlaps with the
range of masses of remnants from mergers of
DNSs, such as the merger product of GW170817
(Fig. 3). We suggest that the companion could
potentially have formed in such a merger event,
before becoming part of the current PSR J0514—
4002E system, regardless of whether it is an
NS or BH. Although the probability of DNS
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mergers is low in GCs that have not undergone
core collapse (41), NGC 1851 has a dense core
(supplementary text) that makes a DNS merger
in the progenitor of the PSR J0514—4002E sys-
tem more probable. A DNS has been observed
in a GC (PSR B2127+11C, in M15) with a cal-
culated merger time of 217 million years (I1),
implying that merger remnants are likely to
be present in GCs.

Our derived companion mass overlaps with
the mass estimates derived from gravitational
waves for the lighter components of the BH+
BH or BH+NS merger candidates GW190814:
(42), GW190917, and GW200210 (43). The lighter
component of GW190814 has previously been
interpreted as the product of an earlier merger
(44) that later acquired a more massive BH com-
panion through exchange encounters in GCs
(and then merged in the GW190814: event).

If the companion of PSR J0514—4002E is a
light BH formed in such a merger, it would
acquire a spin parameter . of 0.6 to 0.875 during
the merger (45), where ¥, is the dimensionless
BH spin angular momentum. An NS rotating
at the maximum theoretical rate would have a
similar x. immediately after merger (46), al-
though we expect that this would decrease
rapidly after formation because of electromag-
netic torque. Assuming a magnetic field of
10° G, the spin parameter would become <0.3
(corresponding to the fastest known MSPs)
after ~30 million years, so we regard a fast-
spinning NS companion as unlikely.

A BH companion with 0.6 < . < 0.875 would
induce relativistic spin-orbit coupling, causing
the orbital plane of the binary to precess around
the total angular momentum vector, an effect
known as Lense-Thirring precession. We cal-
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culated that Lense-Thirring precession would
cause a variation of the projected semimajor
axis of the pulsar’s orbit (&) of <1.7 x 10712
(supplementary text). This is slightly smaller
than the effect size that would be detectable in
our data; our 1o uncertainty on the measured
& is 2.0 x 107, We therefore cannot differ-
entiate between a NS and a BH companion.
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ELECTROPHOTOCATALYSIS

Electrophotocatalytic perfluoroalkylation by LMCT
excitation of Ag(ll) perfluoroalkyl carboxylates

Brandon M. Campbell', Jesse B. Gordon’, Elaine Reichert Raguram’, Miguel I. Gonzalez,
Kristopher G. Reynolds®, Matthew Nava'?, Daniel G. Nocera'*

Molecular Ag(ll) complexes are superoxidizing photoredox catalysts capable of generating radicals
from redox-reticent substrates. In this work, we exploited the electrophilicity of Ag(ll) centers in
[Ag(bpy)2(TFA)][OTf] and Ag(bpy)(TFA), (bpy, 2,2'-bipyridine; OTf, CF3S03~) complexes to activate
trifluoroacetate (TFA) by visible light-induced homolysis. The resulting trifluoromethyl radicals may
react with a variety of arenes to forge C(sp?)-CF5 bonds. This methodology is general and extends to
other perfluoroalkyl carboxylates of higher chain length (ReCO,™; R¢, CF,CF3 or CF,CF,CF3). The
photoredox reaction may be rendered electrophotocatalytic by regenerating the Ag(ll) complexes
electrochemically during irradiation. Electrophotocatalytic perfluoroalkylation of arenes at turnover
numbers exceeding 20 was accomplished by photoexciting the Ag(ll)-TFA ligand-to-metal charge
transfer (LMCT) state, followed by electrochemical reoxidation of the Ag(l) photoproduct back to the

Ag(ll) photoreactant.

hotoredox methodologies have emerged

as indispensable tools in organic syn-

thesis, using photons as a clean and

selective source of energy to drive chal-

lenging chemical reactions under relative-
ly mild conditions (7). Of the various photoredox
strategies, ligand-to-metal charge transfer (LMCT)
processes have been exploited for the genera-
tion of reactive intermediates from inert sub-
strates (2, 3). As LMCT processes involve the
transfer of electron density to the metal center,
typically only electrophilic metals in higher-
valent oxidation states engage in LMCT photo-
chemistry. A variety of complexed metal ions,
including Cu(Il) (4, 5), Co(III) (6, 7), Fe(III)
(8, 9), Ni(III) (10-12), V(V) (13), and Ce(IV)
(14—16) centers, photochemically generate open-
shell intermediates upon LMCT excitation (Fig.
1), including chlorine, azidyl, alkoxy, acyl, and
alkyl radicals generated from the homolysis
of M-Cl (8, 11, 12, 16), -N5 (5, 9), -OR (15), -C(O)R
(7), and -R (R, alkyl group) (6) bonds. In ad-
dition, photolysis of M-O,CR bonds is known
to induce decarboxylation of the generated
carboxyl radical, which can provide a source of
alkyl or aryl radicals (4, 14, 17, 18). Noticeably
absent from the palette of electrophilic metals
is Ag(II). Although Ag(I) is a strong oxidant
[E° = 0.799 V versus normal hydrogen elec-
trode (NHE)], Ag(II) with its d° electronic con-
figuration wields even greater oxidative power
(E° =1.980 V versus NHE) (19) by virtue of the
hole in its 4d subshell (20). As schematically
shown in Fig. 1, we envisioned that filling this
hole by visible light excitation of a LMCT tran-
sition would position the underused Ag(II)
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metal center as a potent photooxidant for the
activation of challenging substrates.

We targeted trifluoroacetate (TFA) because
it is an ideal source of the pharmaceutically
relevant trifluoromethyl group (21), which
imparts dramatically enhanced pharmaco-
Kinetic properties to drug molecules (22). As
compared with common CF; sources, such as
the Ruppert-Prakash or Umemoto reagents
(23), TFA is an ideal CF; source owing to its low
cost and high annual production (24). How-
ever, the demanding oxidation potential of
TFA [>2.2 V versus saturated calomel electrode
(SCE) (25)] necessitates forcing conditions for
the liberation of its CF5; group. Thus, pre-
vious methods for the decarboxylation of
TFA have required either high-energy ultra-
violet (UV) irradiation (TiO, catalyst, Aeye <
365 nm) (26, 27), high temperatures [7" > 120°C
with Ag salts (28) or T > 140°C with Cu salts
(29)], or harsh chemical oxidants such as
XeF, (30). Other strategies rely on the pre-
activation of TFA or trifluoroacetic anhydride

with exogenous reactants, such as pyri (Lf;%:z
N-oxides (31), sulfoxides (32), or hyperva....c
iodine reagents (33), to effectively lower the
redox potential of TFA within range of tradi-
tional photocatalysts. Although functionalization
of alkyl carboxylates with N-hydroxyphthalimide
to form N-acyloxyphthalimides allows for the
reductive fragmentation of the N-O bond un-
der mild conditions to liberate CO, and an
alkyl radical, when TFA is employed, the strong
electron-withdrawing CF; group biases the
reductive fragmentation toward the generation
of an N-centered radical and the TFA anion
leading to amination rather than the desired
trifluoromethylation (34). Direct Kolbe-type
electrolysis of TFA requires large operating cell
potentials and the use of oxidatively resistant
substrates; even with unactivated arenes such
as benzene, competitive electrochemical oxida-
tion of the arene leads to trifluoroacetoxylation
side products (PhO,CCF3) in addition to the -
desired trifluoromethylated aromatics (PhCF;)
(