Microhabitats save mammals, but not Gut microbiota modulate ~+ - Physically distanced
birds, from warming pp.553&633 immunotherapy pp. 573, 595, & 602 quantum gates pp. 576 & 614
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EDITORIAL

A genome to celebrate

his week, Science celebrates the impending 20th
anniversary of the publication of the draft hu-
man genome sequence—a landmark achieve-
ment by any measure. The American Associa-
tion for the Advancement of Science (AAAS, the
publisher of Science) also looks forward to next
week’s annual meeting, whose theme is “Under-
standing Dynamic Ecosystems.” At first glance, these
two events may seem unrelated. But the successful
completion of the human genome sequence ushered
in biology’s era of “big science” and created a research
ecosystem for tackling complex, technology-driven, and
data-intensive multidisciplinary projects that continue
to improve our understanding of cancer, the microbi-
ome, the brain, and other areas of biology.

The Human Genome Project (HGP) was an interna-
tionally supported public project (Celera Genomics was
the private effort that simultaneously sequenced the hu-
man genome). When the endeavor
was launched in 1990, collaboration
among a diverse group of scientists
was essential because the sequenc-
ing was distributed across a num-
ber of international research sites.
High-throughput technologies for
DNA sequencing were critical to the
project’s success, and the participa-
tion of biotech companies in the
effort was instrumental in driving
down the cost, speed, and through-
put of generating DNA sequence.
The ever-increasing amount of se-
quence data drove the development
of mathematical and computational tools for assembling
and annotating the data. Neither the laboratory scientists
nor the computational scientists could have done this
alone, and the convergence of these disciplines has been
one of the most important legacies of the early genome ef-
forts. There was also a commitment to train the next gen-
eration of genome scientists, and over the past 20 years,
many colleges and universities have established new un-
dergraduate and graduate programs in quantitative and
systems biology. Life sciences students today graduate
with a very different set of skills than they did in 2000.

The topic of ongoing data availability was addressed
throughout the sequencing endeavor. The Bermuda
accord in 1996 and the Fort Lauderdale agreement in
2003 were crafted with the idea that these types of large,
data-intensive projects should be community resources
and the data generated should be freely available to all.
This notion ran counter to the tradition that scientific

“...the human
genome sequence

ushered in
hiology’s era of

‘hig science...

data were made available at the time of peer-reviewed
publication, and the idea was initially met with some
skepticism. Today, through U.S. National Center for Bio-
technology Information and affiliated databases, users
can query genome, epigenome, transcriptome, metage-
nome, and metatranscriptome datasets from thousands
of species. Despite concerns that the HGP would divert
scarce resources away from individual investigators,
and a view that the work was monotonous and repeti-
tive, the availability of genome sequences from hun-
dreds of thousands of microbes, plants, and animals
has transformed the biological sciences. These public
resources provide a robust foundation for biomedical
research and discovery, and scientists with internet ac-
cess can participate in genome analysis work without
having to generate sequence data themselves. Indeed,
the more these large datasets are interrogated by inves-
tigators with diverse perspectives, the greater the num-
ber of insights that will emerge.

At its inception, efforts to se-
quence the human genome effort
raised questions about the potential
ethical, legal, and social issues that
would arise as we deciphered our
own genetic blueprint. These con-
cerns ranged from privacy, discrim-
ination, and ownership of data to
the concept of “self” Passage of the
Genetic Information Nondiscrimi-
nation Act (GINA) by the U.S. Con-
gress in 2008 ensured that genetic
information would not be used in
health insurance and employment
decisions. Senator Edward Kennedy called GINA “the
first major new civil rights bill of the new century”

The completion of the draft sequence laid the founda-
tion for a new precision medicine paradigm that aims
to use a person’s unique genetic profile to guide deci-
sions about the treatment and prevention of disease. We
have already seen some signs that precision medicine is
possible, and although off to a slow start, the promise of
this approach may ultimately be realized.

Given the pace at which breakthroughs based on the
human genome sequence are happening, when we next
commemorate the publication of the draft human ge-
nome sequence, be it at 25, 30, or 50 years, we may look
back again, realize that this accomplishment was a wa-
tershed for the biological sciences, and marvel at how
far we have come in such a short period of time.

~Claire M. Fraser
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Endowed Professor
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k& | don't want to call somebody on the phone and say,

You know ... | wrote the textbook on vaccines. 99

Stanley Plotkin, 88, who pioneered the widely used rubella vaccine, in The Washington Post,
about the many tries it took for him to obtain a COVID-19 vaccine.

IN BRIEF

Edited by Jeffrey Brainard
EYE ON BIDEN

Order calls for science integrity review

ederal government policies designed to protect scientists

from political interference will get a sweeping review under

a 27 January order from President Joe Biden. In an implicit

swipe at former President Donald Trump’s administration, the

memo asks U.S. agencies to document instances in which “im-

proper political interference” led to the suppression or distor-
tion of data. It also asks them to review dozens of technical advisory
panels and determine whether to revive ones Killed or overhauled
by Trump. Gretchen Goldman of the Union of Concerned Scientists
says the review offers “a huge chance to assess and learn from what
went wrong under Trump.” Some science policy specialists say
Congress should pass new laws to prevent interference.

Travel ban reversal raises hope

IMMIGRATION | Researchers last

week praised President Joe Biden’s
Inauguration Day decision to revoke
former President Donald Trump’s so-
called Muslim ban. Imposed in 2017,
the policy barred citizens of Iran, Syria,
and several other Muslim-majority
nations from entering the United
States, leaving thousands of students
and scientists in limbo at home. Biden’s
move could help others already in the
United States on single-entry visas who
did not dare to leave the country out
of fear they could not return. Despite
the change, the COVID-19 pandemic
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and U.S. sanctions on Iran, the most
advanced scientifically of the countries
blacklisted, will likely continue to
limit travel. Still, Sara Mashhadi Nejad
(below), an aspiring environmental
engineer in Iran, hopes Biden’s action
will help her accomplish her goal

of pursuing doctoral studies at the
University of Toledo, which accepted
her in 2019. The travel ban forced

her to wait and reapply for a visa and
admission to the university. “I will
persevere,” she said.

Harris recalls NIH memories

LEADERSHIP | As U.S. Vice President
Kamala Harris last week received the
Moderna COVID-19 vaccine at the
National Institutes of Health (NTH),

she called it a “full circle” moment. Her
late mother, breast cancer researcher
Shyamala Gopalan, served on NIH
peer-review panels, and, Harris recalled,
“My first job was cleaning pipettes in
my mother’s lab,” CNN reported. Harris,
who had received her first vaccine dose
in December 2020, told NIH employees
that everyone should “take the vaccine
when it is your turn.”

Court axes Trump’s EPA data rule

poLicy | Ending a long battle, a U.S.
federal judge on 1 February killed a
controversial regulation that would have
limited the kinds of scientific evidence the
Environmental Protection Agency (EPA)
could use in rulemaking. Environmental
groups had challenged the rule in a law-
suit, later backed by President Joe Biden’s
administration, and Judge Brian Morris of
the U.S. District Court of Montana sided
with their argument that former President
Donald Trump’s administration violated
proper procedures in finalizing the rule
on 5 January. EPA spent much of Trump’s
term crafting the rule, which originated in
an effort by Republicans in Congress to pre-
vent EPA from using confidential patient
data from large health studies to justify
stiffer air pollution regulations. The

rule was “a flagrantly unlawful attempt

to restrict EPA from using important
scientific studies,” said attorney Benjamin
Levitan of the Environmental Defense
Fund. “We're glad the court ... put a

stop to it.”

Doomsday Clock stays dire

GLOBAL SECURITY | The Bulletin of the
Atomic Scientists last week kept its iconic
Doomsday Clock unchanged from 2020,
set at 100 seconds from a catastrophic
“midnight” that symbolizes society’s self-
destruction from military conflict and
global warming. The past year saw little
progress on those fronts, said the group of
scientists, which monitors global tensions.
But it cited some cause for hope, such

as the election of a U.S. president who
acknowledges the human contribution to
climate change and the United States and
Russia’s intentions to extend for 5 years
their New Strategic Arms Reduction
Treaty, set to expire on 5 February. Rachel
Bronson, president of the Bulletin, said the
COVID-19 pandemic, though lethal and
global, doesn’t have the power to obliterate
humanity. But she said it was “a wake-up
call,” showing that national governments
and international organizations remain
unprepared to handle the even greater
threats posed by nuclear war, climate
change, and other new diseases.
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ECOLOGY

Lizards help
suppress Lyme
disease in

U.S. southeast

kinks and a warm climate help protect
people from Lyme disease in the southeast-
ern United States, a study has found.
Scientists have long known the disease—which
is caused by bacteria borne by black-legged
ticks (Ixodes scapularis) and can cause serious illness
in humans bitten by them—is more common in the north, even
though the ticks are found throughout the U.S. East Coast.
Aresearch team studied eight sites in the north and south and
found factors that help explain the regional difference in human
infections. In the north, the ticks prefer mammals; but in the

south, they prefer glomming onto skinks (above, with attached
ticks) and other lizards. These animals tend to transmit

the Lyme disease bacteria poorly, infecting fewer ticks. What's
more, the south’s warmer temperatures tend to drive ticks
under leaves on the ground to avoid dehydration, where
they are less likely to bite passing humans. In PLOS
Biology last week, the team speculated that a
warming climate may lessen the incidence o
of Lyme disease in mid-Atlantic states, __.:""
as southern lizards move north

and ticks take cover. 5

U.S. cities underreport emissions

CLIMATE CHANGE | Cities in the United
States are underestimating their greenhouse
gas emissions by an average of more than
18%, a study has found. U.S. and French
scientists compared estimates by 48 cities
with an independent model. In all but 11
cases, the cities’ projections were lower.
Undercounts resulted because, for example,
some cities estimated local car emissions
primarily by checking local gasoline sales but
did not monitor all traffic, according to the
study, published in Nature Communications
on 2 February. Cities with the biggest under-
estimates included Dallas and Los Angeles.
The authors said the inaccuracies make it
difficult to mitigate emissions, but research-
ers are building better accounting systems.
If all U.S. cities undercount by as much, they
are missing emissions totaling more than
all those released annually in California, the
study estimates.

Pandemic slams essential workers

covip-19 | Workers in food, agriculture,
transportation, and other essential sectors
have suffered some of the highest increases

SCIENCE sciencemag.org

in mortality during the COVID-19 pandemic,
according to an analysis of California
death records. Many of the jobs with large
increases cannot be done while sheltering at
home. The study, described in a 22 January
preprint on the medRxiv server, examined
records from March to October 2020 to
calculate “excess mortality” over the same

Increase in observed versus expected
deaths for selected occupations
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months in 2018 and 2019. Yea-Hung Chen at
the University of California, San Francisco,
and colleagues noted that disproportion-
ately high numbers of Black and Latino
people and individuals with low educational
attainment work in high-risk jobs; this
could help explain the above-average excess
mortality observed among those groups

as a whole, they said. The authors suggest
prioritizing the hardest hit occupations for
vaccination and providing essential workers
who cannot stay home with free protective
gear, easily accessible testing, and generous
sick leave policies.

Football’s risky practices

BIOMEDICINE | Almost three-quarters

of concussions sustained by U.S. college
football players occur during practice,

a 1 February study in JAMA Neurology
reports. Described as the largest of its kind,
it evaluated 658 players in the National
Collegiate Athletic Association from 2015
to 2019. The authors call for rules that
reduce the number of practice sessions
during which collisions are allowed;

the National Football League and many
high schools have already adopted them.
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COVID-19

Two new vaccines deliver good
and bad news for the pandemic

Novavax and J&J data underscore challenge of viral variants

By Jon Cohen

ast week’s efficacy results from two
new COVID-19 vaccines bolstered con-
fidence that more of the world will
soon be protected from the worst of the
pandemic disease, but simultaneously
challenged the hopes that this first gen-
eration of vaccines will offer a sturdy shield
against mild and moderate symptoms.

The COVID-19 vaccines made by Novavax
and Johnson & Johnson (J&J) joined six oth-
ers in showing extremely good protection
against severe disease and death caused by
SARS-CoV-2. But the multicountry trials con-
ducted by each company found that in some
places, the efficacy of their vaccines against
mild disease fell far below the 90% to 95%
range reported for other vaccines. The low-
est efficacy against mild disease—49% and
57%, respectively, for Novavax and J&J—was
in South Africa, where almost every case of
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symptomatic COVID-19 is caused by a mu-
tant of SARS-CoV-2 that can dodge antibodies
triggered by natural infection or vaccine-
induced immunity.

“The euphoria over the vaccines has
certainly been tempered by the recent
data on the new variants,” says Soumya
Swaminathan, chief scientist for the World
Health Organization. But she and others
stress that the hope for perfection should not
be the enemy of the good. Both of the new
vaccines promise to prevent hospitalizations
and deaths to the same degree as competi-
tors, even against two of the most concerning
viral variants.

In addition to increasing the world’s pal-
try supply of COVID-19 vaccines, the new
options might also speed mass immuniza-
tion campaigns because of a key logistical

Science’s COVID-19 reporting is supported by the
Heising-Simons Foundation.

Avolunteer in Soweto receives Novavax's COVID-19
vaccine in a South African trial that showed
how a mutant virus reduces vaccine efficacy.

advantage: Unlike the two messenger RNA
(mRNA) vaccines authorized for use in the
United States, which require subzero condi-
tions during transport, they can be stored at
2°C to 8°C—refrigerator temperature. The
J&J product offers another major plus: It is
the first COVID-19 vaccine shown to work
with one dose rather than two.

Company representatives and collaborat-
ing researchers revealed the new results
within 16 hours of each other, in virtual press
conferences and press releases that were of-
ten thin on data. First came Novavax, a small
biotech firm once considered a dark horse in
the COVID-19 vaccine race. In the mRNA vac-
cines that crossed the finish line first, a snip-
pet of genetic code directs the recipient’s cells
to produce the SARS-CoV-2 surface protein,
spike. In contrast, the Novavax candidate fol-
lowed a more established strategy, mixing
a labmade version of the viral protein with
an immune-boosting adjuvant. A trial in the
United Kingdom in more than 15,000 peo-
ple found the vaccine was 89.3% efficacious
against mild disease.

“These are spectacular results,” says Clive
Dix, chair of the U.K. Vaccine Taskforce. The
vaccine also worked well against a highly
transmissible SARS-CoV-2 variant, B.1.17,
which accounted for more than half of the
trial’s COVID-19 cases. But interim results
from a trial in South Africa were sobering.
Among the 4400 participants, the efficacy of
Novavax’s vaccine plummeted to 49.4%—the
first clinical evidence that a variant identified
in South Africa can indeed sidestep vaccine-
induced immunity to an extent, as lab evi-
dence had suggested.

The South African trial also revealed that
the variant readily evades natural immunity.
Of the people in the placebo group who devel-
oped COVID-19, 30% had recovered from an
earlier infection—a “really concerning” fig-
ure, says Shabir Madhi, dean of the medical
school at the University of the Witwatersrand
and the study’s lead investigator. “We would
have expected a large percentage of the popu-
lation to have developed immunity from that
first exposure.”

Still, the trial results put to rest fears that
South Africa’s widespread variant might
completely thwart the vaccine. “While there
definitely is an impact, it’s perhaps not as
bad as we all thought it might be,” says Lynn
Morris, a virologist at the University of the
Witwatersrand. And no one who was vac-
cinated died or was hospitalized, although
there were only two cases of severe disease
in the small trial’s placebo group. Novavax
says it is now developing “bivalent” vaccines

sciencemag.org SCIENCE

PHOTO: JOAO SILVA/THE NEW YORK TIMES/REDUX



CREDITS: (GRAPHIC) V. ALTOUNIAN/SCIENCE; (DATA) STATENS SERUM INSTITUTE

containing both the original spike and spikes
altered to mimic variants of concern.

J&J reported similar bottom lines from
a far larger study of its vaccine, made by
its Janssen Pharmaceuticals division. The
candidate, which like several two-dose
COVID-19 vaccines uses a harmless adeno-
virus to deliver the gene for spike, was tested in
44,000 people in the United States, Latin
America, and South Africa. The single-
dose vaccine had an overall efficacy of
66% against symptomatic disease, rising
to 85% against severe symptoms, regard-
less of a person’s age or underlying medical
conditions, the firm said.

The vaccine’s efficacy against mild disease
was 72% in the United States and 66% in
Latin America, dropping to 57% in South Af-
rica. But no one who received it anywhere re-
quired hospitalization for COVID-19 or died.
“This represents a dream vaccine for a doc-
tor,” says Glenda Gray, a co-chair of the J&J
study and head of the South African Medical
Research Council. In South Africa, COVID-19
now is the No. 1 cause of death, eclipsing
HIV/AIDS and tuberculosis.

J&J plans to file for emergency use autho-
rization from the U.S. Food and Drug Ad-
ministration (FDA) this week and projects it
can produce 1 billion doses this year at about
$10 per dose—one-sixth or less of the price
of two doses of the mRNA vaccines. Novavax
is discussing with FDA whether to wait for
a readout from a larger efficacy trial under-
way in the United States, but says it can make
150 million doses per month as soon as May.
It has not announced a price.

Gray and other researchers say the mRNA
vaccines’ spectacular efficacy against any
COVID-19 symptoms may have become a
misleading benchmark for a successful vac-
cine given SARS-CoV-2’s evolution. Faced
with mutant strains like the one in South
Africa, those vaccines might not do much
better than Novavax’s and J&J’s products
did, they suspect. To many, solidly prevent-
ing severe disease, regardless of strain, is a
significant win. “Do you want a vaccine that
prevents coughs or do you want a vaccine
that prevents death?” asks Lawrence Corey
of the University of Washington, Seattle, who
co-leads a trials network testing the J&J, No-
vavax, and other vaccines bankrolled by the
U.S. government’s Operation Warp Speed.

And as the emerging variants show, de-
livering COVID-19 vaccines into more arms
is urgent, and the more options, the better.
“What I take away from this week,” says
Nahid Bhadelia, an infectious disease physi-
cian at Boston Medical Center, “is that we
have two more tools in our toolbox at a very
precarious time.”

With reporting by Meredith Wadman.
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Danish scientists see tough
times ahead as variant rises

Some say the country should reopen—even if it causes
cases to surge—once vulnerable populations are vaccinated

By Kai Kupferschmidt

n its face, the curve of COVID-19 in-

fections in Denmark looks reassur-

ing enough. A nationwide lockdown

has led numbers to plummet from

more than 3000 daily cases in mid-

December 2020 to just a few hun-
dred now. But don’t be fooled. “Sure, the
numbers look nice,” says Camilla Holten
Mpller of the Statens Serum Institute, who
heads a group of experts modeling the epi-
demic. “But if we look at our models, this is
the calm before the storm.”

That’s because the graph really reflects
two epidemics: one, shrinking fast, that’s
caused by older variants of SARS-CoV-2,
and a smaller, slowly growing outbreak of
B.1.1.7, the variant first recognized in Eng-
land and now driving a big third wave of
the pandemic there. If B.1.1.7 keeps spread-
ing at the same pace in Denmark, it will
become the dominant variant later this
month and cause the overall number of cases
to rise again, despite the lockdown, Holten

A new virus gathers steam
Previous SARS-CoV-2 variants are rapidly declining
in Denmark (top), but B.1.1.7 is on the rise (bottom).
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Moller says. “It is a complete game changer.”

The same is likely happening in many
countries without being noticed. But a mas-
sive virus-sequencing effort has allowed
Denmark, a country of 5.8 million, to track
the rise of the new COVID-19 variant more
closely than any other country. “All eyes
are on Denmark right now,” says Kristian
Andersen, an infectious diseases re-
searcher at Scripps Research who is ad-
vising the Danish government. “When it
comes to B.1.1.7, is there a way in which ...
we can prevent the kind of calamity that
we have seen in the UK. and Ireland, for
example?” he asks.

The data aren’t reassuring. Danish sci-
entists’ best guess is that B.1.1.7 spreads
1.55 times faster than previous variants,
Holten Mgller says. To keep it from spiral-
ing out of control, the country will have
to remain in lockdown—or even add new
control measures—until a large part of
the population has been vaccinated. That
prospect is so unappealing that some
epidemiologists say Denmark should con-
sider an alternative: Reopen once the most
vulnerable people are vaccinated, even if
that means a big new surge in cases.

Denmark reported B.1.1.7 within its
borders in December 2020, soon after the
United Kingdom put the world on notice,
and has since stepped up an already im-
pressive virus-sequencing operation. Mads
Albertsen, a bacterial genome researcher
at Aalborg University, leads a team that
has sequenced virus genomes from more
than half of all COVID-19 patients so far
this year and hopes to reach 70% soon.

It was clear by early January that B.1.1.7
was roughly doubling in frequency every
week, says Lone Simonsen, an epidemio-
logist at Roskilde University. At that point,
Denmark had already closed schools and
restaurants; to combat the new threat, the
lockdown was tightened by cutting the
number of people allowed to gather from
10 to five, for example, and doubling the rec-
ommended distance between people from
1 to 2 meters. That helped bring the overall
reproductive number (R) to a healthy 0.78,
according to the most recent estimate. But
B.1.1.7 still has an estimated R of 1.07; in
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other words, it’s growing exponentially.

The country could take further steps such
as requiring people to work from home
when possible and improving contact trac-
ing, which becomes easier as the numbers
dwindle. Rolling out rapid tests could also
help, and more can be done to encourage pa-
tients to isolate, says Michael Bang Petersen,
a political scientist at Aarhus University; cur-
rently, half of those who receive a positive
test do not self-isolate.

By doing more, Denmark can still rid it-
self of B.1.1.7 and avert a third wave, says
Andersen, who points out that case num-
bers are falling in the United Kingdom,
where B.1.1.7 now dominates: “It can be
done, but it requires a tremendous amount
of effort.” (He says Denmark should attempt
to end its epidemic altogether, New Zealand

be hard to sustain as time goes on, he says.
“There’s a huge pressure on the government
to reopen the country,” adds Thea Kglsen
Fischer, a virologist at the University of Co-
penhagen. In a small first step, the govern-
ment is reopening schools for children in
first to fourth grade on 8 February.
Simonsen says the cost of extending
the lockdown for many more months may
prove too high. Instead, Denmark should
consider opening as soon as people over
age 50 and other vulnerable groups have
been vaccinated—an effort that is under-
way. Reopening might trigger a sharp in-
crease of cases among the unvaccinated,
but few would presumably die. At that
point, society could start to think of SARS-
CoV-2 more like influenza, which also oc-
casionally Kkills healthy young people, she

A shopping street in Copenhagen, Denmark, during the lockdown in January. Keeping the B.1.1.7 variant of COVID-19
at bay may require additional control measures, scientists say.

style, through aggressive measures and bor-
der closures.)

Others are not convinced the tide can
be turned. The drop in the United King-
dom may partly be due to the fact that so
many have been infected already and are no
longer susceptible, says Viggo Andreasen,
a modeler at Roskilde. At best, Denmark
could push R for the variant just below 1,
he says, leading to a very slow decline—
although better weather by April could help.

So far, the public has accepted the govern-
ment’s message that the lockdown needs to
remain in place despite the declining cases,
says Petersen, who coordinates a project to
study how the government and the pub-
lic are reacting to the pandemic: “What
has been amazing during January is that
the numbers have substantially dropped,
but at the same time, people have reduced
their contacts even further” But that will
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says: “We don’t close down birthday par-
ties for this.”

Andreasen disagrees. Accepting a new
surge might have been a good strategy be-
fore other countries saw variants emerge
that appear to partially evade human im-
munity. More infections raise the risk of
further viral evolution, he says. “It’s a nasty
mix to have a population where half of the
population harbors the virus, and the other
half is like a big experimental vessel for the
virus to learn how to escape immunity.”

Letting the virus go would have an-
other downside, says Devi Sridhar, a global
health scientist at the University of Edin-
burgh: More people with mild infections
might develop long-lasting health prob-
lems. “Given what we know about long
COVID and the associated morbidity we
might see,” Sridhar says, “I just think the
risks are high with that.”

ASTRONOMY

Speedy robots
gather spectra
for sky surveys

Telescopes retrofitted
with hundreds of optical
fibers dissect the light
of stars and galaxies

By Daniel Clery

t was one of the stranger and more

monotonous jobs in astronomy: plug-

ging optical fibers into hundreds of

holes in aluminum plates. Every day,

technicians with the Sloan Digital Sky

Survey (SDSS) prepped up to 10 plates
that would be placed that night at the fo-
cus of the survey’s telescopes in Chile and
New Mexico. The holes matched the exact
positions of stars, galaxies, or other bright
objects in the telescopes’ view. Light from
each object fell directly on a fiber and was
whisked off to a spectrograph, which split
the light into its component wavelengths,
revealing key details such as what the ob-
ject is made of and how it is moving.

Now, after 20 years, the SDSS is going ro-
botic. For the project’s upcoming fifth set of
surveys, known as the SDSS-V, plug plates
are being replaced by 500 tiny robot arms,
each holding fiber tips that patrol a small
area of the telescope’s focal plane. They can
be reconfigured for a new sky map in 2 min-
utes. Other sky surveys are also adopting the
speedy robots. They will not only save valu-
able observation time, but also allow the sur-
veys to keep up with Europe’s Gaia satellite,
the upcoming Vera C. Rubin Observatory in
Chile, and other efforts that produce huge
catalogs of objects needing spectroscopic
study. “It’s driven by the science of enormous
imaging surveys,” says astronomer Richard
Ellis of University College London.

COVID-19 has delayed the SDSS’s robotic
makeover. The survey’s northern telescope
at Apache Point Observatory in New Mexico
began to take SDSS-V data in October 2020
using plug plates. It aims to switch over to
the robots by mid-2021. The southern scope
at Las Campanas Observatory in Chile will
follow later in the year. “It’s bananas,” says
SDSS-V Director Juna Kollmeier of the
Carnegie Observatories, “but were seeing
the end of the tunnel.”
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The robots mark a new chapter for the
SDSS. For 10 years much of its time went to
the study of dark energy, the mysterious force
that is accelerating the universe’s expansion.
The SDSS prised apart the light of millions
of galaxies to determine their distance, via a
redshift—a Doppler shift in their light due to
the expansion of the universe, like the wail
of a receding siren. Results from the galaxy
survey, released in July 2020, traced the uni-
verse’s expansion back through 80% of its
history with 1% precision, confirming the
effects of dark energy, perhaps the biggest
mystery in cosmology. Cracking it will re-
quire looking further back in time to fainter
galaxies, which is beyond the capabilities of
the survey’s 2.5-meter telescopes.

Instead, the scopes will carry out three
new surveys. Milky Way Mapper will gather
spectra from 6 million stars, probing

how fast they fling this material around—
and thus how heavy they are. Shifts in the
spectra could trace how they gobble up and
spit out streams of this gas. By tracking the
gases over time, Kollmeier says, astronomers
may learn how the black holes grow, seem-
ingly in concert with their galaxies.

The third survey, Local Volume Mapper,
will bunch fibers together like a multi-
pixel detector to get spectra from clouds
of interstellar gas within nearby galaxies.
“We’re mapping a whole galaxy in exqui-
site detail at one time,” Kollmeier says. By
determining the motions and composition
of the gas clouds, the SDSS team hopes to
identify why some collapse into stars and
others don’t.

Meanwhile, the dark energy quest
pioneered by the SDSS will move to the

Hundreds of fibers, arranged by hand, capture light at
the Sloan Digital Sky Survey’s New Mexico telescope.

Dark Energy Spectroscopic Instrument,
a 5000-fiber robotic spectrograph on a
4-meter telescope in Arizona. It will soon
begin to track the distances to tens of mil-
lions of galaxies in the remote universe
(Sctence, 13 September 2019, p. 1066).

In the coming months, the William
Herschel Telescope, a 4.2-meter telescope
in the Canary Islands, will join the robot
revolution by sending light to a 1000-fiber
spectrograph called the WHT Enhanced
Area Velocity Explorer (WEAVE). Instead
of using robots to hold fibers in place,
WEAVE has two of them working offline,
picking and placing magnetic fiber ends
onto a metal plate—automating what the
SDSS’s plate pluggers did. One of WEAVE’s
goals is to gather Doppler shifts from the
billion stars Gaia has mapped, nailing
down their full 3D motions. Then, “We can
run the clock backwards and see where
they came from,” says project scientist Scott
Trager of the University of Groningen. It’s
another way to do galactic archeology.

Next year, the European Southern Ob-
servatory’s (ESO’) 4-metre Multi-Object
Spectroscopic Telescope in Chile will be fit-
ted with yet another robotic technology. Its
2400 fibers will be fed through controllable
“spines” that stick up into the telescope’s
focal plane and can be made to move, like
wheat stalks in a breeze. Like WEAVE, it
will follow up on sources identified by Euro-
pean spacecraft, including Gaia and Euclid,
an upcoming dark energy mission.

It and other fiber spectrographs will
also help with studies of fast-moving cos-
mic events such as supernovae or the vio-
lent collisions that produce gravitational
waves. The Rubin Observatory will spot
many of them. From 2023, it’s expected to
detect 10 million fast-changing objects ev-
ery night. For the thousands that demand

scrutiny, “spectra are really critical for

Robot revolution
To speed up the ability to split light from thousands of stars at
once, sky surveys are turning to robot-controlled optical fibers.

understanding what a source is,” says
Eric Bellm of the University of Washing-
ton, Seattle, who is the science lead for
Rubin’s alert stream.

their composition to find out how long
they’ve been burning and forging heavy
elements. “Stars are all clocks,” Kollmeier
explains. With age estimates, astrono-

mers can work out when parts of the

Even some of the world’s largest
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& position can also reveal whether a group | amosT China 49meters 4000 2008 robotic spectrographs. Japan’s Subaru
< of stars originated in another galaxy or ) and ESO’s Very Large Telescope are both
% star cluster that has been subsumed into DESI Arizona 4meters 5000 2019 developing systems that will vacuum up
; ours—an unwinding of Milky Way his-  SDSS-V New Mexico 2.5meters 800 2021 spectra from faint, distant objects. Ellis
©  tory called galactic archaeology. and Chile says a fiber spectrograph combined with
g In a second survey, Black Hole Mapper,  WEAVE Spain 42 meters 1000 2021 Subaru’s 8.2-meter mirror would be able
< the optical fibers will gather light from ) to pick out spectra of individual stars in
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NIH’s ‘precision nutrition’ bet
aims for individualized diets

Effort will piggyback on giant genomics and health program

By Jocelyn Kaiser

here’s no one-size-fits-all diet. If you

want to avoid spiking your blood sugar

with a snack, a banana may seem like

a better choice than a sugary cookie.

But some people in a 2015 study of

800 Israeli volunteers got their biggest
blood sugar spike from bananas or bread in-
stead of from sugar-laden baked goods. And
as nutrition scientist Elizabeth Parks of the
University of Missouri, Columbia, notes, “We
all know people who lose weight easily, and
others who don’t”

Now, the U.S. National Institutes of Health
(NIH) is making a major push to understand
these individual differences. Last week, the
agency announced what it calls the largest
study yet to probe “precision nutrition,” a
$156 million, 5-year effort to examine how
10,000 Americans process foods by collect-
ing data ranging from continuous blood glu-
cose levels to microbes in a person’s gut.

The study “has the potential to truly
transform the field of nutrition science,”
generating new tools, methods, and “a
wealth of data to fuel discovery science for
years to come,” Griffin Rodgers, director of
the National Institute of Diabetes and Di-
gestive and Kidney Diseases (NIDDK), said
last year at an NTH board meeting where he
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introduced the project. Ultimately, it might
enable nutritionists to tailor diets to an in-
dividual’s genes and microbiome.

It is part of a broader push at NIH to
boost nutrition science, a field sometimes
viewed as “fuzzy” because “we are free-
range eaters” and our diets are hard to con-
trol, notes Paul Coates, vice president of the
American Society for Nutrition, who headed
NIH’s dietary supplements office until he
retired in 2018.

In May 2020, NIH Director Francis
Collins released the agency’s first-ever
10-year strategic plan for nutrition science,
acknowledging the importance of diet in
chronic diseases such as heart disease and
diabetes. The plan aims to fold in basic dis-
ciplines such as neurobiology, study the role
of diet throughout life, consider how food
can serve as medicine, and elevate precision
nutrition. The concept recognizes that how
the human body responds to food depends
on factors from genetics to sleep habits,
social environment, and gut microbes. For
example, the Israeli study that found indi-
vidual differences in the response to refined
sugar versus fruit showed the microbiome
was largely responsible.

Now comes NIH’s Nutrition for Preci-
sion Health, which will piggyback on All of
Us, the agency’s huge genomics and health

A massive new National Institutes of Health precision
nutrition study will give some volunteers controlled
meals, like this one being prepared by a dietician at
the agency’s metabolic research kitchen.

study, which has fully enrolled 272,000 of a
planned 1 million participants, more than
50% from minority groups. “We realized it
would be a really great fit” to take advan-
tage of the All of Us data and infrastructure,
says Holly Nicastro, a study coordinator and
program director at NIH’s nutrition office.

Some 10,000 All of Us participants who
join the nutrition study will wear various
monitors to track physical activity, blood
sugar, and more; record what they eat; and
visit a clinic to consume a specific meal
and undergo clinical tests. A subset of up
to 1500 will also follow three different di-
ets at home or in the clinic, and then have
the same tests. And 500 to 1000 volun-
teers will live at a clinical center for three
2-week stretches while eating three tightly
prescribed diets. Such “controlled feeding”
studies are the field’s gold standard, but
their high cost usually keeps them small.
NIH has recently conducted some in its
clinical center to explore, for example, the
effects of ultraprocessed foods, but they in-
volved only 20 people.

By collecting a wide range of personal
data, from participants’ DNA makeup to
their ZIP code, “we are removing a lot of
that ‘noise’ that we had for years, created
by the factors that we were not measur-
ing before,” says Tufts University nutrition
scientist José Ordovas who, with Parks, co-
chaired a workshop last month to discuss
the study. Artificial intelligence research-
ers will then use the collected data to cre-
ate models that predict the best diet for an
individual—an effort pioneered by the Is-
raeli study, which spun off a company that
developed an algorithm to tailor diets for
people who are diabetic or trying to lose
weight. A second, 5-year phase could test
those models in clinical trials.

NIH is now inviting proposals for study
components such as a data center, clinical
centers, and a microbiome center. The aim
is to begin enrolling volunteers by January
2023. “There’s so much excitement” about
the study, Parks says.

She and other nutritionists also welcome
other signals of NIH’s new focus. Its Office
of Nutrition Research, once part of the NIH
director’s office, was demoted years ago to
NIDDK. Last month, Collins announced it
has been restored. Coates hopes that will
mean a larger staff—the office now has just
six people—and a modest budget to cofund
studies with NIH institutes. “A lot [of nutri-
tion science] falls between the cracks,” he
says—gaps he now hopes will close.
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Study shows winners, losers as desert warms

In 100-year record, small mammals burrow to beat the heat, but birds either fly away or die

By Elizabeth Pennisi

n the early 1900s, Joseph Grinnell tra-

versed the wilds of California in his

Ford Model T truck, meticulously sur-

veying its fauna. Along the Californian

coast, he trapped pocket mice and

watched condors soar; in the Mojave
Desert, his team chronicled American kes-
trels swooping for insects and caught cac-
tus mice hiding among rocks.

Now, by comparing Grinnell’s data with
modern surveys, ecologists have shown
that climate change has not been an
equal opportunity stressor. As the Mojave
warmed by about 2°C over the past cen-
tury, bird numbers and diversity
declined dramatically, but small
mammals like little pocket mice
are holding their own. The sur-
vivors’ secret seems to be a noc-
turnal lifestyle and an ability to
escape the heat by burrowing,
the team reports on p. 633.

Until now, researchers have
often assumed climate change
challenges mammals and birds
in similar ways, because both
need to maintain their body tem-
perature. But, “There are clearly
winners and losers,” says Elise
Zipkin, a quantitative ecologist
at Michigan State University.

The pineapple heiress who es-
tablished the Museum of Verte-
brate Zoology at the University
of California, Berkeley, in 1908
wanted it to do research, and
Grinnell, the founding director, took that
mandate to heart. Loaded with binoculars,
clunky cameras, snap traps, and shotguns,
his team drove through mountains and des-
erts, camping and collecting along the way.
When flat tires halted the convoy, Grinnell
hired prospectors and mules. Mindful of
future researchers, he had his teams take
copious notes and photos and map study
sites. “He was draconian about it,” says
Steven Beissinger, an ecologist at the mu-
seum and a co-author of the new study.

“The Grinnell-era field notes are so de-
tailed, I know I put my boots on the same
talus slope they did,” adds co-author James
Patton, a retired museum ecologist.

The animals Grinnell studied now live in
a markedly hotter, drier climate. Resurveys
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published in 2018 and 2019 in the Proceed-
ings of the National Academy of Sciences
showed “the bird community has collapsed
to a new, lower number of species found
per site,” Beissinger says. On average, every
spot surveyed had lost more than 40% of
its desert bird species, such as American
kestrels or mountain quail. At most sites,
even the remaining species were scarcer.
But the new study, led by Iowa State Uni-
versity physiological ecologist Eric Riddell,
tells a more hopeful story for rats, mice,
chipmunks, and other small mammals.
Since Grinnell’s survey, three species have
declined, 27 have remained stable, and
four have increased in number. “This pa-

A cactus mouse hides in the rocks, a strategy that helps many small desert
mammals stay cool.

per is really big news for small mammals,”
says Rebecca Rowe, an ecologist at the Uni-
versity of New Hampshire, Durham.

To find out why birds are so much more
vulnerable, Riddell spent 2 years measur-
ing heat transfer and light absorption in
the fur and feathers of museum specimens
of 50 desert bird species and 24 small
mammals. He then fed those numbers and
data on the species’ behavior and habitat
into a computer program that modeled
how much heat stress an animal would
be exposed to, and how well it could cool
itself, under different temperature condi-
tions. To keep cool, birds must expend en-
ergy, for example by dilating blood vessels
to evaporate moisture from their legs or
mouths. The energetic costs of cooling in

birds were more than three times higher
than in mammals.

That’s because most small mammals
take refuge underground during the hottest
parts of the day. Such behaviors even helped
mammals such as woodrats, which are not
specially adapted for desert life. Only mam-
mals that find themselves in soil too shal-
low to provide much cooling, such as the
cactus mouse, suffered from the heat.

In contrast, many birds, such as the
American Kkestrel and the prairie falcon,
are exposed “to the full brunt of global
heating,” explains Andrew McKechnie, a
physiological ecologist at the University
of Pretoria who was not part of the study.
“The models establish a convinc-
ing biological mechanism to ex-
plain why birds and mammals
responded differently to climate
change,” says Lauren Buckley,
an ecologist at the University of
Washington, Seattle.

Other studies have shown
declines in biodiversity as the
climate warms, but this one is
“impressive ... because they pro-
vide the why,” says Robert Cooke,
an ecological modeler at the UK
Centre for Ecology & Hydro-
logy. “This hints at a worrying
scenario that may be replicated
for deserts across the globe as
temperature rises” To eco-
logist Marléne Gamelon of the
French national research agency
CNRS in Lyon, the results sug-
gest climate change poses as big
a threat to desert ecosystems as it does to
those in the fast-warming Arctic.

Mammals, too, may be at risk in the fu-
ture. Thin soils cover just 2% of deserts to-
day, but such areas are expected to grow as
deserts get more arid. That’s why “this paper
shows the importance of preserving large
areas with a diversity of microhabitats,”
says Linda Deegan, an ecologist at the
Woodwell Climate Research Center.

Modeling studies like this one will also
help conservationists make hard choices,
says Mark Urban, an ecologist at the
University of Connecticut, Storrs. “Un-
derstanding how species differ in their
vulnerability to climate change will help
us save money and time by ignoring those
species that are doing just fine.”
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Science bill rankles Mexican research community

Scientists feel ignored in debate over law that would reshape governance and funding

By Inés Gutiérrez Jaber

elations between Mexico’s scientific
community and the government of
Andrés Manuel Lopez Obrador, a left-
wing populist, have never been warm.
But the debate over a new bill govern-
ing Mexican science and technology
has brought the acrimony to a boiling point.

The government says the new law, which
may soon be sent to Mexico’s parliament for
a vote, would improve science and technol-
ogy policymaking and help guarantee suf-
ficient funding and support for research.
But a draft presented in December 2020 by
Maria Elena Alvarez-Buylla Roces, head of
the National Council of Science
and Technology (Conacyt), has
met with a barrage of criticism
from scientists. They say it would
increase Conacyt’s power, deprive
the scientific community of a say
in future science policy, and limit
academic freedom.

Mexican researchers hope the
bill can still be amended. But
Conacyt, a funding agency that
acts as a science ministry of sorts,
is no longer speaking with the
bill’s critics, they say. “They have
canceled all communication chan-
nels with us,” says Maria Brenda
Valderrama Blanco, a biotechnol-
ogy researcher at the National
Autonomous University of Mexico
(UNAM), Cuernavaca, and one
of the founding members of Pro-
CienciaMX, a network of scientists
seeking to influence science policy. Conacyt
and Alvarez-Buylla Roces did not respond to
questions from Science.

Lépez Obrador has made several dispar-
aging comments about scientists since he
came to power in 2018, describing them as
elitists and suggesting they are corrupt. His
science policy has been marked by a series
of dustups. Conacyt has suspended many
scholarships for master’s, Ph.D., and postdoc
students in Mexico and abroad, for example,
creating widespread discontent.

In September 2020, Conacyt removed
biotechnology as one of the nine categories
in new bylaws of the National System of Re-
searchers (SNI), a mechanism to identify
and fund the most important researchers.
Some saw the move as an attempt by Alvarez-
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Buylla Roces, a plant scientist and vocal critic
of genetically modified organisms, to control
biotechnology research and deprive it of re-
sources. “They removed biotechnology just
because she doesn’t like it,” says Maria de la
Luz Jimena de Teresa, a mathematician at
UNAM, University City. But Conacyt says bio-
technology researchers can seek SNI recogni-
tion through other disciplines.

Scientists were also upset at Alvarez-Buylla
Roces’s October 2020 decision to no longer
cover Mexico’s annual fees to international
scientific groups, including the International
Mathematical Union and the International
Union of Pure and Applied Physics. The gov-
ernment says the cut was necessary to save

Maria Elena Alvarez-Buylla Roces, head of Mexico's National Council of Science
and Technology, has come under heavy fire from scientists.

money and help cope with the COVID-19
pandemic, but researchers say it will isolate
Mexican scientists and deprive them of op-
portunities. Also in October, the government
decided to terminate 109 trust funds run by
public research centers and government in-
stitutes, one-third of them devoted to science
and technology, and use the money for the
pandemic response. Alvarez-Buylla Roces,
who supported that decision, “is not do-
ing her part in communicating the needs of
Mexican science to our president,” Jimena de
Teresa says.

A previous science reform bill, proposed by
a senator from Lopez Obrador’s political party
in 2019, died after protests from scientists.
In its wake, Conacyt invited input from the
research community in March 2020. Many

scientific organizations and universities sent
in ideas for the bill; ProCienciaMX argued
it should dedicate at least 2% of the federal
budget to science and technology, set up a
transparent allocation system in which sci-
entists can play a role, and ensure academic
freedom. “In theory, this new law could give
us a clarity and strength that we don’t have at
the moment,” Valderrama Blanco says.

But after reading Alvarez-Buylla Roces’s
draft in December, scientists said she had
ignored their comments. The bill prioritizes
research that addresses national problems
“according to the state agenda,” a phrase
scientists say invites political interference.
It also centralizes decisions about science in
one council in Mexico City at the
expense of the states, and provides
few opportunities for scientists
to participate in policymaking.
Meanwhile, the bill makes no con-
crete promises about the future
science budget. “This is serious,”
Valderrama Blanco says. “We're
not paranoid.”

In an opinion piece in La Jor-
nada, Alvarez-Buylla Roces de-
fended the proposal and said the
opinions of the scientific com-
munity, including ProCienciaMX,
had been taken on board. “This
is a lie,” the organization tweeted
in response. “None of our propos-
als are reflected in the draft pre-
sented by Conacyt.”

The draft has already been ap-
proved by the General Council for
Scientific Research, Technologi-
cal Development, and Innovation, chaired
by Loépez Obrador himself, and may soon
head to parliament, where his party has a
majority. Scientists hope it’s not too late to
come up with a new proposal. “We ask [the
parliament] not to unilaterally approve a
law where the feeling of the scientific com-
munity is not heard,” says ProCienciaMX
member Alma Maldonado-Maldonado, an
education scientist who specializes in pub-
lic policy. But Valderrama Blanco isn’t hope-
ful. “I think they are going to surprise us
with a document introduced through the
back door that will be approved by the ma-
jority,” she says.

Inés Gutiérrez Jaber is a science journalist based in
Mexico City.

sciencemag.org SCIENCE

PHOTO: LUCIA GODINEZ/NEWSCOM



PHOTO: ANTHONY ARENDT/ALAMY STOCK PHOTO

CONSERVATION SCIENCE

Species? Climate? Cost?
Ambitious goal means trade-offs

Biden aims to protect 30% of U.S. land and water by 2030

By Erik Stokstad

resident Joe Biden last week un-

veiled an ambitious conservation

goal, unprecedented for the United

States: conserving 30% of the coun-

try’s lands and waters by 2030, which

would require more than doubling
the area of public and private holdings un-
der heightened protections.

Conservation scientists welcomed the
so-called 30-by-30 goal, announced in an
executive order released 27 January. “The
ambition is fantastic,” says ecologist Joshua
Tewksbury, interim executive director of the
nonprofit Future Earth.

But Biden’s order also raises a thorny prac-
tical question: Which swaths of land and
sea should be the top targets for enhanced
protection or management? The order says
the effort should aim for a number of out-
comes, including preserving biodiversity,
curbing climate change, and even creating
jobs and promoting environmental justice.
But researchers warn that difficult trade-
offs lie ahead, because few chunks of terri-
tory can provide all of the desired benefits.
“The balancing act [will be] the hardest
part of this work,” Tewksbury says.

Reaching the 30% goal could require
extending protection to vast expanses of
land and sea, depending on how officials
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define “protected.” Only about 12% of U.S.
land is already in wilderness areas, wild-
life refuges, national parks, and other re-
serves with strong protection, according
to the U.S. Geological Survey. Much is in
Alaska; just 7.5% of the lower 48 states is
highly protected. (An additional 18% of all
U.S. land has weaker protection that allows
certain uses, such as logging or mining.) At
sea, the country is much closer to the goal:
Some 26% of coastal waters is protected to
some degree within sanctuaries, national
marine monuments, or other entities.

Last week, researchers at Boston Univer-
sity and the Nature Conservancy released a
paper that maps and compares scenarios for
reaching the 30% goal in the coterminous
United States (which excludes Hawaii and
Alaska). The scenarios examine trade-offs
among four goals: minimizing cost, protect-
ing climate-resilient landscapes, protecting
species, and curbing carbon emissions.

Making cost the top priority led to ex-
pansive new protection in the western
plains, where land is cheaper. But because
most of the added land supports relatively
few threatened species, the scheme would
fall short on that measure. The least cost
scenario also protected relatively little land
that absorbs or stores climate warming
gases such as carbon dioxide or methane.

Another scenario, which emphasized

Species-rich vernal pools, such as these in California,
could be one target for greater protection.

protecting resilient and connected land-
scapes, cost twice as much. It preserved
areas across most of the country except
deserts and the corn belt. A third vision, fo-
cused on preventing the loss of grasslands
and forests that store carbon, delivered the
most climate benefit, but cost three times as
much. It also produced a patchwork of pro-
tected forests in the southeast that lacked
connections, reducing their value for pre-
serving biodiversity. A final scenario, which
protected species across the country but es-
pecially in the south, covered the greatest
range of ecosystems. It cost four times as
much and provided fewer climate benefits.
Overall, the analysis found that just 2% of
lands scored highly on all four measures.

Observers say Biden could make rapid
progress and contain costs by focusing on
territory already owned by the federal gov-
ernment. “We can make really huge gains on
Forest Service and Bureau of Land Manage-
ment lands,” says Jacob Malcom, a conser-
vation biologist with Defenders of Wildlife.
That could mean reducing logging, mining,
drilling, and grazing. “There will be vested
interests who are not happy about that,”
Malcom notes. “So I don’t want to make it
seem like it’s going to be easy.” Fishing as-
sociations, for example, have already criti-
cized proposals to ban commercial fishing
in 30% of U.S. waters. “Thirty-by-thirty is a
campaign slogan, not a scientific proposal,”
Robert Vanasse, executive director of Sav-
ing Seafood, wrote last year.

Rebecca Shaw, chief scientist of the
World Wildlife Fund, notes the Biden or-
der does not exclude human uses of natural
resources. “It’s not protect, it’s conserve,”
she says. “And that means getting creative.”
Ending subsidy programs for fossil fuel
extraction, for example, and boosting pro-
grams that pay farmers to conserve lands
could help reach the goal. Other assistance
could come from a recent federal law that
more than doubles spending—to some
$900 million per year—on the Land and
Water Conservation Fund, which can help
states and local governments buy land.

The Biden administration’s plans should
become clearer by May, when federal agen-
cies must outline their strategies for reach-
ing the 30-by-30 goal. Other nations will be
watching, notes Charles Barber, a senior
biodiversity adviser at the World Resources
Institute. He notes that many countries are
pushing for the United Nations to adopt a
global 30-by-30 goal, and “the credibility of
the U.S. as an international leader will de-
pend a lot on what people see the United
States doing at home.”
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GENOMES ARISING

Africans have begun to study their continent’s rich
human diversity—but what comes after current grants end?

n 1987, 10-year-old Segun Fatumo was
on the streets of Lagos, Nigeria, hawk-
ing palm oil, yams, and pepper each
day after school to help put food on
the table. In the evenings, he and his
family crowded into a two-room dwell-
ing without running water or electric-
ity. He knew nothing of the plan being
hatched by U.S. and U.K. geneticists to
sequence the human genome.

Thirteen years later, when researchers
completed the draft sequence of the human
genome, Fatumo—then an undergraduate
studying computer science—heard all about
it. “I knew the project would change our
world,” he recalls. What he didn’t realize at
the time was how it would change his life.

Fast forward more than 2 decades.
Fatumo is now a computational geneticist
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By Elizabeth Pennisi

in Entebbe, Uganda, with the Medical Re-
search Council/Uganda Virus Research In-
stitute and the London School of Hygiene
& Tropical Medicine. Genome data by the
terabytes flow through his seven-person
lab, which is working to pinpoint genes in-
volved in heart, kidney, and other diseases.
All members of his team are African, the
data come from African donors, and the ul-
timate goal is to improve the health of the
people of Africa.

Until recently, genetic research in Africa
was scanty, and most was done by research-
ers swooping in from afar to gather samples,
then leaving to do analyses in well-equipped
labs in the United States or Europe. “African
genomic study was characterized by ethical

dumping, helicopter science, and exploita-
tion,” Fatumo says. Researchers gathered
samples with little regard for informed con-
sent and without giving back to the com-
munities they studied, he says.

Today, Fatumo and scores of other young
Africans are doing a substantial and grow-
ing share of this research. “African ge-
nomics is a story that’s going to be told
more and more by Africans,” says Charles
Rotimi, a genetic epidemiologist at the
U.S. National Human Genome Research
Institute (NHGRI).

Bolstered by the internationally funded
Human Heredity & Health in Africa
(H3Africa) Initiative, which sponsored
Fatumo as a postdoc, these researchers
hope to one day use their data to bring ge-
netically tailored medicine to people who
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Volunteers in rural Uganda provided blood samples
and health information for the biggest genomics
effort in Africa, the Uganda Genome Resource.

in some places still struggle to get elec-
tricity and basic health care. The work is
beginning to close a wide gap in who ben-
efits from the human genome revolution.
“There’s this genomics expansion across the
world,” says Neil Hanchard, molecular ge-
neticist at Baylor College of Medicine. “Why
should Africa be left behind?”

Including African populations is also
paving the way for a better understanding
of the links between disease and genes in
everyone, everywhere, because Africa holds
more genomic diversity than any other
continent. “The African genome should be
used as the reference genome for the entire
world,” says Tesfaye Mersha, a geneticist at
the University of Cincinnati.

But genomic research in Africa has a
long way to go. Researchers have only
studied between 5000 and 10,000 whole
genomes from Africans, compared with as
many as 1 million worldwide. Africa has
received less than 1% of the global invest-
ment in genomics research and clinical
studies, Mersha says.

What’s more, funding for all current proj-
ects in H3Africa, a $176 million program
supported by the U.S. National Institutes of
Health (NIH) and the Wellcome Trust that
has jump-started African genomics, is set
to end in 2022. Fatumo has corralled an-
other prestigious fellowship, but research-
ers across the continent are scrambling to
make sure the nascent genomics commu-
nity can survive—and grow.

FATUMO DECIDED he wanted to study genet-
ics as a youngster, after a doctor explained
sickle cell disease to him. His brother suf-
fered weeklong bouts of pain from the con-
dition. Fatumo learned that his brother had
two copies of the responsible gene—and
that he himself would be spared because he
had just one copy. “The role genes play in
disease got me thinking,” he recalls.

Sickle cell, which is now being treated
through gene therapy, is a classic example
of how genetic knowledge can inform medi-
cal practice (Science, 11 December 2020,
p. 1254). And it primarily affects people of
African descent. Yet most sickle cell stud-
ies and medical advances have happened in
rich countries. Fatumo wants more Africans
doing such research in the future.

One of six children, whose father worked
as an unskilled tailor and later as a sub-
sistence farmer and bush hunter, Fatumo
moved with his family to the outskirts of
Lagos when he was 9 years old. He hiked
2 kilometers early every morning to retrieve
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water from a river, wielded hoe and cutlass
to tend crops, trekked to Lagos for school,
then topped off the day hawking.

He and his parents managed to pay the
105 Nigerian naira (about $1) per year for
school, thanks, in part, to Fatumo’s hawking
profits. Fatumo says poverty fueled in him a
fierce determination to do better. “The story
of my upbringing is the one that propels an-
ger for success.”

Later, he earned a B.S. in computer sci-
ence at the African University of Science
and Technology in Abuja, Nigeria. Because
little genetics was being done at African
universities, he pursued graduate degrees
in computer science at Covenant Univer-
sity in Ota, Nigeria. “I was lucky to study
at Covenant where they had some key re-
sources and constant electricity,” he recalls.
Even so, his bioinformatics analyses kept
crashing the school’s computer system.
He spent 1 year studying in Heidelberg,
Germany, where “the same analysis was

Africans overlooked

Genomewide association studies (GWAS) scan
genome data for links to diseases. But the DNA in
such studies mostly comes from white people.

GWAS by population
European Asian
78.4% 10.2%
Other
9.4%
African
2% -——

completedinlessthan 30 minutes”with high-
performance computers.

But he was working his way through
school at the right time, in the right place.
In 2009, the founders of the 6-year-old Af-
rican Society of Human Genetics met in
Cameroon to discuss their vision for an Af-
rican genome project. “It was a dream we
had, but ... we didn’t know where the fund-
ing would come from,” Rotimi says. Francis
Collins, who had coordinated the Human
Genome Project but was then between jobs,
was invited to give the opening talk.

He and other participants knew how
much genomics studies in Africa could
contribute to research worldwide. Trace
any human’s family tree back far enough
and the roots wind up in Africa, where
our species was born some 300,000 years

ago. When some groups left the continent
over the past 80,000 years or so and spread
across the globe, they carried only a subset
of human genomic diversity. As a result, the
people of Africa today carry more genetic
diversity than those of any other continent.
“There are parts of our genome that we
cannot study any place beside Africa,” says
Rotimi, who directs NHGRI’s Center for Re-
search on Genomics and Global Health.

Those at the 2009 meeting also recog-
nized that Africans needed to lead the way.
“The idea that people outside of Africa are
going to be able to decide the priorities ...
just doesn’t work,” Collins says. Local inves-
tigators are more likely to understand the
culture and constraints and to be trusted by
the community, Mersha adds.

Some researchers were skeptical about
funding African-based research. “People
said the money would just disappear,’
Collins recalls. But “I was pretty convinced
we could step away from the colonial per-
spective where developed nations make the
decisions.” Collins became NIH director in
2009 and helped launch H3Africa in 2011.
NIH has committed $150 million to the ini-
tiative through 2022, and Wellcome, a U.K.
biomedical philanthropy giant, has kicked
in another $26 million.

The initiative aimed to set up a network of
laboratories across the continent to explore
the relative roles of environment and genes
in diseases that plague Africans, such as
HIV/AIDS, trypanosome infections, stroke,
diabetes, and heart disease. It also estab-
lished biorepository and bioinformatics
networks. To ensure a lasting legacy, it sup-
ports training as well as research.

IN 2013, with H3Africa funding, Fatumo
traveled to the Wellcome Sanger Insti-
tute in Hinxton, UK., and the Univer-
sity of Cambridge as a postdoc in genetic
epidemiology. At Sanger, he took part in the
largest African genomics project to date, a
multimillion-dollar effort to analyze ge-
nomic data from 14,126 people from five Af-
rican countries, including newly collected
whole genomes from nearly 2000 Ugan-
dans. The international team of researchers
found 9.5 million gene variants not previ-
ously spotted, underscoring the diversity of
African populations and laying the ground-
work for future genomic studies.

The results, published in Cell in 2019, also
included specific variants related to cardio-
vascular diseases in Africans, such as one pre-
viously linked to an inherited blood disorder
called alpha thalassemia. That single variant
could also shape the diagnosis of a third con-
dition: It alters how sugars bind to red blood
cells and so affects the results of the blood
glucose test often used to track diabetes.

5 FEBRUARY 2021 » VOL 371 ISSUE 6529 557



NEWS | FEATURES |

HUMAN GENOME AT 20

One year later, H3Africa’s milestone
genome paper came out in Nature. Hu-
man geneticist Zané Lombard and bio-
informaticist Ananyo Choudhury from the
University of the Witwatersrand, along
with other African and international col-
leagues, analyzed 426 genomes, many
newly sampled, from 50 populations in
13 countries. They described more than
3 million new human DNA variants, most
from previously unsampled populations.
The analysis also confirmed the continent’s
complex migration patterns, tracing the
path of Bantu-speaking people as they ex-
panded southward and eastward more than
3000 years ago. That was just one of nearly
300 papers published so far by H3Africa
teams, describing results as well as provid-
ing curated data sets of African genomes.

Those databases will illuminate studies of
human variation worldwide, in part because
the great genomic diversity in Africans can
uncover spurious links to medical condi-
tions, explains Concepcion Nierras, an NIH
Common Fund geneticist. For example, in
Europeans a rare variant of a gene for a low-
density lipoprotein that contributes to high
cholesterol seemed to raise the risk of heart
disease. But Fatumo and his colleagues found
that among Africans, the variant was com-
mon even in those who did not have heart
disease, suggesting it may not have clini-
cal relevance. The Nature paper uncovered
54:such variants that now need re-evaluation.

Scientists say H3Africa has been thought-
ful about ethics, vital in a
continent with a long history
of colonial exploitation and
where such concerns remain
a flashpoint. For example,
until 2019 Sanger was work-
ing to develop a DNA chip for
scanning African genomes
quickly. But whistleblow-
ers said study participants
hadn’t granted the institute
permission to use their DNA
in this way. That chip is
now not used, although one
developed by H3Africa has
become a mainstay (Science,
1 November 2019, p. 555).

To guard against exploitation, the proj-
ect brought on bioethicists to discuss the
research with local communities and fig-
ure out equitable partnerships, addressing
concerns from populations worried about
misuse of their data. They are also working
to establish standards for effective, ethical
informed consent. At Makerere University,
orthopedic surgeon and bioethicist Erisa
Mwaka Sabakaki and colleagues have re-
viewed hundreds of informed consent and
other documents. Projects sometimes came
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Computational geneticist Segun
Fatumo studies the genomics of
kidney, heart, and other diseases.
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up with unexpected solutions: For a study
involving HIV-infected children, comic
books proved a great way to communicate
to both adults and children.

“There are ongoing and important
questions about informed consent, how
best to engage communities, benefit shar-
ing, stigma, and many other issues,” says
Jantina De Vries, a bioethicist at the Uni-
versity of Cape Town who helped set up
H3Africa’s policies. “But we’ve started on a
really good trajectory.”

H3Africa’s biggest achievement may be
growing a generation of Af-
rican genomicists, says Har-
vard University global public
health expert Barry Bloom.
The project has trained
137 Ph.D.s and 49 postdocs
including Fatumo, as well
as hundreds of master’s stu-
dents and undergraduates,
and gives an incentive for
scientists trained abroad to
return to Africa. “If not for
H3Africa, maybe I wouldn’t
be a group leader and prin-
cipal investigator today,”
Fatumo says.

These efforts have had
spillover effects beyond human genet-
ics. For example, the project helped train
Christian Happi, a molecular biologist at
Redeemer’s University in Ede, Nigeria, who
runs the African Center of Excellence for
Genomics of Infectious Diseases. His team
quickly sequenced Nigeria’s first Ebola case,
identified Lassa fever strains in a 2018 out-
break and—in just 3 days in March 2020—
sequenced the first coronavirus genome
from an African, showing SARS-CoV-2 had
arrived from Europe.

Genome researchers work with Cameroonian volunteers to ensure informed consent.

have en-
abled many African countries to respond
to other health challenges,” says Clement
Adebamowo, a surgical oncologist at the
University of Maryland School of Medicine
who has been active in African genetics.

“The program’s resources

BUT H3AFRICA'S successes highlight how
much more work is needed. Most of the
project’s genomes are from people of South-
ern, Central, and West African ancestry
(see map, p. 559), and many populations
haven’t been sampled at all, including those
in North Africa. “Our studies combined
are just the tip of the iceberg,” says Sarah
Tishkoff, a human geneticist at the Univer-
sity of Pennsylvania who has led the way in
sampling remote populations.

Individual studies highlight how much
more researchers need to know to under-
stand the intersection of genes and disease.
For example, an H3Africa project called the
Collaborative African Genomics Network
(CAfGEN) aims to come up with a blood
test for HIV-positive newborns to show how
quickly their infection could progress to
AIDS. Researchers scrutinized the genomes
of infected children, hoping to find genetic
variants associated with slow HIV progres-
sion. Children with such variants could
postpone treatment and reduce and delay
long-term side effects.

But so far, the team has found just one
piece of DNA, involved in the immune
system, that varies significantly among
the children. And candidate variants
that popped up in a study of Botswanan
children failed to appear in Ugandan
children, underscoring the diversity of
African genomes. “The African genome is
much more complex than we anticipated,”
says CAfGEN trainee Lesedi Williams,
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now a genomicist at the University of
Botswana, Gaborone.

“The sad reality is that genomics data
from Africa [are] still too few,” says ge-
neticist Aimé Lumaka of the University
of Liége and the University of Kinshasa.
So the medical significance of many variants
in people of African descent is unknown.

Tishkoff and others are broadening their
samples; this year she hopes to publish on
180 more African genomes, while Choudhury
and his H3Africa colleagues are coming up
with new places to sample, including Mau-
ritius, Réunion, and other islands.

More mundane challenges also loom.
“Our supply chains, financial systems, and
infrastructure need strengthening,” says
Iruka Okeke, who studies pathogen ge-
nomes at the University of Ibadan. The con-
tinent is short of both sequencing capacity
and computers powerful enough to analyze

giant data sets. These impediments can lead
H3Africa investigators to delay making data
publicly available in order to do their own
analyses, a practice that can create its own
problems, says Steven Salzberg, a computa-
tional biologist at Johns Hopkins Univer-
sity. “As long as each group keeps its data
private, the next group that wants to study
these populations has to start over and se-
quence a new cohort,” he says.

With funding scarce, some H3Africa
trainees are leaving human genetics for
fields where research is cheaper. One CAf-
GEN trainee, Gerald Mboowa at Makerere
University, has shifted away from human
genomes—which cost $1000 per sequence—
to those of bacteria, which are a mere $90.
He recently received a $100,000 Grand
Challenges Africa grant funded by the Bill
& Melinda Gates Foundation to track drug-
resistant bacteria in hospitals.

Tallying African genomes

Researchers have only just begun to sample the genomes of Africa’s 2000 ethnic groups and populations.
A handful of whole-genome sequences in 2010 has grown to thousands from multiple projects, many of which
are captured on the map below. Their distribution reveals huge gaps in genomic sampling across the continent.
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Others, noting that direct health benefits
from genes are often a long way off, won-
der whether H3Africa money would be bet-
ter spent on more immediate public health
needs such as antismoking and healthy eat-
ing campaigns. “In 2011 we didn’t know”
whether H3Africa was the best way to
spend international resources in Africa, says
Richard Cooper, an emeritus epidemiologist
at Loyola University Chicago who helped
get the project off the ground. “Unfortu-
nately I [now] think the answer is in the
negative,” because genomics has yet to lead
to many concrete boosts in health.

Fatumo is satisfied that his own work is
of immediate benefit. As his organization
gathered blood samples in rural Uganda,
it discovered and treated diseases partici-
pants hadn’t been aware of, including hepa-
titis and hypertension.

But a big challenge looms in 2022, when
NIH Common Fund support ends. That
loss could “be a major blow to everything
that’s been built up,” says Stefan Jansen, a
psychologist at the University of Rwanda
involved with an H3Africa project on post-
traumatic stress disorder. Some support
will come from another NIH program,
Harnessing Data Science for Health Dis-
covery and Innovation in Africa (DS-I Af-
rica), which is slated to spend $62 million
over the next 6 years. And an African ge-
nomics startup called 54Gene has gotten
$15 million in international backing for a
multimillion-dollar facility in Nigeria. But
most H3Africa-supported researchers have
had little luck finding funding within Af-
rica. It’s “really, really challenging getting
African funding from private companies or
African governments,” Rotimi says.

Some of Africa’s genomics research-
ers will manage to win new support from
abroad, as Mboowa has done. Fatumo was
recently awarded a highly competitive
Wellcome International Intermediate Fel-
lowship and now has $1.2 million over the
next 5 years plus other support to explore
genomic variants linked to chronic kidney
disease; he hopes to develop risk scores
based on patients’ genetic makeup.

He has also teamed up with a South Afri-
can colleague and applied to become a DS-I
Africa research hub. If successful, they will
get $1.3 million per year for 5 years to use
existing African genetic data to find and
validate new drug targets.

Fatumo and others hope their gen-
eration’s accomplishments will lay the
foundation for an even stronger research
network. “It is a great time for all of us do-
ing genomics in Africa,” Okeke says. “The
discovery potential is very high, and the
impact that our work could have on health
could be huge.”
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NEXTGEN VOICES: HUMAN GENOME ANNIVERSARY

Beyond DNA: The rest of the story

The availability of a fully sequenced human genome and genome-wide analyses of genetic variation have
made DNA-based ancestry tests possible. These consumer DNA tests are now widely marketed as a way

to discover or confirm family history. But what do they really tell us about our past, and what do they
leave out? We asked young scientists to tell us about their family traditions, stories, and culture, and how
they understood their DNA test results in the context of their lived experiences. Their stories are below.

To read more reflections by young scientists, find past NextGen Voices pieces at https://science.sciencemag.
org/collection/nextgen-voices. Follow NextGen Voices on Twitter with hashtag #NextGenSci. —Jennifer Sills

Jamaica), or whatever else happens to be in season. On Christmas,

A taste Of caribbean Christmas she makes oxtail (a kind of beef stew, my personal favorite), fried

dumplings, and ackee with saltfish (its traditional complement
My family comes from Jamaica and the Virgin Islands. There is no of salted cod). These foods are well-spiced—although not always

ILLUSTRATION: MICHELLE KONDRICH

meal I would rather have than my mom’s home-cooked traditional spicy—and flavorful.

Jamaican food. Now living in Florida, my mom grows many fruits Where my family originated is mostly hearsay, and the full
and vegetables native to Jamaica in a garden that occupies her history beyond a few generations is hard to trace. My DNA test
entire yard. When I visit, we spend most of our time together results confirmed that we have some background in Europe
outside picking fresh mangoes, ackee (a tropical fruit grown in and likely moved to the Caribbean through the slave trade. The
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details echoed a story on my mom’s side of the family that one of
our ancestors was the child of an Irish slave master and a woman
he enslaved.

I have mixed feelings about the business model of consumer
DNA test companies, which make their profit based on the use of
others’ genetic information—in my mind, the most personal
information one can share. However, my mom really wanted me or
my dad to do the test to see how that side of our ancestry looked.

I chose a company that gives users more control over who can
access the results. Of course, these tests are not as accurate for
those of us from non-European backgrounds, but the results were
roughly what I expected, and it is humbling to think about where
our family began compared with where it is now.

Gregg Duncan

Fischell Department of Bioengineering, University of Maryland, College Park,
MD 20742, USA. E-mail: gaduncan@umd.edu

A poetic Han Spring Festival

My family is Han, the largest nationality of China. Like most
families in China, we celebrate the Spring Festival (Chinese New
Year) by gathering together to make and eat jiaozi (dumplings
filled with vegetables and meat), which are shaped like ancient
Chinese gold ingots to symbolize wealth. We hang festival

SCIENCE sciencemag.org

couplets (two lines of poetry with the same number of words)
that are painted along with intricate designs on red paper, and
we put red lanterns and red candles on display throughout
the house; the decorations symbolize happiness and protect us
from the mythical monster named Nian, who is said to be afraid
of the color red. While we wait for the New Year to arrive, we
listen to Hebei Bangzi, the local opera, which sounds similar to
the Beijing opera but is more difficult for people outside Hebei
province to understand because the singers use pronunciations
unique to the region. In my hometown (Shijiazhuang, Hebei),
people of the same surname gather together to extend best
wishes to their elders before the first sunrise of the new year.
Such traditions are a reminder that my surname (Ji) is not com-
mon in China. I hoped that finding out more about my family’s
origins would help to explain my unusual name. My DNA test
results told me that 46.34% of my genome came from North China
(Han), 20.13% from South China (Han), and 12.21% from Northeast
Asia (Japan). I was disappointed that the results contained no
detailed information that I found useful. I do not know how many
Chinese people have a genetic pattern similar to mine, and—unlike
scientific research—the company did not give me the raw data of
my genome. Without more information about how the company
analyzed my genomic data, I don’t know what conclusions I can
draw or even whether I should believe the test results.
Yongsheng Ji

Division of Life Science and Medicine, University of Science and Technology
of China, Hefei, Anhui, 230026, China. Email: jiys2020@ustc.edu.cn

A scary Kiwi Mardi Gras

Fifteen years ago, I probably would have said that my family didn’t
have a French cultural identity, despite being raised in France. Today,
after having been expatriated 10 years in New Zealand, I can confirm
that we have a strong French cultural identity, especially when it
comes to food. Yet, after we returned to France 3 years ago, our
attachment to our home country and its culture and traditions did
not feel quite the same. I believe that we unintentionally took bits of
New Zealand back to France with us.

Our ever-evolving celebration of Mardi Gras encapsulates our
cultural journey. Before our move, we had always celebrated the
French holiday in its traditional (if less religious) form. Around
the end of February, we would make and eat loads of French
crépes, and kids would dress up in festive costumes and attend
the carnival. After our move, we discovered that New Zealanders
do not observe Mardi Gras, so we adopted a different yet similar
tradition, which was brought to the country from overseas and
stuck: Halloween. Every year on the 31st of October, my eldest
boy dressed up in a scary costume. But because good food is so
deeply rooted in our culture, Halloween candy didn’t feel suf-
ficient. To supplement the prepackaged treats, we created our
own tradition of the Halloween “scary lunch.” Each year, I would
prepare a lunch box filled with funny and scary little monsters,
skeletons, and ghosts made of pancakes, carved fruits, and (for
the mummies) baked sausages in pastry strings.

Now back in France, we have resumed our celebration of Mardi
Gras in February. The kids dress up for school and for carnivals,
just like Halloween, but with an emphasis on festive instead of
scary, and we make crépes, as we’ve done in the past. We’ve also
kept our own multicultural family traditions. To adapt our New
Zealand Halloween lunches, we now have a Halloween-themed
French dinner in October. We’ve also updated the tradition of
hiding a féve (trinket) in our galette des rois (king cake) by using a
koru necklace (a traditional kiwi artifact) instead.
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Our unique and changing traditions showed me that we
could be open to incorporating new values and ideas when we
learned the results of our DNA tests. My husband and I are both
researchers in ecology and environmental genetics, manipulat-
ing DNA data daily and studying insect population genetics. It
seemed only natural that we would want to see our own DNA
test results. We originally thought that the genetic admixture
might be quite high within our family home given that we were
born 12,000 km apart—I grew up in northern France, and he
was raised on the French island of La Réunion in the Indian
Ocean. We were quite surprised by the results. For instance,
I learned that I had ancestors from Italy and Scandinavia but
very little French or Western European lineage, whereas my
husband, despite being born in the Southern Hemisphere, has
more Western European lineage than I do. (His results could
perhaps be explained by the fact that half of the first settlers
in La Réunion were from Brittany.) Although my husband has
ancestors in many parts of the world where I do not (such as
India, Africa, and Indonesia), we share an unexpectedly high
rate of ancestry from the Iberian Peninsula (Spain and Portugal).
The results have not changed our lives, but it is interesting to
know that, genetically, we are more an Iberian family than a
French one! We now want to travel to and discover more about
the culture of these southwestern parts of Europe and pass on
this heritage to our children. As ecologists, we are curious about
the natural and geological histories of the Iberian region, but we
would make food an important part of the trip as well. They may
not have French crépes in Portugal, but I have heard that the
delicious bolo lévedo (Portuguese muffins) are not to be missed.
Marie-Caroline Lefort

Cellule de Valorisation Pédagogique, Université de Tours, Tours, France.
Email: marie-caroline.lefort@univ-tours.fr

A Persian Israelite’s new year

As a Jewish woman born in Iran and living in Israel, I feel con-
nected to the ancient history of my people. Because it is rare to
find an Iranian woman in science who keeps Jewish traditions, I
feel a responsibility to manifest all the good that is in each part of
my background.

My family celebrates the traditional holiday of Rosh Hashanah
(the Jewish New Year). Wearing white clothing to symbolize purity,
we light candles and look into the flames as we give thanks and ask
for blessings in the coming year. We celebrate this contemplative hol-
iday with a festive meal steeped in symbolism and tradition. We eat
apples dipped in honey and pomegranates to symbolize our hopes
for a sweet, peaceful, happy new year that is full of good deeds. The
honey represents sweetness, and the apple tree is the only tree that
has more fruit than leaves, reminding us that we should maximize
our purpose in this world. The numerous seeds in pomegranates,

a native fruit of ancient Persia, symbolize the many good deeds we
should carry out during the coming year. We also make a traditional
Iranian-Jewish stew out of quince, a native fruit of west Asia (includ-
ing Iran and Israel) that looks like an apple. The sweet smell fills the
entire house with a magical floral and fresh perfume. During Rosh
Hashanah, the shofar (an ancient musical instrument typically made
of a ram’s horn) is blown 100 times. The sound marks the time to
make our wishes for the new year, which we read in Hebrew.

My DNA test results show that I am mostly Persian, with a very
small percentage (0.8%) of Egyptian in my ancestry. The data echo
the Biblical and rabbinical stories that I consider my roots. Our
cultural history tells us that our ancestors were in ancient Egypt for
hundreds of years before moving to Israel with Moses. In 722 BCE,
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the Jews were exiled from Israel to other regions, including Iran. My
father was born in a city that was first settled by the exiled Jewish
people from Israel, and my mom is from a city that is well known in
Iran as the site of the story of Esther and Mordechai, traditionally
told during the holiday of Purim. My family moved to Israel after the
revolution in Iran in 1979. My DNA results mirror both these ancient
tales and my own family’s story.

Ruty Mehrian-Shai

Pediatric Hemato-Oncology, Brain Cancer Molecular Medicine, Sheba Medical
Center, Ramat Gan, 52621, Israel. Email: ruty.shai@sheba.health.gov.il

A Bengali Thanksgiving

I've always struggled with being identified as simply “Indian.” My
name reflects my Indian heritage better than I do, as a Montreal-
born, New York City native living in Louisiana. No DNA test could
reflect the mix of American and Indian cultural practices that my
family has created. Take, for example, American Thanksgiving,
which my family co-opted when I was young and combined with
a traditional West Bengali feast. At our table, we served the turkey
alongside traditional Indian luchi (oil-fried puffed dough) and
fusion dishes such as vegetarian shepherd’s pie with Indian spices.
Because my birthday falls near Thanksgiving, the meal was often
followed by a turkey-shaped ice cream cake, Indian sweets like
jalebi (a bright orange pretzel of fried sweet dough), gulad jamun
(fried syrupy-sweet milk balls), and a spiced tea. We did adhere to
the American tradition of overstuffing ourselves with food.

During the holiday, we listened to Bollywood pop, with high-
pitched Indian women singing in Hindi or Bengali. Later in the
season, my father would mix in some Nat King Cole or Frank Sinatra,
or we would play an album from jazz pianist Vince Guaraldi. Being
in Queens, I would always play “Christmas in Hollis” by the Queens-
native hip-hop group Run DMC. My parents enjoyed it about as
much as I did their Bollywood music, which is to say, not much.

In December, the large extended family of cousins, uncles, and
aunts (all with a different honorific based on their birth position
relative to my parents) would come over, each removing their shoes
at the door out of respect. The men, in sweaters and ties, played
bridge cross-legged in a corner on the floor. The women, in saris
and their finest gold necklaces and earrings (gaudier than any of the
jewelry worn by the hip-hip artists I worshiped), congregated in the
dining area, where they teased each other, told stories in Bengali,
and prepared meals. Food was served constantly from the moment
the first guests arrived until they left. The smell of food cooking,
mostly oil and spices, radiated and permeated through every fabric
of the house. Chatter, the sounds of food frying, and playful arguing
filled every room with noise. Our home was festively decorated;
Santa Claus had equal billing with Durga, Kali, and Ganesh.

The kids watched American football or challenged each other
to an Indian game called carrom, which is similar to billiards but
played on a flat smooth table on the floor. Players use their fingers to
flick flat wooden discs into different corner pockets. We would play
different tournament styles and use a mix of Bengali and English to
taunt and tease each other over missed shots or “lucky” wins.

Before our current chapter as Americans, my family’s Indian
past stretches back to time immemorial, but India has a compli-
cated history of invasions and rule. I hoped a DNA test would
help clarify some ancestry questions. I wanted the results to
say 25% Genghis Khan, 25% Gandhi, 25% Alexander the Great,
and 25% unknown. What I got was 64% Central Asian, 30%
South Asian, 3% Eastern European, 2% Southeast Asian, and 1%
Siberian. So, I could claim Genghis, Gandhi, and Alexander! But
of course, not really. I wondered when and where the mingling
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of my different geographic ancestors took place and if the results
were more a reflection of the current genetic reference popu-
lations in those areas. The DNA results didn’t make me feel
differently about my identity, and they were not as interesting

as the results I received from a genetic profile that revealed an
inversion in one of my chromosomes. That genetic result made me
realize how hardy our genomes are and how similar we are

as humans; even the 1% or so that makes each of us unique is
almost meaningless when considering the bigger picture.
Prosanta Chakrabarty

Louisiana State University Museum of Natural Science, Baton Rouge, LA
70803-3216, USA. Email: prosanta@I|su.edu

A musical Colombian Novena

Born in South America, I identify as Latina and have always been
aware of my mixed ethnicity. My family’s celebration of Christmas
and Novena (the previous 9 days, an important observance in
Colombia) exemplifies our love of food, music, and dance. During
the first 8 days, family and friends meet at different houses to share
deep-fried cheesy dough and sweets. On Christmas day and the
morning after, we eat homemade Colombian tamales wrapped in
plantain leaves and boiled for hours, and we drink hot chocolate—
first adding salty cheese to the mugs and eating it with a spoon
once it has melted (a delicacy unique to Bogota, Colombia’s capital).
Sometimes we also eat cheese arepas (flat corn bread) and almo-
Jjabanas (cheese bread of Spanish-Arab origin). Meanwhile, my mum
prepares about 20 liters of her famous ajiaco, a traditional soup
from the Bogota plateau. She uses three kinds of potatoes (one of
them endemic to the Northern Andes), guascas (Galinsoga parvi-
flora), corn, chicken, capers, and cream. Toward the end of the day,
the whole family gathers for a bowl of ajiaco. We admire our arau-
caria tree, decorated with lights and ornaments, and the creatively
assembled nativity scene (often including llamas, lions, jaguars, and
the occasional dinosaur) while waiting for midnight to come.

My family seems to carry music in our blood. There is always a
moment when my uncle plays the guitar and everyone else joins
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in with percussion and voices, singing the melodies of cumbia,
vallenato, and bambuco—musical styles incorporating strings and
accordions from Europe, wind instruments from Indigenous com-
munities, and African drums. The upbeat tunes belie the bittersweet
themes in the Spanish lyrics. Soon, everyone is dancing to the ener-
getic, fast-moving rhythms of cumbia, salsa, and merengue. Salsa
originated with the Latin and Afro-Latin son cubano and jazz musi-
cians from the Bronx in the United States. The music later made its
way to Colombia, where it developed into something new, incorpo-
rating cumbia and vallenato elements and a faster dancing style.

I took a DNA test because I work in the fields of population
genomics and phylogenomics and thought it would be fun to see
my own genome sequences. Half of the sites sequenced on my
genome were assigned to populations in Spain, Morocco, and
West Africa; the other half to Native American populations. The
results were not a surprise, but they encouraged me to dig deeper
into my family’s history. I wish I could learn about and celebrate
the Native American traditions of my ancestors, but most
were never documented and are now lost. Important traditions
are kept in the Amazon regions, such as “chontaduro dancing,”
where communities share the chontaduro fruit (from the Bactris
gasipaes palm) and drinks to celebrate abundance and usher in
a good fishing season. Traditions around the cassava, plant grow-
ing seasons, and hunting also still take place, but because I grew
up in the city, I don’t feel personally connected to them. I do take
pride in using the words from Quechua, Muisca, and even Arabic
languages that have been assimilated into Colombian Spanish.

We knew my grandfather was “Indigenous from the south” (as
the government labeled him back in the day), but the DNA test
results suggest that our Indigenous ancestry could have been more
recent and likely than we thought. I found the test interesting; I
received a set of raw data that I can analyze myself, and the results
brought my father and me together in a quest for the documents
and stories surrounding my family.

Maria Fernanda Torres Jimenez

Gothenburg Global Biodiversity Centre, University of Gothenburg, Gothenburg,
Sweden. Email: mftorres27@gmail.com
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Complicated legacies: The human genome at 20

Millions of people today have access to their personal genomic information. Direct-to-consumer services and
integration with other “big data” increasingly commoditize what was rightly celebrated as a singular achievement
in February 2001 when the first draft human genomes were published. But such remarkable technical and
scientific progress has not been without its share of missteps and growing pains. Science invited the experts
below to help explore how we got here and where we should (or ought not) be going. —Brad Wible

An ethos of rapid data sharing,
more relevant than ever

By Kathryn Maxson Jones'? and Robert Cook-Deegan®

Sharing data can save lives. The “Bermuda Principles” for public
data disclosure are a fundamental legacy of producing the first hu-
man reference DNA sequence during the Human Genome Project
(HGP) (2). Since the 1990s, these principles have become a touch-
stone for open science.

In February 1996, the leaders of the HGP gathered in Bermuda
to discuss how to scale up production for a human reference DNA
sequence. With some caveats, the consortium agreed that all se-
quencing centers would release their data online within 24 hours.
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Other examples of sharing data before publication existed, but
most—such as the Protein Data Bank—restricted sharing of pre-
publication data to a small community of users, sometimes with-
holding data even after the related papers were published (2). At
the time, the Bermuda Principles were distinctive in their aspira-
tion that all HGP-funded sequences be released to anyone online
within a day. Yet implementing this policy was hardly simple; the
challenges that the HGP faced inform data sharing today (3).

The Bermuda Principles required advocacy. This came from
John Sulston and Robert Waterston, whose experiences with data
sharing in Caenorhabditis elegans biology were the practical prec-
edent for a radical idea. Context also mattered, and data release
within 24 hours remained an aspirational ethos rather than a
strict requirement. Flexibility allowed smaller centers to partici-
pate while also allowing the project to accommodate then-incom-
patible policies in Germany, France, Japan, and the United States.
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Finally, the policy required enforcement. Administrators from the

HGP’s largest patrons sent stern letters intended to make funders’
policies conform to the Bermuda Principles, threatening expulsion
from the international sequencing consortium.

The Bermuda Principles have since been adapted to different
communities and have served as an inspiration for many others
(4). For example, rapid data sharing has been crucial in the
current coronavirus crisis. The severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) genome was identified quickly and
its sequence released on 10 January 2020, starting the clock on
the development of vaccines and diagnostic tests. The COVID-19
Host Genetics Initiative disseminated data rapidly and openly,
building on precedents such as the Global Initiative on Sharing All
Influenza Data (5, 6).

Of course, unfettered data sharing is not, and should not be,
universal. Identifiable individual medical data, for instance, can-
not be treated the same way as samples contributed to build a
reference genome sequence. Many communities have adopted
prepublication sharing strategies with considerable success, such
as the various consortia for Alzheimer’s research, the “open sci-
ence” experiments at the Montreal Neurological Institute and the
Mario Negri Institute, and the advances enabled by the Structural
Genomics Consortium.

The HGP set a high bar. Its core values of open science and
rapid data flow persist, fomented by the urgency of rapid data
sharing in biomedicine.

Lack of diversity hinders the
promise of genome science

By Charles N. Rotimi*, Shawneequa L. Callier*5, Amy R. Bentley*

The long-term global impact of human genomics will be com-
promised, and our understanding of human history and biology
hindered, if we continue to focus predominantly on individuals of
European ancestry (7). Although we all share a recent common ori-
gin in Africa, and the genetic difference between any two individu-
als is small (0.1%), this translates to about 3 million points where
individual genomes can vary, and the distribution of these human
genetic variants (HGVs) is not random. It has long been under-
stood that genomes (and exposures to key nongenetic factors)
differ across ancestral and geographical backgrounds; nonethe-
less, genomics has largely focused on European-ancestry genomes.
Presumably this is attributable to the availability of large, well-
characterized datasets of European-ancestry individuals, academic
and research networks that exclude and disadvantage underrepre-
sented scholars (8), and the absence of publishing or funding moti-
vation for large-scale genomics of diverse individuals. But diversity
and representation are now being elevated from the purview of
specialized research to a broad awareness across genomics.

As this awareness develops, the field must grapple with under-
standing and communicating the implications: (i) Any two sub-
Saharan Africans are more likely to be genetically different from
each other than from an individual of European or Asian ancestry;
(ii) a subset of HGVs can only be found in Africans because the
small number of humans that left Africa about 100,000 years ago
to populate the rest of the world carried a fraction of the variation
that existed then; (iii) the African ecological environment has left
its mark on human genomes (e.g., gene variants found to increase
vulnerability to kidney failure) that are seen worldwide only in
persons with ancestry from specific regions of Africa (9).

Similarly, there are HGVs of health and historical importance
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that are rare or absent in African populations. For example, ge-
nomic regions harboring ancient DNA—the result of interbreed-
ing with archaic human relatives (such as Neanderthals) in Asia,
Europe, and the Americas—have biological functions, such as
susceptibility to diabetes and viruses (10). For genomics-driven tech-
nologies and clinical and public health approaches to be deployed
globally without exacerbating health inequalities, we must include
individuals from diverse ancestral and geographical backgrounds.
Growing prioritization of diverse populations in genomics
research has begun to respond to these gaps. Programs such
as TOPMed, All of Us, International Common Disease Alliance,
Human Heredity and Health in Africa (H3Africa), Million Veteran
Program, GenomeAsia, and the COVID global consortium contrib-
ute to advances in diversity and inclusion among research par-
ticipants. The diversity of genomics researchers also merits con-
tinuing attention. The H3Africa initiative, for example, includes
investments in training and infrastructure in each project, provid-
ing a blueprint for prioritizing capacity-building. The genomics
community needs to value diverse samples in analyses and conclu-
sions, as well as to focus resources on capacity-building
and removing barriers to create a diverse workforce (11).

Algorithmic biology unleashed

By Hallam Stevens®

Over a few frenzied weeks in the middle of 2000, icing his wrists
between coding sessions, Jim Kent, a graduate student at the
University of California, Santa Cruz, created the first genome
assembler software. GigAssembler pieced together the millions of
fragments of DNA sequence generated at labs around the globe,
literally making the human genome. At almost the same time,
Celera Genomics acquired Paracel, a company that primarily
designed software for intelligence gathering. Paracel owned spe-
cially designed text-matching hardware and software (the TRW
Fast Data Finder) that was rapidly adapted for sniffing out genes
within the vast spaces of the genome.

Untangling the jumble of genomic letters required rapidly and
accurately searching for a specified sequence within a very large
space. This demanded new forms of training and disciplinary
expertise. Physicists, mathematicians, and computer scientists
brought methods such as linear programming, hashing, and hid-
den Markov models into biology. Since 2005, the Moore’s Law-
like growth of next-generation sequencing has generated ever-
increasing troves of data and required even faster algorithms
for indexing and searching. Biology has borrowed “big data”
methods from industry (e.g., Hadoop) but has also contributed
to pushing the frontiers of computer science research (e.g., the
Burrows-Wheeler transform) (12).

The coalescence of bioinformatics and computational biology
around algorithms has also given rise to new institutional forms
and new markets for biomedicine. Statistically powered “data-
driven biology” has configured an emerging medical-industrial
complex that promises personalized and “precision” forms of di-
agnosis and treatment. Algorithmic pipelines that compare an in-
dividual’s genotype to reference data generate a range of predic-
tions about future health and risk. Direct-to-consumer genomics
companies such as 23andMe now promise us healthier, happier,
and longer ways of living via algorithms.

This presents substantial challenges for privacy, data owner-
ship, and algorithmic bias (13-15) that must be addressed if
genomics is to avoid becoming a handmaiden of “surveillance
capitalism” (16). Many tech companies have begun to look toward
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using machine learning to combine more and more biological
data with other forms of personal data—where we go, what we
buy, whom we associate with, what we like. The hopes for ge-
nomics have long been tempered by fears that the genome could
reveal too much about ourselves, exposing us to new forms of
discrimination, social division, or control. Algorithmic biology
is depicting and predicting our bodies with growing accuracy,

but it is also drawing biomedicine more closely into the orbits
of corporate tech giants that are aggregating and attempting

to monetize data.

Value and affordability
in precision medicine
By Kathryn A. Phillips*®9, Jeroen P. Jansen’, Christopher F. Weyant’

Debates about precision medicine (PM), which uses genetic infor-
mation to target interventions, commonly focus on whether we
can “afford” PM (17), but focusing only on affordability, not also
value, risks rejecting technologies that might make health care
more efficient. Affordability is a question of whether we can pay
for an intervention given its impact on budgets, whereas value can
be measured by the health outcomes achieved per dollar spent

for an intervention. Ideally, a PM intervention both saves money
and improves outcomes; however, most health care interventions
produce better outcomes at higher cost, and PM is no exception.
By better distinguishing affordability and value, and by consider-
ing how we can address both, we can further the agenda of achiev-
ing affordable and valuable PM.

The literature has generally not shown that PM is unafford-
able or of low value; however, it has also not shown that PM is a
panacea for reducing health care expenditures or always results
in high-value care (I7). Understanding PM affordability and value
requires evidence on total costs and outcomes as well as potential
cost offsets, but these data are difficult to capture because costs
often occur up front while beneficial outcomes accrue over time
(18). Also, PM could result in substantial downstream implications
because of follow-up interventions, not only for patients but also
for family members who may have inherited the same genetic con-
dition. Emerging PM tests could be used for screening large popu-
lations and could include genome sequencing of all newborns,
liquid biopsy testing to screen for cancers in routine primary care
visits, and predictive testing for Alzheimer’s disease in adults.
These interventions may provide large benefits, but they are likely
to require large up-front expenditures. Another complication is
that many PM interventions measure multiple genes relevant to
multiple conditions and provide myriad types of value, such as the
personal value of this information to patients (19).

Various methods have been developed for integrating affordability
and value, but cost-effectiveness analyses often do not examine the
budget impact, which can result in incomplete or contradictory con-
clusions (20). However, assessments that consider affordability
and value simultaneously, such as those by the Institute for Clinical
and Economic Review, are becoming more accepted by decision-
makers (21). The growing consideration of both affordability and
value is less a result of methodological advances than of an in-
creased focus on how to ensure sustainable and efficient health care
(and the corresponding political will to do so). A positive conse-
quence of this is an increase in research on how to best define and
quantify affordability and value given the available data.

PM is here to stay. However, it can only achieve its potential if it
is both affordable and of high value.
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End the entanglement
of race and genetics

By Dorothy E. Roberts!®

In the aftermath of the first publication of the human genome,
researchers confirmed what many scholars had recognized for
decades: that race is a social construct, not a natural division of
human beings written in our genes (22, 23). Yet rather than ham-
mer the final nail in the coffin, the human genome map sparked
renewed interest in race-based genetic difference. The posting

of recent genetic studies on white supremacist websites led the
American Society of Human Genetics in 2018 to issue yet another
statement denouncing genetics-based claims of racial purity as
“scientifically meaningless,” while many geneticists failed to see how
the biological concept of race was itself invented to support racism.
None of this history has restrained the search for genetic differences
between races and genetic explanations for various racial disparities
(e.g., in COVID-19 outcomes), which in turn generates persistent
public confusion about race and genetics.

It is time to end the entanglement of race and genetics and to
work toward a radically new understanding of human unity and di-
versity. There are two general approaches that can help guide innova-
tive research questions and methods that no longer rely on invented
racial classifications as if they were biological. First, genetic research-
ers should stop using race as a biological variable that can explain
differences in health, disease, or responses to therapies (24). Treating
race as a biological risk factor obscures how structural racism has
biological effects and produces health disparities in racialized popu-
lations. Epigenetics offers promising models to investigate one path-
way through which unequal social conditions get “embodied” or “un-
der the skin” to generate disparate health outcomes. Still, researchers
must use caution to avoid making deleterious epigenetic processes
seem self-perpetuating and inevitable, taking attention away from
structural inequities that caused the problem in the first place (25).

Second, genetic researchers should stop using a white, European
standard for human genetics and instead study a fuller range of
human genetic variation. Projects dedicated to expanding genetic
databases with DNA from groups on the African continent, for ex-
ample, have shown that these populations are the most genetically
diverse on Earth and refute the myth that there is a genetically
distinguishable Black race (26). The aim of diversifying biomedical
research should not be to find innate genetic differences between
racial groups; rather, it should be to give persons from racialized
populations equal access to the benefits of participating in high-
quality and ethical research (including clinical trials) and to give
scientists a richer resource to understand human biology. In this way,
genetic research can contribute to more individualized diagnoses
and therapies that no longer rely on crude medical decisions based
categorically on a patient’s race.

Genetic privacy
in the post-COVID world

By Dina Zielinski®*? and Yaniv Erlich®

In 2007, only two individuals had their full genome sequenced:
Craig Venter and Jim Watson. Today, more than 30 million
individuals have access to their detailed genomic datasets. This
democratization of genomic data has helped to reunite families,
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fight racism, and promote genetic literacy (27, 28), but it has also
enabled surveillance on a massive scale. The correlation of DNA
variants between distant relatives means that relatively small da-
tabases can identify large parts of the population, including people
who are not in the database (29). The high dimensionality of DNA
data and linkage disequilibrium mean that efforts to obscure
individual-level data, by pooling genomes or censoring parts of the
genome, can fail unexpectedly (30). And with the advent of con-
sumer genomics and third-party websites that allow participants
to upload their genome data, it is increasingly easy to collect and
access DNA data (31).

We envision that the COVID-19 pandemic will accelerate genetic
surveillance. People will likely see infectious disease surveillance,
swabbing upon arrival, at border crossings, including airports.
Governments can harness pandemic control infrastructure to build a
DNA database of all arrivals. Such databases can identify a substan-
tial portion of the visitor’s home-country population because genetic
re-identification is magnified through familial connections. But mas-
sive surveillance will not be restricted to government efforts. With
the growing size of third-party genetic databases, essentially every-
one with the right technical skills will be able to identify individuals.

Dr. Jessica Elm watches Alison Watson hold the pipette for a DNA extraction
exercise during the Summer Internship for Indigenous Peoples in Genomics
(SING) workshop in 2019.
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What are the implications of ubiquitous genetic surveillance?
On the plus side, law enforcement agencies will be able to solve
virtually all sexual assault cases. Screening at airports can help to
reveal fraudulent identities, which is central in fighting human
trafficking and espionage. However, the same technology can be
used to target minorities or political opponents.

The convergence of these applications underscores the impor-
tance of treading lightly with these new forensic superpowers. On
the technical side, one theoretical mitigation option to limit such
re-identification could include creating a trail that leads a genea-
logical tracing attempt to a fake identity. But this and other meth-
ods have yet to be investigated in a principled approach. Beyond
technological countermeasures, the field needs guidelines concern-
ing the use of genetic surveillance technologies. An important step
is the interim policy laid out by the U.S. Department of Justice
restricting forensic investigators’ usage of third-party genetic da-
tabases to investigations of violent crimes, and only with sites that
receive informed consent from users for such searches (32). Open
public discussion is vital to further shape policies and expectations
so as to harness the power of the genomic revolution for the ben-
efit of the public.

“Emerging ethics
in Indigenous genomics

By Nanibaa’ A. Garrison'#'51¢ and Stephanie Russo Carroll*?

Despite considerable advances in genomics research over the past
two decades, Indigenous Peoples are incredibly underrepresented.
Biological materials from Indigenous Peoples have been collected to
study diseases, medical traits, and the origins of human populations,
yet many studies have not benefited the participants or their commu-
nities. Some research has even created harms such as exacerbation
of derogatory and detrimental stereotypes or challenges to cultural
beliefs. Without productive relationships, Indigenous communities
may not benefit from research in areas such as precision medicine
and pharmacogenomics, and health disparities may remain unad-
dressed. Thus, many Indigenous Peoples are hesitant to participate
in genomics research without extensive discussions and agreements
to ensure that the results have individual and collective benefits, as
well as to learn what happens to samples and how they are used (33).
Indigenous scholars are developing guidance to address concerns
and pave pathways for more equitable and beneficial research that
aligns with the rights and interests of Indigenous Peoples (34).

Culturally aligned research can increase Indigenous Peoples’
participation in genomics research. The Summer Internship for
Indigenous Peoples in Genomics (SING) trains and builds capacity
for scientists and community members to shape research priori-
ties of interest in their communities, and it has prompted the
SING Consortium to develop a framework for ethical research
engagement (35). The Center for the Ethics of Indigenous Genomic
Research supports Indigenous-led research in biobanking and pre-
cision medicine that integrates sovereignty rights and Indigenous
communities’ ethical and cultural preferences. In Canada, Silent
Genomes is creating an Indigenous Background Variant Library
through close engagement with community and cultural advisors.
Finally, in New Zealand, the Maori-developed Te Ara Tika frame-
work integrates relationships, research design, cultural and social
responsibility, justice, and equity as core interests for ethical ge-
nomic research with Maori people (36).

Recognizing the need to foster self-determination and collec-
tive rights within open science and secondary use, the Global
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Indigenous Data Alliance’s CARE Principles for Indigenous
Data Governance (Collective Benefit, Authority to Control,
Responsibility, and Ethics) complement the FAIR principles
(Findability, Accessibility, Interoperability, and Reusability) that
make data machine-readable and usable in multiple contexts (37,
38). When operationalized together, CARE and FAIR enhance
Indigenous leadership and innovation, leading to participatory
governance and enabling opportunities for trust-building and ac-
countability by incorporating Indigenous values and rights. For
example, the creation of data standards and the use of Indigenous
community-defined metadata can protect data while allowing
them to be useful. The metadata become durable and persistent
components of genomic information that provide guidance on
future use, such as who has the authority to sanction that use, for
what purposes, and to benefit whom (34, 37).

An increased focus on rights and interests combined with en-
hanced engagement and capacity has the potential to reduce bias
and produce more relevant and beneficial research for all.

N.A.G.is Diné, a citizen of the Navajo Nation. S.R.C. is Ahtna, a citizen
of the Native Village of Kluti-Kaah.

Polygenic risk in a diverse world

By Pilar N. Ossorio®®

Polygenic risk scores (PRSs) are a rapidly emerging technology

for aggregating the small effects of multiple polymorphisms across
a person’s genome into a single score. A PRS can be calculated

for any phenotype for which genome-wide association data are
available, usually by summing the weighted effect sizes of alleles
(39). In medicine and public health, PRSs could be used for select-
ing therapies, initiating additional risk screening, or motivating
behavior change. Whether they will be used in medicine depends
on factors such as the degree to which they provide actionable
risk information beyond that provided by clinical algorithms, the
availability of information technology for calculating PRSs in clini-
cal settings, and the availability of decision support tools. To date,
PRSs have demonstrated moderate utility for complex medical
phenotypes, including blood pressure, obesity, diabetes, depres-
sion, schizophrenia, and coronary heart disease.

PRSs also highlight the complex intersection of race and ances-
try in genomics. Substantiating and extending earlier work, a re-
cent analysis showed that in 26 previous studies, PRSs performed
significantly worse for people with predominantly African or South
Asian ancestry than for people with predominantly European
ancestry (40, 41). There was not enough data to assess perfor-
mance for many groups (e.g., South East Asians, Pacific Islanders).
Researchers have attributed this result to underrepresentation of
non-European individuals and racial/ethnic minorities in datasets
used to develop PRSs. Relative to people who are included in most

genomic datasets, racial/ethnic minorities tend to have a greater
portion of recent ancestry from places other than Europe.

In response to the differential predictive power of PRSs, re-
searchers have developed some PRSs specifically for people
of predominantly African ancestry, and genome scientists are
considering whether “ancestry-specific PRS are needed for every
ethnic group..” (42). These developments occur as scholars of
race call for an end to many uses of “race correction” in medicine
(43). Appropriate attention to genetic ancestry’s effects on PRSs
can easily collapse into an ill-informed focus on race, without
considering how social inequalities shape health and how race is
an imperfect proxy for ancestry. Society needs a multidisciplinary
approach for developing and implementing PRSs for diverse
communities. Otherwise, ancestry-specific PRSs could reinvigo-
rate people’s misconceptions about human races as genetically
distinct groups and encourage mistaken views that trait distribu-
tion between racial/ethnic groups is primarily caused by genetics
(39). Such beliefs are central to white supremacy and racist medi-
cal practices. Injustice in science can occur because some groups
of people are not included (44), but injustice can also result from
inappropriate inclusion.

Risks of genomic surveillance
and how to stop it

By Yves Moreau? and Maya Wang?

The use of DNA profiling for individual cases of law enforcement
has helped to identify suspects and to exonerate the innocent. But
retaining genetic materials in the form of national DNA databases,
which have proliferated globally in the past two decades, raises
important human rights questions. Landmark court decisions in
Europe and in the United States set some limits on data collection
and retention in DNA databases, such as restricting long-term reten-
tion of DNA profiles to people arrested for or convicted of a crime.

But these decisions are far from the comprehensive regulations
we need. Privacy rights are fundamental human rights. Around the
world, the unregulated collection, use, and retention of DNA has be-
come a form of genomic surveillance. Kuwait passed a now-repealed
law mandating the DNA profiling of the entire population. In China,
the police systematically collected blood samples from the Xinjiang
population under the guise of a health program, and the authorities
are working to establish a Y-chromosome DNA database covering the
country’s male population. Thailand authorities are establishing a
targeted genetic database of Muslim minorities (45). Under policies
set by the previous administration, the U.S. government has been in-
discriminately collecting the genetic materials of migrants, including
refugees, at the Mexican border.

As the technology gets cheaper, and as the adoption of surveillance
gets ever broader, there is an acute risk of pervasive genomic surveil-
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For better drugs, diversify clinical trials

Genetic variation in drug metabolism can affect drug outcomes

By Namandjé N. Bumpus

OVID-19 has highlighted the dev-

astating disparities that exist for

Black, Latinx, and Indigenous people

in health care and medicine in the

United States and other parts of the

world. As a result, the importance
of ethnic diversity in clinical trials has en-
tered public discourse. This moral issue is
enough to warrant elevation. But there are
also scientific considerations because a lack
of diversity in clinical trials hinders the abil-
ity to fully understand variation and predict
drug outcomes across populations, including
those most hard-hit by a disease.

A Kkey aspect of clinical testing is to as-
sess a drug’s safety, evaluate side effects,
determine a safe dosage range, and deter-
mine effectiveness. However, for decades,
most clinical trials in the United States
have been carried out primarily in indi-
viduals of European descent. As a result,
dosing recommendations are largely based
on data obtained in trials mainly compris-
ing individuals with European ancestry
(I). A study analyzing cancer trials that led
to the approval of oncology drugs by the
U.S. Food and Drug Administration (FDA)
between 2008 and 2018 found that of 230
clinical trials, only 88 (38%) reported the
number of Black participants in the study
and only 23 (10%) reported on Hispanics
(2). Overall, Black people and Hispanic
people were found to represent only 3.1%
and 6.1% of oncology trial participants, re-
spectively. Furthermore, when accounting
for the proportion of U.S. cancer incidence,
the numbers of Black people in oncology
trials were only 22% of what would be ex-
pected from proportional representation.
Hispanics were similarly underrepresented;
their participation was 44% of what would
be expected based on the proportion of U.S.
cancer incidence. By contrast, the represen-
tation according to cancer incidence was
98% for white people in oncology trials.

Humans are more similar than they are
different, and genetic differences are small.

Department of Pharmacology and Molecular Sciences,
Johns Hopkins University School of Medicine, Baltimore,
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570 5 FEBRUARY 2021 « VOL 371 ISSUE 6529

But genetic variation in processes that con-
trol drug exposure and response, such as
drug metabolism, can result in interindi-
vidual variability in outcomes. Thus, a lack
of diversity in trials can skew safety, dosing,
and efficacy results. When drugs are taken
orally, they pass through the liver, which
contains an abundance of drug-metabolizing
enzymes, before entering systemic circula-
tion. Once in the liver, these enzymes bio-
chemically modify a drug, usually resulting
in the conversion of the drug (which tends
to be fat-soluble) into a “metabolite” that
is more water-soluble and therefore more
readily excreted from the body (for exam-
ple, through urine or bile). The metabolites
may be pharmacologically active, inactive,
or toxic. As such, for a majority of currently
marketed oral drugs, this process controls
the amount of drug that ultimately reaches
the target site, and thus drug metabolism in-
fluences the magnitude and the duration of
pharmacological action.

Owing to genetics, people can be catego-
rized as poor, intermediate, extensive, or ul-
trarapid metabolizers of certain drugs. For
example, in the case of a drug that is phar-
macologically active and its metabolites in-
active, a drug may accumulate in the body
of a poor metabolizer and toxicity could oc-
cur as a result. By contrast, someone who is
an ultrarapid metabolizer of the same drug
may not achieve concentrations of the drug
in their blood that are high enough to be ef-
fective. For prodrugs, where the parent drug
is inactive or substantially less active than its
metabolite, genetically encoded variation in
drug metabolism could affect the ability of a
person to activate the drug.

Although genetic variation in drug me-
tabolism does not influence all drugs in
this way, diversification of clinical trials al-
lows for enhanced understanding of when
it does. Certain gene variants that encode
drug-metabolizing enzymes are often more
prevalent in specific ethnic groups and can
have relevance in the context of dosing, ther-
apeutic efficacy, and the likelihood of side ef-
fects and hypersensitivity reactions. Indeed,
about one-fifth of new drugs approved by the
U.S. Food and Drug Administration (FDA)
between 2008 and 2013 exhibit differences
in exposure and/or outcomes across ethnic

groups (3). Pharmacogenetics is the science
of understanding drug-gene interactions and
how genetic variability governs therapeutic
outcomes. However, even studies focused on
understanding individual drug responses
(in terms of either drug efficacy or toxicity)
have mostly been performed in individuals
of European ancestry. This is problematic be-
cause, for example, African Americans have
been shown to have greater genetic variation
than people of European descent (4). Thus,
underrepresentation of African Americans
and other individuals of non-European de-
scent impedes the ability to integrate phar-
macogenomics findings into clinical care
and to fully leverage pharmacogenetics to
predict drug outcomes (5-7).

The cytochromes P450 are a family of
heme-containing monooxygenases that me-
tabolize ~75% of clinically used drugs (8).
The expression and activities of these en-
zymes are influenced by a range of factors,
including genetic polymorphisms; as a re-
sult, they are a primary source of variabil-
ity in drug response. A notable example of
this is cytochrome P450 3A5 (CYP3A5), an
enzyme that is not functionally expressed in
most people of European descent because
of genetic variation, including a 6986A>G
single-nucleotide polymorphism that results
in a splicing defect and consequently a trun-
cated protein. This CYP345%3 variant has an
allele frequency of ~90% in individuals of
European descent. By contrast, most people
of African descent are CYP3A5 expressors be-
cause they carry one or two CYP345%1 alleles
(9). This means that most people of African
ancestry have functional CYP3A5, whereas
those of European ancestry do not.

The clinical implications of CYP345
variation have been best described for ta-
crolimus, an immunosuppressive agent
that is one of the most widely used drugs
to prevent solid organ transplant rejection.
Blood concentrations of tacrolimus have
been linked to the CYP3A45 genotype in sev-
eral studies: People with CYP345%1 exhibit
greater rates of tacrolimus clearance and
thus have lower drug concentrations than
individuals with the CYP3A45*3 genotype.
Furthermore, a study conducted in African
Americans demonstrated that the CYP345%1
allele is associated with subtherapeutic con-
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centrations of tacrolimus, and thus higher
dose requirements than for patients with a
CYP3A5*3/*3 genotype (10).

African Americans are at 58% higher risk
of major bleeding from warfarin, a widely
prescribed anticoagulant used to treat or
prevent blood clots in veins and arteries,
compared to European Americans (ZI).
Marked interindividual variability in warfa-
rin dose requirements is observed clinically,
and in general, African Americans require
higher warfarin doses to achieve efficacy
as compared to individuals of European
or Asian descent. Warfarin acts by inhibit-
ing vitamin K epoxide reductase complex
subunit 1 (VKORC1) and thereby interferes
with clotting factor activation. VKORCI and
cytochrome P450 2C9 (CYP2C9) variants
have been established as modulators of the
warfarin dose that is required for an effica-
cious response. Regarding alleles associated
with decreased CYP2C9 enzymatic function,
CYP2C9*2 and CYP2C9*3 are the most com-
mon in people of European descent (12).
These alleles are less prevalent in people of
African descent. As a result of the reduction
in warfarin metabolism, carriers of one or
two copies of CYP2C9*2 or CYP2C9*3 have
reduced warfarin clearance leading to sig-
nificantly lower dosing requirements. In
African Americans, the CYP2C9*5, *6, *8,
and *I1 alleles are important contributors to
warfarin metabolism.

A large, multicenter, double-blind, ran-
domized controlled trial [called Clarification
of Optimal Anticoagulation through Genetics
(COAG)] investigated the impact of incorpo-
rating genetic data into a warfarin dosing
algorithm (13). The cohort was ethnically
diverse and 27% of participants were of
African descent. However, for CYP2C9, the
genotyping panel in this study was limited to
CYP2C9*2 and CYP2C9*3, and therefore did
not include variants that influence warfarin
metabolism in people of African descent
specifically (i.e., CYP2C9*5, *6, *8, and *II).
This resulted in potential overdosing in in-
dividuals carrying the CYP2C9*5, *6, *8, and
*11 alleles and, ultimately, guidance by the
Clinical Pharmacogenetics Implementation
Consortium that pharmacogenetic dosing
of warfarin should not be used in people of
African ancestry when only CYP2C9*2 and
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CYP2C9*3 genotyping data are available (14).

Beyond those explained by genetic dif-
ferences in drug metabolism, several other
therapies have shown ethnic associations.
African Americans are more likely to ex-
perience angioedema after treatment with
angiotensin-converting enzyme inhibitors
(15). Angioedema is a rapid swelling that
involves the skin and subcutaneous tissue
or submucosa, and severe cases can result
in respiratory distress by affecting the up-
per airway and larynx. The mechanism(s)
underlying the frequency of this adverse
outcome in African Americans remain to be
understood; however, it may be related to
genetic differences in the kallikrein-kinin
system, which is a metabolic cascade con-
nected to vasodilation.

Additionally, ~10% of African American
males are glucose-6-phosphate dehydroge-
nase-deficient, which can result in hemolytic
anemia in response to certain drugs such as
chloroquine and primaquine that are used to
treat malaria. This is attributed to the finding
that intracellular concentrations of reduced
nicotinamide adenine dinucleotide phos-
phate (NADPH) are depleted in these indi-
viduals under conditions of oxidative stress,
thereby increasing the risk of intravascular
hemolysis in response to oxidative agents, in-
cluding chloroquine and primaquine.

Collectively, these examples underscore the
importance of investigating drug outcomes
and genetic variation in a diverse range of
populations. Well-designed trials, including
those for COVID-19 therapeutics, need to be
powered in such a way that they can charac-
terize potential genetic differences in clini-
cal outcomes that may be specific to certain
ethnic groups. This means that clinical trials
must reflect the population, and in diseases
where ethnic disparities in incidence and/or
mortality have been established, consider-
ation should be given to making commensu-
rate adjustments in clinical trial demograph-
ics. Historic mistrust regarding clinical trials
must be acknowledged, and scientists and
medical professionals must fully engage in
the work of trust building.

As part of this work, it is necessary to dis-
mantle barriers to clinical trial participation,
including through careful consideration of
participant eligibility criteria. For example,

participant exclusion based on HIV-positive
status can have a disproportionate impact on
the ability of people from certain populations
to participate in a study, and this may not al-
ways be necessary from a scientific or safety
perspective. Key to addressing these issues is
a diverse and inclusive scientific workforce,
as it will enhance the likelihood that there
will be equity in the selection of genes, mod-
els, study design, and outcomes investigated.
Funding agencies also have a role to play in
ensuring accountability for representation
in clinical trials, enabling the development
of model systems to better understand the
mechanisms underlying ethnic disparities in
drug outcomes, as well as safeguarding the
vitality of basic sciences (such as pharmacol-
ogy) so that the foundation upon which drug
trials are built can be continuously strength-
ened. Finally, reporting of ethnicity data in
published reports of clinical trials should be
required to ensure transparency regarding
study demographics. Recognizing and acting
on the need to diversify clinical trials is an
important way to ensure that treatments are
most likely to work for all people and that
existing health disparities and the costs they
bring are not further exacerbated.
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Ultrafast generation of optical hyperholicity

A new strategy actively controls the trapping and manipulation of light

By Shaozhi Deng and Huanjun Chen

he propagation of light through a ma-

terial is governed by an isofrequency

surface related to the crystal struc-

ture. This surface is spherical for an

isotropic crystal and an ellipsoid for

many anisotropic crystals. An ex-
treme, unusual, and intriguing surface is a
hyperboloid. Hyperbolic media are able to
support electromagnetic waves with ultra-
short wavelengths. This makes them attrac-
tive for subwavelength light trapping and
manipulation. Particularly, hyperbolicity in
the mid-infrared to terahertz range can find
applications in controlling thermal radiation
and heat transfer (7). Although hyperbolicity
has been realized in artificial metamaterials
(2) and recently discovered in natu-

dreds of micrometers) seriously impedes the
ability to confine light to nanoscale dimen-
sions. This issue can be alleviated by resort-
ing to natural materials with atomic-scale
unit cells (3). Among them, vdW crystals and
their heterostructures that consist of atomic
planes bonded by vdW force exhibit highly
orientation-dependent dielectric responses,
which are inherited from their anisotropic
electronic structures or lattice vibrations. In
particular, vdW crystals sustaining polari-
tons can be endowed with hyperbolicity in
the spectral range from ultraviolet to tera-
hertz (4, 5). Since 2014, hyperbolic polaritons
have been experimentally identified in a few
vdW crystals, including plasmon polaritons
in tungsten ditelluride (WTe,) (7) and pho-
non polaritons in hexagonal boron nitride

(h-BN) (8), molybdenum trioxide (a-MoO,)
(9, 10), and vanadium pentoxide (a-V,O;)
(I1). Moreover, the polaritonic properties of
the vdW crystals can be actively controlled
through chemical doping, electrical gating,
and photoinjection, making them highly at-
tractive for tunable photonic and optoelec-
tronic applications.

Compared with other approaches, photo-
injection is an effective method for modulat-
ing the polariton properties of vdW crystals,
in terms of its high speed, all optical control,
and high on/off ratios. However, prepara-
tion of hyperbolicity in vdW crystal without
intrinsic polaritons remains challenging.
Sternbach et al. demonstrate that the injec-
tion of high-density electron-hole pairs gen-
erates hyperbolic polaritons. Because of its

anisotropic electronic structure, the

ral materials (3-5), generating and
actively controlling the hyperbolic-
ity in materials that are inherently
nonhyperbolic is difficult. On page
617 of this issue, Sternbach et al. (6)
propose a strategy for creating hy-
perbolicity in tungsten diselenide
(WSe,) by means of femtosecond car-
rier photoinjection.

WSe, is a van der Waals (vdW)
semiconductor. The high-density
electron-hole pairs from photoinjec-
tion result in transient hyperbolic
polaritons—electromagnetic modes
attributable to the coupling of inci-
dent light with collective electric or
magnetic dipole oscillations. The op-
eration wavelengths can be dynami-
cally controlled in the mid-infrared
regime by tuning the photoexcitation
density. The authors further visualize
the conical polariton wavefront using
a nano-imaging technique.

Hyperbolicity essentially requires
that the in-plane and out-of-plane
dielectric permittivities exhibit op-
posite signs. Traditionally, this is re-
alized with artificial metamaterials
composed of repeating metallic pat-
terns (2). Yet, the feature size of the
patterns (tens of nanometers to hun-
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Laboratory of Display Material and Technology,
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Technology, Sun Yat-sen University, Guangzhou
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Transient hyperbolicity

The optical properties of WSe, can be quickly changed by photoinjection
from a normal state to an exotic hyperboloid. The hyperboloid state
allows light to be trapped and manipulated.

Conduction band

) (

Valence band Steady state

Normal state

In the steady state, WSe, is a typical semiconductor with a moderate
bandgap. The permittivities are different in different directions because
of the crystal structure.

Conduction band

)~

Valence band

Photoninjection of electron-hole pairs

Pumped state

Photoinjection from femtosection laser illumination forms a series of exciton
states because of high density electron-hole pairs. This changes the
isofrequency surface from the normal closed ellipsoid to an open hyperboloid.

optical isofrequency surface of pris-
tine WSe, is an ellipsoid, and cor-
respondingly, the permittivities in
the basal plane are different from
that along a perpendicular direction
(see the figure). The photoinjected
electron-hole pairs can form series of
discrete excitonic states. Polaritons
can thereafter be formed because
of exciton transitions between dif-
ferent states coupling to photons.
Accordingly, the topology of the
isofrequency surface will transform
from a closed ellipsoid to an open
hyperboloid. Because the transition
energies are tens of milli-electron
volts, the hyperbolic responses locate
in the mid-infrared range (~750 to
1000 cm™). The evidence for hyper-
bolicity is the directional light rays
that propagate inside the crystal.
Furthermore, because of the short
lifetime of the excitonic states, the
hyperbolicity is a transient process of
the subpicosecond time scale.
Sternbach et al. also show that
the hyperbolicity can be dynamically
controlled by tuning the photoexci-
tation density. This control is pos-
sible because the exciton transitions,
which determine the magnitude and
sign of the permittivities, are strongly
dependent on the photoinjected car-
rier density (n,). The n, monotoni-
cally increases with increasing exci-
tation power. The polaritonic bands
can therefore span a very broad elec-
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tromagnetic spectrum through adjustment of
the excitation power. This virtue can address
the issue that most of the hyperbolicity in
vdW crystals can only be tuned in a narrow
spectral width. Potential applications could
be envisioned, for example, to enhance the
performance of biological and chemical sens-
ing by tuning the hyperbolic band to overlap
with and enhance the molecular vibrational
and rotational fingerprints in the mid-infra-
red to terahertz spectral regime.

The transient hyperbolic polaritons offer
an opportunity for on-demand control of
light flow at the nanoscale, in the subpico-
second time scale, and over a broad spectral
range. The ultrafast and strongly confined
infrared polaritonic fields can also add sub-
picosecond temporal resolution and nano-
meter spatial resolution to the study of vari-
ous physical and chemical processes, which
cannot be accessed by using conventional
spectroscopic techniques. For example, relax-
ation of the polaritons created could be used
to probe the decay dynamics of the energetic
carriers inside the materials and crossing
over the barrier of heterostructure inter-
faces. Coupling of the transient polaritonic
fields with quantum materials would allow
investigations of the various quantum phase
transitions in condensed-matter physics,
which can be activated by the mid-infrared
or terahertz wave. More broadly, a variety of
interesting phenomena and relevant appli-
cations can be inspired by coupling the ul-
trafast hyperbolic polaritons with electronic
and photonic processes within the materials.
For example, ultrafast electron sources with
simultaneous high spatial and temporal res-
olutions are anticipated by harnessing the
electron field emission assisted by the strong
and transient localized polaritonic fields (12).
The rationale established here can be ap-
plied to other types of polaritons by coupling
the photoinjected carriers to the collective
polarized charge oscillations, rendering it a
new paradigm for effective subdiffractional
modulation of a light field.
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CANCER IMMUNOTHERAPY

Modulating gut microbiota

to treat cancer

Fecal microbiota transplantation is evaluated in melanoma
patients resistant to immunotherapy

By Christopher H. Woelk! and
Alexandra Snyder?

n the fourth century, a Chinese practi-

tioner reportedly used the stool of

healthy subjects to treat patients with

diarrhea (7). In 1958, fecal microbiota

transplantation (FMT) was reported as

a treatment for Clostridium difficile in-
fection that was resistant to antibiotics (2).
FMT became an option for routine treatment
for such infections in 2013, after a clinical
trial demonstrated a higher response rate in
C. difficile—infected patients treated with
FMT (81%) compared to
those treated with an antibi-
otic (31%) (3). Since then, in-
terest in FMT has evolved in
diverse clinical settings. In
cancer, studies on hemato-
poietic stem cell transplan-
tation, arguably the first im-
munotherapy of the modern
cancer era, have suggested a
role for the gut microbiota
in clinical outcomes (4). On
pages 602 and 595 of this issue, Baruch et al.
(5) and Davar et al. (6), respectively, report
that manipulating the gut microbiota may
allow cancer patients to overcome resistance
to immunotherapy.

Cancer immunotherapy for solid tumors
experienced a rebirth in the 2010s with the
approval of checkpoint inhibitors (CPIs)
that block cytotoxic T lymphocyte-associ-
ated protein-4 (CTLA-4), programmed cell
death protein 1 (PD-1), and programmed
death-ligand 1 (PD-L1). These proteins act
as cellular “brakes” to control immune re-
sponses; thus, CPIs release this restraint.
Biomarkers of response and resistance to
CPIs include tumor-specific attributes (such
as PD-L1 expression and mutation burden).
Earlier studies reported that mice subjected
to FMT or oral gavage with specific bacte-
ria showed greater sensitivity to CPIs (7, 8).
Subsequent studies described associations
between the gut microbiota and outcomes
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“The regulatory
reality for this
comhbination therapy
is linked to the
scientific challenges
of this field...”

in cancer patients treated with CPIs (9, 10).

Baruch et al. and Davar et al. attempt to
bridge association to causation, suggesting
that altering the gut microbiota may restore
sensitivity to CPIs in patients with advanced
cancer. Baruch et al. treated 10 melanoma pa-
tients with FMT from two donors who had
exhibited a complete response (disappear-
ance of cancer as determined by imaging)
to CPIs. Eligible transplant recipients had
to have shown progressive disease during or
after prior CPI therapy. These patients were
then treated with antibiotics to deplete their
existing gut microbiota, a process thought
to aid subsequent micro-
biota engraftment. This was
followed by FMT adminis-
tered by colonoscopy every
14 days, together with stan-
dard dosing of a CPI target-
ing PD-1 (nivolumab). Three
of the 10 patients showed
radiographic response
(shrinking of tumor size as
determined by imaging).
Of the three patients, one
(who had no prior response to CPIs) showed
a complete response to FMT when it was
given 66 days after the last dose of a previous
CPI treatment. This suggests a true de novo
response. However, the other two patients
showed only a partial response to FMT. They
exhibited some response to immunotherapy
early on but over time eventually showed
disease progression and were therefore
considered immunotherapy nonresponsive.
Yet, after 119 and 204 days had passed, they
then responded to CPI-FMT therapy. Thus,
responses to a CPI-FMT combination may
have been due to retreatment with CPI alone
rather than from a new effect of added FMT,
although a role for FMT cannot be excluded.
Notably, two of these three responding pa-
tients experienced pseudoprogression (when
imaging suggests an apparent worsening of
a cancer that is followed by subsequent im-
provement) at a rate much higher than typi-
cally seen in patients with melanoma (II).
The three responding patients also showed
increased expression of immune-related
genes in the lamina propria (part of the lin-
ing of the gastrointestinal tract) and in their

o
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tumors. These changes may reflect biological
processes associated with clinical response.

The melanoma patients treated by Davar
et al. met a stricter definition of resistance
to immunotherapy, as they were required to
demonstrate no response to prior CPI treat-
ment as well as progressive disease. Stool was
collected from seven patients with partial
or complete response to CPIs. Patients who
were previously refractory to CPIs were ini-
tially treated with FMT (stool selected from
any one of the seven donors) in combination
with a CPI (pembrolizumab), followed by CPI
alone every 3 weeks until cancer progres-
sion was observed. Three of 15 FMT-treated
patients demonstrated a partial response (as
determined by imaging of tumor burden),
and a further three patients showed stable
disease for more than 12 months.

The observations of Baruch et al. and
Davar et al. suggest a possible therapeu-
tic effect of FMT in CPl-treated patients.
However, several clinical, regulatory, and
scientific questions need to be addressed for
this approach to become an approved treat-
ment. Notably, a subset of patients who are
treated beyond progression with CPIs may
experience benefit (12), and larger studies
in a defined post-CPI population are needed
to show FMT efficacy. In addition, across all
the patients studied, neither study reported
PD-L1 expression or tumor mutation burden,
two biomarkers of CPI response. This infor-
mation is important to determine whether
patients require a preexisting adaptive im-
mune response to respond to microbiota-
modulating therapy. The studies of Baruch
et al. and Davar et al. were each conducted
at a single facility, where patients are more
likely to have a similar diet and microbiota
profiles than at the diverse sites accrued
during a phase 2 or 3 clinical trial. Future
work is needed to better understand which
response profiles for sourcing donor FMT,
engraftment procedures, and recipient phe-
notypes are required for successful CPI-FMT
combination therapy.

From a regulatory perspective, challenges
in the post-CPI setting include defining the
proportion of activity attributable to each
part of a combination therapy, defining a
CPI-refractory population, and positioning
FMT intervention in the context of cancer
therapies. Furthermore, because FMT is con-
sidered a live biological product and a drug
by the U.S. Food and Drug Administration
(13), FMT combinations with CPIs are likely
to encounter regulatory challenges similar
to those experienced by FMT for C. difficile
infection, which has no clinical approval to
date. The regulatory reality for this com-
bination therapy is linked to the scientific
challenges of this field; unlike other anti-
cancer therapies being developed for post-
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CPI use, the “active ingredient” in FMT and
its mechanism(s) are unknown. Recent ad-
vances in treating C. difficile infection may
overcome regulatory hurdles, as illustrated by
ECOSPOR 111, a phase 3 clinical trial in which
capsules containing purified bacterial spores
were administered to patients (thought to be
potentially safer and more consistent than
FMT) (14). Different cancer studies have
used different DNA sequencing and bioin-
formatic strategies, attribute the salutary ef-
fects of FMT to different bacteria (7—10), and
have not resolved whether general diversity
of the microbiota, particular bacterial spe-
cies, a specific bacterial metabolite, or some
other interaction between the host and donor
microbiota is the dominant factor in patient
response to FMT. Although Baruch et al. and
Davar et al. agree that bacteria belonging to
the phylum Firmicutes may be associated
with response to CPI-FMT therapy, well-
powered studies need to robustly show a clear
association between specific taxa and clinical
response. Shifting from comparisons of bac-
terial taxonomy to comparisons of functional
metabolic profiles, as performed by Baruch et
al., may provide better mechanistic insights.

Future studies should consider integrat-
ing microbiota-related data with tumor- and
patient-intrinsic factors that affect outcomes
to CPI. Baruch et al. and Davar et al. indicate
an acceptable safety profile and potential
efficacy for CPI-FMT therapy in advanced
melanoma patients. In addition, several
companies have live biological products in
clinical trials with CPIs in patients with solid
tumors (e.g., NCT03817125, NCT04208958,
NCT03637803). Large-scale studies should
better define efficacy and answer outstand-
ing regulatory and scientific questions.
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CORONAVIRUS

Superspreading
genomes

Virus mutations help
to unravel key
epidemiological events

By Samuel Alizon

ndividual contributions to epidemic

spread vary. Although some infections

may not cause any secondary cases,

others are associated with so-called

“superspreading” events in which

numerous infections result from the
same case. These events can shape the
course of an epidemic, but their detection
remains challenging. On page 588 of this
issue, Lemieux et al. (I) show that phylo-
genetic analyses of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2)
genome sequence data help quantify the
prevalence and impact of superspreading
events on COVID-19 outbreaks.

Superspreading gained attention during
the 2002-2004 SARS epidemic, and mathe-
matical models highlighted its contrasting
effects, by which the phenomenon is pre-
dicted to increase the probability that an
outbreak will go extinct by chance but also
to fuel the growth of outbreaks that evade
extinction (2). Superspreading could also
be involved in the adaptation of emerging
infectious diseases to new hosts (3). Such
events have since been identified in mea-
sles (2), Middle East respiratory syndrome
(4), and Ebola (5) outbreaks. Their pres-
ence can be detected from cluster sizes (4)
or spatial incidence data (5), but they ap-
pear most clearly in contact tracing data.
However, studies to generate these data
are expensive, invasive, and time consum-
ing. Their quality is also limited because
many people are unreliable respondents
and list no or multiple potential sources of
infection. Digital tracking could increase
data quality but comes with substantial
privacy risks. Most of these limitations are
minimal for virus genome analyses.

A common motivation to monitor the
diversity of circulating viral strains is
that some genetic variations may threaten
treatment or long-term vaccine efficiencies
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(6). But genetic evolution can also be har-
nessed to track infections as they spread,
informing public health decisions. Assum-
ing a constant mutation rate, viruses origi-
nating from infections that are close in the
transmission chain should be more alike,
from a genetic standpoint, than viruses
from infections that are temporally or geo-
graphically distant. Using sequence data,
it is possible to infer phylogenetic trees,
which bear many similarities with dated
genealogies of infections.

Phylogenetic analyses readily provide
insights regarding epidemic structure, in-

from only five states (California, Texas,
Washington, Michigan, and New York).
Timing also matters. For example, that the
oldest SARS-CoV-2 genome dates from De-
cember 2019 limits our ability to accurately
estimate the date of onset of the pandemic.
The study by Lemieux et al. stands out be-
cause it uses dense and early sampling of
the local epidemic in Boston, Massachus-
setts. This offers a detailed view of the
structure and history of the epidemic in
the city area. The study also confirms and
analyzes two contrasting superspreading
events. One of these occurred in a skilled

The effect of superspreading events

Virus genome sequences are arranged in a phylogeny to track transmission over time. Each node
corresponds to a transmission event (“birth™), and each tip corresponds to the end of an infection (“death”).
Superspreading generates many secondary infections that cluster in the phylogenetic tree. In epidemics
with superspreading, many infections do not cause any secondary case.
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Normal spreading only
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cluding the presence of superspreading
events, but also temporal aspects such as
the date of origin of an epidemic wave (7)
(see the figure). The Ebola virus (EBOV)
epidemic in West Africa in 2013-2016
marked a shift in the production and shar-
ing of virus genomic sequence data (8).
This allowed monitoring of a potentially
important role of superspreading events
(9), which was later confirmed with spa-
tial incidence data (5). The large number
of EBOV genome sequences that were pub-
lished during that time now seems limited.
Owing to technological progress, rapid and
affordable full genome sequencing pro-
tocols (10), and the involvement of many
teams across the world, more than 300,000
open-licensed SARS-CoV-2 genomes were
shared in 2020 (1I).

The impressive number of SARS-CoV-2
genomes should not mask the strong sam-
pling heterogeneity. Half of the genomes
are from the United Kingdom. Within the
United States, more than half originate

SCIENCE sciencemag.org

nursing facility and had a substantial im-
pact locally in terms of mortality. The sec-
ond event was associated with a business
conference. Thanks to their understanding
of the local epidemics, the Global Initiative
on Sharing All Influenza Data (GISAID)
collaborative effort, and two key mutations
in the virus genome, Lemieux et al. show
that this event generated transmission
chains all over the world that may account
for hundreds of thousands of infections.
Phylogenetic analyses may interpret any
type of heterogeneity not included in the
underlying model, especially uneven sam-
pling or spatial structure, as superspread-
ing (7). A promising research avenue to
address this issue is called “data integra-
tion.” It hypothesizes that combining dif-
ferent types of data—for example, genome
sequences and incidence data (12)—should
contain more information. This could im-
prove the detection of individual hetero-
geneity in transmission (Z3). It could also
help answer a longstanding question: Are

superspreading events due to individual
biological (such as virus load) or behav-
ioral (such as contact rate) properties, or
to the environment (such as poorly venti-
lated meeting rooms)? This is illustrated
in two ways in the study by Lemieux et al.
They use their knowledge of the sampling
location to distinguish superspreading
events from clusters generated by uneven
sampling. Also, they show that two virus
introductions in the skilled nursing facility
had opposite trajectories, with one leading
to a handful of secondary cases and the
other to a massive outbreak.

The unfolding of an epidemic depends
on the underlying causes of superspread-
ing events. If transmissibility is correlated
with susceptibility and if natural immunity
after recovery is strong, the effect of super-
spreaders should decrease as the epidemic
unfolds, decreasing herd immunity thresh-
olds (74). In terms of control, identifying
risk factors associated with superspread-
ing events—whether they relate to indi-
viduals, activities, or locations—opens the
possibility for targeted interventions that
can disproportionately hamper epidemic
spread (2, 15).

The evolutionary rate of SARS-CoV-2 has,
so far, been relatively slow, making multiple
sources of data particularly complementary.
The ease with which virus genomes can
now be generated and the importance of
monitoring virus evolution are opportuni-
ties for phylodynamics to become a routine
tool in outbreak management.
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QUANTUM SYSTEMS

Quantum logic at a distance

A quantum gate is realized by optically coupling trapped

atoms separated by 60 meters

By David Hunger

uantum computers could revolu-

tionize how specific computational

problems are solved that remain un-

tractable even for the world’s best

supercomputers. However, although

the basic elements of a quantum
computer—realizing a register of qubits that
preserve superposition states, controlling
and reading out qubits individually, and per-
forming quantum gates between them—have
been scaled to a few dozen qubits, millions
are needed to attack problems such as inte-
ger factorization. One approach for scaling
up quantum computers is to “divide and
conquer”—Kkeep individual processing units
smaller and connect many of them together.
This approach leaves local processing nodes
tractable but requires generation of entangle-
ment and performance of quantum gates on
qubits located at distant nodes to keep the
advantages of quantum processing. On page
614 of this issue, Daiss et al. (I) made substan-
tial progress toward this goal by performing
quantum-logic operations on two distant qu-
bits in an elementary network.

Entangling distant qubits in quantum
networks can enable distributed computing
and secure data transmission. Basic quantum
networks have been demonstrated with a few
different systems such as ultracold atoms (2),
trapped ions (3), color centers in diamond
(4), and superconducting qubits (5). By using
schemes to improve the quality of initially
imperfect entanglement, e.g., by so-called en-
tanglement distillation (6), it should be pos-
sible to build noise-resilient, error-corrected
quantum networks that perform better than
their individual components (7). The addi-
tional benefits of improved qubit address-
ability, reduced cross-talk, and improved con-
nectivity between arbitrary qubits controlled
through the network connections suggest
that a distributed quantum computer could
outperform one large computing core.

Daiss et al. realized a quantum gate be-
tween two separated qubits in independent
setups connected by a 60-m-long optical fi-
ber. The qubits are implemented by internal
spin states of two atoms that are trapped in-
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side optical cavities. The qubits become con-
nected when a single photon sent through the
two setups is successively reflected from the
two cavities and then detected (8). The pres-
ence of an atom strongly coupled to a cavity
changes the reflection phase of the photon. A
photon reflected off an empty resonant cav-
ity undergoes a w phase shift. However, an
atom strongly coupled to a cavity causes a
frequency shift of the cavity resonance. This
shift prevents photon entry upon reflection,
and the reflected-photon phase remains un-

Large-scale quantum circuits
Daiss et al. created quantum processors with
single photons guided by optical fibers that were
reflected successively by two atom-cavity devices.
Scaling to multiple qubits could be achieved with
large-scale photonic networks connecting optical
cavities containing multiple atomic spin qubits.
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changed. One qubit state of the atom, but
not the other, couples strongly to the cavity,
so one state does not change the photon re-
flection phase, and the other adds a m phase
shift. An atom in a superposition state of its
qubit levels will produce a corresponding su-
perposition of the photon phase and create
an atom-photon entangled state. When such
an entangled photon is bounced off a second
cavity and undergoes another atom-photon
entangling operation with the second atom, a
final state can be produced that corresponds
to a NOT-gate operation.

The full scheme is actually more compli-
cated and requires encoding through polar-
ization states, a measurement of the resulting

combined atom-atom state based on the pho-
ton polarization, and a conditional change
of the first atom’s state that depends on the
measurement result. Daiss et al. realized a
controlled-NOT gate with <15% deviation
from the ideal gate performance. Together
with the simpler single-qubit gates, this re-
sult represents a complete toolbox to imple-
ment any kind of quantum logic operation.
The scheme is heralded, meaning that it
produces a measurable signal when the gate
operation is successful and becomes immune
against photon loss as an error source.

At a first glance, the scheme requires sur-
prisingly few resources—only a single photon
that is reflected successively by two atom-
cavity devices. Indeed, strong atom-cavity
coupling makes the scheme efficient as it
increased the probability that the photon is
reflected rather than lost through processes
such as spontaneous emission. However, re-
alizing such strongly coupled atom-cavity
systems requires overcoming hurdles that
include atom control, cavity performance,
atomic coherence, and minimized photon
loss. Also, the experiment was not yet oper-
ated with single photons but with attenu-
ated laser pulses, which is easier to do but
introduces errors caused by the presence of
two-photon contributions and enforces low
average photon numbers.

Although all of these issues limit the effi-
ciency and fidelity of the gate demonstrated
by Daiss et al., none of them introduce funda-
mental limits and could be improved in the
future. Thus, it should be possible to scale up
the system (see the figure). For example, mul-
tiple atoms coupled to a single cavity could
allow the reflection of a single photon to im-
mediately produce an N-qubit Toffoli gate
(8), an element of the Grover’s search algo-
rithm. Also, elegant ways for scaling multiple
cavities in interferometer-type configurations
have been proposed (9) in which a single pho-
ton can generate an entangling quantum gate
between any selected qubits in a network.
Although formidable challenges remain,
it is intriguing to imagine the possibilities
when distributed quantum computers form
a quantum internet (10, II).
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CATALYSIS

Designing the right protection

A new iron-based catalyst helps avoid common

pitfalls for making olefins

By Jingxiu Xie

lefins are used to manufacture our
everyday essentials, including plas-
tics, detergents, and hand sanitizers.
Olefins are conventionally produced
from crude oil cracking, but envi-
ronmental concerns drive the urgent
search for alternative, more sustainable car-
bon feedstocks. Carbon-containing waste
streams ranging from biomass to industrial
carbon dioxide (CO,) to municipal waste
are increasingly explored for the synthesis
of chemicals and fuels (I, 2). These waste
streams may first be converted to carbon
monoxide (CO) and hydrogen (H,) called syn-
thesis gas or syngas. The gas is further con-
verted to olefins. Because the waste streams
may be contaminated with impurities, cata-
lysts with higher resistance to poisons would
be advantageous for these processes. On page
610 of this issue, Xu et al. (3) report iron cata-
lysts that are particularly suitable for this
task owing to their robustness and the low
selectivity toward CO, and methane (CH,).

The current industrial process to produce
lower olefins (ethylene, propylene, and bu-
tenes) from syngas is indirect and requires
two steps, the first to synthesize methanol
and the second to convert methanol to ole-
fins (4, 5). The process is mainly commer-
cialized in China, by using syngas derived
from coal gasification or by the import of
methanol produced from natural gas. Direct
processes, namely Fischer-Tropsch to olefins
(FTO) (6) and oxide-zeolite (via oxygenate in-
termediates) (7, 8), are more attractive owing
to cost and material savings along with being
able to avoid the thermodynamic constraints
for methanol synthesis.

Several strategies suppress the formation
of CO, and CH, in the FTO process. One ap-
proach is to use promoted metallic cobalt
catalysts, which are not active for the water
gas shift (WGS) reaction (CO + H,0 — CO,
+ H,), that gives rise to formation of CO, (9).
The other approach is to use pure iron car-
bide catalysts and prevent the phase transi-
tions to iron oxides, which are presumed to
be more active for WGS (70, I1I). For these
types of catalysts, high steam partial pres-

Green Chemical Reaction Engineering, Engineering and
Technology Institute Groningen, University of Groningen
Nijenborgh 4, 9747 AG Groningen, Netherlands.

Email: jingxiu.xie@rug.nl

SCIENCE sciencemag.org

sures are often detrimental to the catalytic
performance because of oxidation or sinter-
ing of the active phase.

Xu et al. present a catalyst composed of
iron carbide nanocrystals encapsulated in
hydrophobic amorphous silica shells. This
may be a viable solution to overcome the
limitations brought about by high steam par-
tial pressure. A high steam partial pressure
in the reactor is inevitable at high conversion
levels because H,0 is a by-product of FTO,
but the hydrophobic silica shell is effective

320°C, 20 bar, and H, /CO = 2, with a 56% CO
conversion and 13% CO, selectivity, the selec-
tivity of methane was less than 10% and the
olefin selectivity reached more than 60%.

Conceptually, the use of a hydrophobic
shell to reduce the coverage of the catalytic
surface with H,O is interesting and could
very well be applicable to other reactions that
are Kinetically inhibited by H,O adsorption.
A common strategy to overcome this issue
has been the addition of adsorbents in the
reactor, but this requires a temperature and/
or pressure swing to release the adsorbed
steam, which drives up production costs. As
such, the approach of Xu et al. could improve
process efficiency, although the hypotheti-
cal mechanism still needs to be verified. The
hydrophobicity tests were carried out with
liquid H,O, which means the surface species
and coverages of the active sites with H,0
still need to be established.

Getting water out of the way

Olefins are used for making polymers and plastics. A catalyst on a support that adsorbs water may produce CO,
from the water gas shift reaction (left), which reduces the efficiency for making olefins. Replacing the support
with one that is hydrophobic (right) allows for a more effective Fischer-Tropsch reaction and olefin production.

Spillover of adsorbed H,0 from support
Water gas shift

0@ JCOZ

HZO—ﬁ (ﬁ Spillover @ O—HZ

OH

Fe;0,/FesC,

No H,0 adsorption on support

Fischer-Tropsch to olefins
@cr. Q-0

CH,
CH;

FesC,

Hydrophilic Si0,

Hydrophobic SiO,

at suppressing the WGS reaction. Hence, the
authors achieved a relatively high CO conver-
sion of 56% and a low CO, selectivity of 13%.

Xu et al. used water-droplet contact angle
and water vapor adsorption and desorption
tests to support the claim on the catalyst hy-
drophobicity, which has two functions. It sta-
bilizes the iron carbide phase and suppresses
its phase transition to iron oxide. This de-
creases the primary CO, formation from FTO.
Additionally, the authors suggest that the
hydrophobicity may facilitate the timely de-
sorption of H,O and prevent its readsorption.
This decreases the secondary CO, formation
by the WGS reaction. A possible scenario to
higher WGS activity is spillover of H,O spe-
cies from the hydrophilic silica shell to the
active sites, which is absent with the hydro-
phobic silica shell (see the figure).

To reduce CH, production, Xu et al. added
manganese to the iron carbide catalyst be-
cause it can promote carbon-carbon coupling
to longer hydrocarbon products. Therefore,
at the industrially relevant conditions of

Xu et al. demonstrate the feasibility of
this catalyst in the coal-based FTO process
with a techno-economic analysis. Despite
the focus on a coal-based FTO process, the
technological advancement should be trans-
ferable to other FTO processes that use more
sustainable and renewable raw materials.
Nonetheless, it remains to be shown if the
unit product cost would be competitive when
this catalyst and technology are used with
more sustainable feedstocks from, for exam-
ple, municipal waste and CO, with H, from
water electrolysis.
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Genomics
and genre

A scholar probes subtle
shifts in stories
told through genes

By Luis A. Campos

f the double helix is an icon of the mod-
ern age, then the genome is one of the
last grand narratives of modernity,’
writes Lara Choksey in her new book,
Narrative in the Age of the Genome. Hy-
bridizing literary criticism with a genre-
spanning consideration of a dozen distinct
literary works, and imbued throughout with
deep concern for the peripheral, the possible,
and the political, the book seeks to challenge
the “whole imaginative apparatus for con-
structing the self into a coherent narrative,
via the lexicon and syntax of the molecular.”

To a reading of Richard Dawkins’s The
Selfish Gene (1976) as a repudiation of class
struggle and E. O. Wilson’s Sociobiology
(1975) as a defense of warfare, Choksey juxta-
poses another kind of ambiguous heterotopia
in which genetic engineering is “a tool of neo-
liberal self-fashioning.” In Samuel R. Delany’s
Trouble on Triton (1976), Bron, a transgen-
der ex-gigolo turned informatics expert, is
caught “between sociobiology and the selfish
gene, between the liberal developmentalism
of progressive evolution, and the neoliberal
extraction and rearrangement of biological
information.” Even the “undulating interrup-
tions” and parentheticals of Bron’s thoughts
“[mimic] the description of the activation
and silencing of genes,” she suggests, tying
together gene and genre in a way that encap-
sulates neoliberal alienation.

Choksey next explores the ways in which
collectivist fantasies of biological reinven-
tion under Soviet Lysenkoism fused “code
and cultivation” through a close reading of
Arkady and Boris Strugatsky’s Roadside Pic-
nic (1972) in which cultivated utopian dream-
worlds become contaminated by alien forces,
resulting in fundamental ecological transfor-
mations beyond the promised reach of hu-
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man control. The novel brings to light not
forgotten Soviet utopias but literal zombies
and mutations. In a world where planned
cultivation fails entirely in the face of the un-
familiar, even as new biological weapons are
being developed, Earth itself viscerally re-
flects a fractured reality of lost promises—a
world in crisis with all meaning gone, and
survival itself a chancy proposition.

As the promise of precision medicine
emerged, so too did new forms of memoir.
In Kazuo Ishiguro’s Never Let Me
Go (2005) and the film Gattaca
(1997), for example, the tradi-
tional aspirational narrative of a
pilgrim’s progress is subverted: i
As the unitary subject disappears
into data, algorithms, and com-
modities, “a new grammar of
existence” emerges, albeit one in
which the inherited problems of

a family history, The Immortal Life of Henrietta Lacks is actually a horror story, argues Choksey.
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and reparation know that technology alone
“cannot do the cultural work of caring for his-
tory” that narrative can offer.

Reading Rebecca Skloot’s The Immortal
Life of Henrietta Lacks (2010) as “a biography
of Black horror which tries, time and again,
to resolve itself as family romance,” Chok-
sey identifies the perils of narratives unable
to recognize their own genre. She argues
that by blurring the lines not between fact
and fiction but between “horror and family
history,” the dehumanization of
Black lives as “experimental bio-
matter” echoes inescapably with
larger histories of “the extraction
of Black flesh for the expansion of
colonial-capitalist production.”

‘What emerges as most compel-
ling out of this entire tapestry of
readings is the author’s interpre-
tation of the limits and failures

»

k-

the past—racism, ableism, and the Age of ﬂ]e Genome: of the extraordinary “cultural
“fiction of heteronormativity”— Gf:;tg’hmgds power of the genome” Conclud-
remain ever-present. Bloomsbury Acaé/emic, ing that genomics has “privileged

In Saidiya Hartman’s Lose Your 2021.232 pp. a particular conception of the hu-

Mother (2006) and Yaa Gyasi’s

Homegoing (2016), Choksey sees a “reorien-
tation” of genomics away from the “reduc-
tion of self to code” and toward new forms
of kinship and belonging that offer a “reck-
oning with the histories of brutalization and
displacement upon which liberal humanism
is founded.” Even as genomics seeks to locate
“the trauma of enslavement at the level of
the molecular,” communities seeking reunion

man that is in the process of be-
ing reconfigured,” Choksey ventures that the
uncomplicated subject, the Vitruvian Man of
the Human Genome Project, has reached its
end. What is left is neither dust, stardust, nor
a face erased in the sand (as Foucault would
have it) but rather whatever might emerge
next from the “unwieldy kaleidoscope of pos-
sible meanings.”
10.1126/science.abf6096
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ASTRONOMY

The origins of ‘Oumuamua

A high-profile astronomer argues that the
strange interstellar object may be an alien signal

By Dov Greenbaum

n the introduction of his sixth book, Ex-
traterrestrial: The First Sign of Intelligent
Life Beyond Earth, Avi Loeb, chair of the
Harvard Department of Astronomy, ac-
knowledges the elephant in the room:
“In the spirit of transparency, know that
some scientists find my hypothesis unfash-
ionable, outside of mainstream science, even
dangerously ill conceived. But the most egre-
gious error we can make, I believe, is not to
take this possibility seriously enough.” The
provocative possibility he refers to is that
an interstellar object known as ‘Oumuamua

in a trillion. With the odds seemingly stacked
against the scientific consensus that the ob-
ject is a naturally occurring space rock, he
wonders why so many researchers refuse to
consider what he believes is an equally likely
scenario, that the object is artificial, espe-
cially given the long-appreciated probability
that life exists beyond Earth.

Loeb uses ‘Oumuamua to criticize what
he perceives to be a long-standing trend
in science toward falling in step with con-
ventional positions rather than staking out
contrarian concepts. While he holds science
fiction and modern entertainment partially
responsible for sensationalizing extrater-

Scanning the skies for extraterrestrial signatures is one of the Allen Telescope Array’s intended uses.

(Hawaiian for “scout”), which passed through
the Solar System in 2017, is an artificial object
created by intelligent extraterrestrials.

Loeb, a prolific academic author, meticu-
lously walks the reader through his reason-
ing, describing how, after accounting for
‘Oumuamua’s various anomalies—its orbit,
size, shape, and density; its origin in veloc-
ity-position space; and its lack of an icy tail,
among other properties—he calculates that
its chance of arising naturally is less than one
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and the Department of Molecular Biophysics and
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restrial life, he also claims that the astro-
physics community has been derisive of and
hostile toward research that engages with
the possibility of extraterrestrial life.

The search for alien life is worth the cost,
argues Loeb, especially given the resources
dedicated to more-traditional fields that
similarly lack tangible proof. “Despite the
absence of experimental evidence,” he notes,
“the mathematical ideas of supersymmetry,
extra-spatial dimensions, string theory,
Hawking radiation, and the multiverse are
considered irrefutable and self-evident by
the mainstream of theoretical physics.”

Loeb argues that we are not prepared to
respond should alien life eventually contact
us. He suggests that new disciplines should

Extraterrestrial: The First
Sign of Intelligent Life
Beyond Earth

AviLoeb

Houghton Mifflin Harcourt,
2021. 240 pp.

be developed to address this discrepancy,
including the emerging field of space ar-
chaeology, which he believes would be well
suited to search for techno- and biosigna-
tures of extinct civilizations.

Regardless of the ultimate origins of ‘Ou-
muamua, our cognitive dissonance with
regard to alien life must be acknowledged.
We added gold-plated disks to the Voyager
probes and plaques to the Pioneer probes
to introduce ourselves to potentially intel-
ligent extraterrestrials, we have provided
government funding to organizations such
as the SETI Institute, and we continue to
spend billions of dollars looking for life be-
yond Earth, yet no official protocols have
been established for how to send out sig-
nals or how to respond to extraterrestrial
communication that we may encounter as a
result of, or in spite of, those efforts. “Even
a nascent treaty agreed to by all terrestrial
signatories would provide a framework for
how we, as a species, respond to an encoun-
ter with a mature intelligence,” Loeb argues.

Throughout the book, Loeb frames his
nonconformist position on ‘Oumuamua
as a teaching opportunity for students. He
implores young scientists to seek out data-
driven areas of investigation that go beyond
popular paradigms, describing a number of
instances in which leading scientists of the
past failed to think beyond convention and
by doing so, potentially delayed or even im-
peded fertile areas of research. He writes,
for example, of Charles Townes, who in 1954
was discouraged by Nobel laureates Isidor
Isaac Rabi and Polykarp Kusch from con-
tinuing his line of research on masers (the
forerunner of lasers), who insisted that the
technology would never work. Fortunately,
he ignored them and persevered. Masers
are an integral component of some global
navigation satellite systems.

At the same time, Loeb entreats his peers
to help foster research environments that
encourage budding scientists to indulge
their curiosity and seek out scientific truths.
“If the flame of inquiry is to continue,” he
writes, “it is incumbent on senior scholars
to not only gather to themselves promising
young scholars but to cultivate an environ-
ment within which the next generations of
scientists can nurture discoveries despite
their inherently unpredictable nature.”

10.1126/science.abgh218
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IN SCIENCE JOURNALS

Edited by Michael Funk

IMAGING

Vascular control of organ aging

lood vessels provide nutrients and oxygen to organs,
and changes to the vasculature during aging are
expected to contribute to organ function decline. Chen
et al. performed a comprehensive analysis of tissue-
specific vasculature of young and aging mice using
high-resolution three-dimensional (3D) imaging of organ-
specific vascular beds, with validation in human samples.

They found evidence of capillary and artery loss in the early
stages of aging, preceding senescence, in a tissue-specific
manner. Vascular alterations precede cellular aging hallmarks,
suggesting that vessel loss is a primary trigger for aging. These
high-quality 3D maps of vascular microenvironments

will be a crucial resource for the scientific community. —GO

Sci. Adv. 10.1126/sciadv.abd7819 (2021).

A representative slice from a three-dimensional imaging project reveals immunostained proteins and nuclei in the kidney of a young mouse.

SURFACE CHEMISTRY
Solvents forming redox
mediators

The role of solvents participat-
ing directly in thermal catalytic
reactions is clearer for homo-
geneous catalysis than for
heterogeneous catalysis.
Adams et al. studied the for-
mation of hydrogen peroxide
from hydrogen and oxygen on
palladium nanoparticles by
measuring the kinetic isotope
effect and performing density
functional theory simulations in
aqueous and organic solvents.
Methanol formed chemisorbed
hydroxymethyl intermediates.
These surface redox media-
tors transferred electrons and

580

protons to adsorbed oxygen
species and were regener-
ated by oxidizing chemisorbed
hydrogen atoms. However,
water molecules heterolytically
oxidized hydrogen to generate
solvated protons and surface
electrons that reduced oxygen.
—PDS

Science, thisissue p.626

AEROSOL FORMATION
Faster than expected

lodine species are one of only a
handful of atmospheric vapors
known to make new aerosol
particles, which play a central
role in controlling the radia-
tive forcing of climate. He et al.
report experimental evidence

5 FEBRUARY 2021 « VOL 371 ISSUE 6529

from the CERN Cosmics
Leaving Outdoor Droplets, or
CLOUD, chamber demonstrat-
ing that iodic acid and iodous
acid rapidly form new particles
and can compete with sulfuric
acid in pristine regions. —HJS
Science, thisissue p.589

ORGANIC CHEMISTRY
Double C-H amination

The conversion of C-H
bonds into C—N bonds is
broadly useful in producing
pharmaceutically important
compounds from simple,
readily available feedstocks.
Shen and Lambert report a
method to induce this reac-
tion twice in a row at benzylic

and neighboring alkyl carbon
centers, using acetonitrile sol-
vent as a convenient source of
nitrogen. The method relies on
successive electrochemical and
photochemical activation of a
cyclopropenium catalyst and
yields hydrogen gas as a clean
co-product. —JSY

Science, thisissue p. 620

CLINICAL TRIALS
New fecal microbiota
for cancer patients

The composition of the gut
microbiome influences the
response of cancer patients
to immunotherapies. Baruch
et al. and Davar et al. report

sciencemag.org SCIENCE
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first-in-human clinical trials
to test whether fecal micro-
biota transplantation (FMT)
can affect how metastatic
melanoma patients respond to
anti—=PD-1 immunotherapy (see
the Perspective by Woelk and
Snyder). Both studies observed
evidence of clinical benefitin a
subset of treated patients. This
included increased abundance
of taxa previously shown to be
associated with response to
anti-PD-1, increased CD8* T
cell activation, and decreased
frequency of interleukin-8-
expressing myeloid cells, which
are involved in immunosup-
pression. These studies provide
proof-of-concept evidence
for the ability of FMT to affect
immunotherapy response in
cancer patients. —PNK

Science, thisissue p.602, p.595;

seealsop.573

ASTHMA
Defiant ILC2s resist
steroids

Group 2 innate lymphoid cells
(ILC2s) contribute to the
inflammation associated with
human allergic airway diseases,
including asthma and chronic
rhinosinusitis. Corticosteroid
drugs are used to manage
type 2 respiratory diseases, but
steroid resistance may arise in
the course of therapy. By com-
paring ILC2s from inflamed
nasal polyps with blood ILC2s
from healthy controls, van
der Ploeg et al. observed that
enhanced cytokine expression
by nasal polyp ILC2s and loss
of steroid responsiveness were
both associated with surface
expression of the receptor
isoform CD45R0O rather than
CDA45RA, which is found on
most resting ILC2s. Expression
of the CD45R0 isoform by
inflammatory ILC2s in blood
was increased in patients with
asthma and correlated with
more severe airway disease.
CD45R0 is a candidate
biomarker for human inflam-
matory ILC2s that correlates
with the acquisition of steroid
resistance. —IRW

Sci. Immunol. 6,eabd3489 (2021).

SCIENCE sciencemag.org

QUANTUM SYSTEMS
Quantum gating
at adistance

The processing of quantum
information is reliant on the
encoding and manipulation
of quantum states of a qubit.
Superconducting circuits are
the most advanced platform
at present, but there is an
issue with cross-talk between
the qubits and the challenge
of error correction as the
systems are scaled up. Another
approach being pursued is a
modular platform in which the
qubits are spatially separated.
Daiss et al. demonstrate the
operation of a quantum gate in
which one qubit conditionally
controls the state of another
qubit spatially separated by 60
meters (see the Perspective
by Hunger). Because the
approach is platform inde-
pendent, it could be extended
from the demonstrated
neutral atoms to ions, impurity
vacancy centers, or even a
combination of these qubits.
—ISO

Science, thisissue p.614;

seealsop.576

CLIMATE CHANGE
Microhabitat matters

Understanding how our warm-
ing climate affects vulnerable
species is of paramount impor-
tance. However, predicting
responses is complicated
because species are complex
and may adapt or respond
in distinct ways. Riddell et
al. compared a century-old
dataset on species richness
in the Mojave against modern
surveys to measure climate-
related changes in bird and
small mammal communities.
They found little change in
mammal richness or occu-
pancy but large declines across
birds. They attribute these
differences to differences in
microclimate opportunities:
Specifically, mammals can
mitigate temperature impacts
through burrowing, whereas
birds are generally more
exposed. —SNV

Science, thisissue p. 633

ICE SHEETS

Surface melting

in Greenland may
soon outpace snow
accumulation there.

Too hot for our own good

limate is warming faster in the Arctic than in any other
large region, and the Greenland Ice Sheet is melting faster
as aresult. Noél et al. project that the rate of summertime
surface melting will surpass that of winter snow accu-
mulation in Greenland when the average air temperature
there rises to 4.5°C above preindustrial values, which corre-
sponds to a global warming threshold of 2.7°C. Without strong
CO, emission mitigation measures, net surface mass loss could
occur as soon as the middle of the 21st century. —HJS
Geophys. Res. Lett. 10.1029/2020GL090471 (2021).

SIGNAL TRANSDUCTION
How adiponectin fights
diabetes

Adiponectin, a hormone pro-
duced in adipose tissue, may
provide a useful therapeutic lead
for type 2 diabetes because it
improves glucose homeostasis

and tissue sensitivity to insulin.
But how it does so is unclear. Li
et al. show that in mice with
insulin resistance caused by

a high-fat diet, treatment with
adiponectin reduced the amount
of triglyceride in the liver and

in skeletal muscle. It did so by
increasing lipoprotein lipase
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GENETICS

Not such identical twins

onozygotic twins that originate in the fertilization of one egg that splits into two are classi-

cally considered genetically identical. As a result, twin studies are an important aspect of

research to unpick questions of nature versus nurture. To verify this assumption, Eriksson

et al. sequenced the genomes of 381 monozygotic twin pairs and two sets of triplets and

mapped mutations. The authors found that some twin pairs showed no differences, whereas
15% showed substantial differences in the number of mutations. In some twin pairs, the mutated
lineages occurred in most cell lineages sampled, suggesting that they had occurred early in devel-
opment. Phenotypic differences between twins are usually attributed to environmental effects, but
this study suggests that this might not always be the case. —GKA Nat. Genet. 53, 27 (2021).

Some identical twin pairs, such as the former cricketers Eric Bedser (left) and Sir Alec Bedser, who were
born on 4 July 1918, may have substantial mutational differences.

activity and triglyceride uptake
into epididymal white adipose
tissue and increasing fatty acid
oxidation in muscle. These effects
decreased the amount of diacyl-
glycerol in the plasma membrane
of liver and muscle cells, thus
decreasing the activity of protein
kinase C family members that
impair signaling by the insulin
receptor. —LBR

Proc. Natl. Acad. Sci. U.S.A. 117,

32584 (2020).

RNA BIOLOGY

RNA fold into life

In addition to their well-known
roles serving as messengers of
genetic material from DNA to
proteins, RNAs also regulate a
myriad of cellular processes.
Regulatory functions require

582

proper folding of RNA by pro-
cesses that remain challenging
to understand. In a recent study,
Yu et al. tackled this problem

by developing a method that
combined experimental RNA
structure data with computa-
tional structure predication.
They focused on a bacterial
noncoding RNA called SRP RNA
and found that internal struc-
tural fluctuation was required
to lead this newly synthesized
RNA through a folding pathway
called toehold-mediated strand
displacement. Their results
corroborated a prior study by
Fukuda et al., which used optical
tweezers to follow in real time
the cotranscriptional folding of
SRP RNA. —DJ

Mol. Cell 81,1(2021);
Mol. Cell 77,241 (2020).
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MATERIALS DISCOVERY
First Mo-Bi intermetallic

material

Despite ordered structure and
well-defined stoichiometry,
stable intermetallic compounds
are challenging to predict even

in binary systems because of

the numbers of structures that
depend on chemical composi-
tion and need to be considered.
Incorporation of Biis of particular
interest because of the potentially
distinctive properties that it could
introduce into intermetallic mate-
rials. Using a density functional
theory—based random structure
searching approach, Altman et
al. explored the high-pressure
phase space of the Mo-Bi
system and predicted stability

of the stoichiometric compound

MoBI, of the CuAl, structure
type, the first group 6-Bi binary
intermetallic structure con-
firmed experimentally. Additional
electronic structure calculations
revealed important correlations
that could be useful in directing
the synthesis of analogous inter-
metallic compounds of transition
metals with Bi. —YS

J.Am.Chem. Soc. 143,214 (2021).

COOLING TECHNOLOGY
A cooler paint

Passive radiative cooling relies
on materials that emit infrared
radiation through an atmospheric
window of low energy absorp-
tion, thereby using outer space
asacoldsink. Lietal. found a
paint-like material that allowed
for daytime, subambient daytime
cooling. Calcium carbonate par-
ticles with a wide size distribution
were mixed with acrylic and the
resulting paint was field tested to
demonstrate the cooling capabili-
ties. Passively providing cooling
may help mitigate the need for air
conditioning and easy application
is a key incentive for adopting the
technology. —BG

Cell Rep. Phys. Sci. 1,100221 (2020).

CANCER GENOMICS
Lineage trajectories differ

by mutation
Mutations in the essential RUNX1
gene are associated with several
diseases of the blood, including
leukemias, familial platelet disor-
der, and other malignancies. How
these mutations underly each
phenotype is unknown. Using
embryonic stem cells, Kellaway et
al. examined the genomic effects
of four different mutant RUNX1
transcription factor proteins.
The mutations affect binding of
RUNX1 to DNA or its transactiva-
tion domains in differentiated
hematopoietic stem cells. Each
mutation altered RUNX1 function
by a different mechanism, lead-
ing to divergent trajectories for
stem cell development for each
disease phenotype. Thus, each
malignancy will need a different
therapeutic approach. —LMZ
Life Sci. Alliance 4,
202000864 (2021).
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NOISE POLLUTION

The soundscape of the Anthropocene ocean

Carlos M. Duarte*, Lucille Chapuis, Shaun P. Collin, Daniel P. Costa, Reny P. Devassy,

Victor M. Eguiluz, Christine Erbe, Timothy A. C. Gordon, Benjamin S. Halpern, Harry R. Harding,
Michelle N. Havlik, Mark Meekan, Nathan D. Merchant, Jennifer L. Miksis-Olds, Miles Parsons,
Milica Predragovic, Andrew N. Radford, Craig A. Radford, Stephen D. Simpson, Hans Slabbekoorn,
Erica Staaterman, llse C. Van Opzeeland, Jana Winderen, Xiangliang Zhang, Francis Juanes

BACKGROUND: Sound is the sensory cue that
travels farthest through the ocean and is used
by marine animals, ranging from invertebrates
to great whales, to interpret and explore the
marine environment and to interact within
and among species. Ocean soundscapes are
rapidly changing because of massive declines
in the abundance of sound-producing animals,
increases in anthropogenic noise, and altered
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contributions of geophysical sources, such as
sea ice and storms, owing to climate change.
As a result, the soundscape of the Anthro-
pocene ocean is fundamentally different from
that of preindustrial times, with anthropo-
genic noise negatively impacting marine life.

ADVANCES: We find evidence that anthropo-
genic noise negatively affects marine animals.
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Strong evidence for such impacts is available
for marine mammals, and some studies also
find impacts for fishes and invertebrates, ma-
rine birds, and reptiles. Noise from vessels,
active sonar, synthetic sounds (artificial tones
and white noise), and acoustic deterrent de-
vices are all found to affect marine animals,
as are noise from energy and construction in-
frastructure and seismic surveys. Although there
is clear evidence that noise compromises hear-
ing ability and induces physiological and behav-
ioral changes in marine animals, there is lower
confidence that anthropogenic noise increases
the mortality of marine animals and the settle-
ment of their larvae.

OUTLOOK: Anthropogenic noise is a stressor
for marine animals. Thus, we call for it to be
included in assessments of cumulative pres-
sures on marine ecosystems. Compared with
other stressors that are persistent in the envi-
ronment, such as carbon dioxide emitted to
the atmosphere or persistent organic pollutants
delivered to marine ecosystems, anthropogenic
noise is typically a point-source pollutant, the
effects of which decline swiftly once sources are
removed. The evidence summarized here en-
courages national and international policies to
become more ambitious in regulating and de-
ploying existing technological solutions to miti-
gate marine noise and improve the human
stewardship of ocean soundscapes to maintain
a healthy ocean. We provide a range of solu-
tions that may help, supported by appropriate
managerial and policy frameworks that may
help to mitigate impacts on marine animals
derived from anthropogenic noise and pertur-
bations of soundscapes.

The list of author affiliations is available in the full article online.

*Corresponding author. Email: carlos.duarte@kaust.edu.sa
Cite this article as C. M. Duarte et al., Science 371,
eabad658 (2021). DOI: 10.1126/science.aba4658

S READ THE FULL ARTICLE AT
https://doi.org/10.1126/science.aba4658

Changing ocean soundscapes. The illustrations from
top to bottom show ocean soundscapes from before
the industrial revolution that were largely composed of
sounds from geological (geophony) and biological
sources (biophony), with minor contributions from
human sources (anthrophony), to the present Anthro-
pocene oceans, where anthropogenic noise and
reduced biophony owing to the depleted abundance of
marine animals and healthy habitats have led to
impacts on marine animals. These impacts range from
behavioral and physiological to, in extreme cases,
death. As human activities in the ocean continue to
increase, management options need be deployed to
prevent these impacts from growing under a “business-
as-usual” scenario and instead lead to well-managed
soundscapes in a future, healthy ocean. AUV, autono-
mous underwater vehicle.
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RNA STABILITY

RNA stabilization by a poly(A) tail 3'-end binding
pocket and other modes of poly(A)-RNA interaction

Seyed-Fakhreddin Torabi, Anand T. Vaidya, Kazimierz T. Tycowski, Suzanne J. DeGregorio, Jimin Wang,

Mei-Di Shu, Thomas A. Steitz, Joan A. Steitz*

INTRODUCTION: The polyadenylate [poly(A)]
tail is one of the most conserved modifica-
tions of RNA molecules and is an important
contributor to RNA function. In conjunction
with other cis-acting RNA elements, the poly(A)
tail plays a central role in RNA stabilization.
The element for nuclear expression (ENE),
which contains a U-rich internal loop (URIL)
flanked by short double helices, stabilizes RNA
by sequestration of the poly(A) tail via forma-
tion of a triple helix. ENE elements have been
identified in evolutionarily diverse cellular and
viral RNAs. Double-domain ENEs (dENEs),
containing two URILs separated by a predicted
double-helical region, appear in transcripts
produced by plant and fungal transposons.
All dENEs exhibit several distinguishing
sequence features: three highly conserved
adenosines (the adenosine triad) and a striking
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pyrimidine/purine (Y/R) bias in the composi-
tion of the URIL-flanking stems. The structural
importance of these features in poly(A) tail
protection has remained unknown.

RATIONALE: To understand the mechanism of
poly(A) tail sequestration by dENEs, we solved
the crystal structure of a rice transposase mRNA
dENE, TWIFB1, complexed with a poly(A),g.
Complementary cellular and biochemical ap-
proaches then validated the contributions of
the key structural elements to dENE function
and provided mechanistic insights into poly(A)
tail 3-end protection.

RESULTS: The structure of the dENE+poly(A).g
complex at 2.89 A resolution revealed multiple
modes of interaction between the dENE and
poly(A), including (i) two predicted canonical

U=k p—_—

-G i
5 —R—G—Cof 35N

Structural overview of the TWIFB1 dENE+poly(A) complex. (A and B) Multiple modes of interaction
between the dENE and poly(A) tail are shown in cartoon representation (A) based on the crystal structure
of the dENE (green) + poly(A),g (purple) complex (B). The poly(A) 3'-end binding pocket formed by the
stacked bases of the adenosine triad (cyan) lies in the major groove of the lower dENE stem. Non-native
nucleotides in the crystallization construct are represented by a thick gray line. (C) Surface representation
showing how the pocket motif engulfs the 3'-most adenosine of poly(A), as well as the hydrogen bond (dotted line)
between the poly(A) 3'-OH group and a backbone phosphate of the pocket motif.
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major-groove triple helices, (ii) a previously
unnamed subclass of A-minor interactions
between poly(A) and RNA double helices, (iii)
an unrecognized quintuple-base motif that
transitions poly(A) from minor-groove inter-
actions to the major-groove triplexes, and (iv)
a novel poly(A) 3"-end binding pocket. The 5
region of the poly(A) interacts with the upper
dENE domain while its extreme 3’ end is
buried in the pocket motif of the lower do-
main. Poly(A) adenosines are inserted into the
minor groove of the upper Y/R-biased stem
through their Watson-Crick and/or Hoogsteen
edges, forming what we call a WC/H A-minor
motif, followed by the quintuple-base transi-
tion motif and subsequently a major-groove
triple helix composed of four U-A-U triples.
Similar structural features engage the poly(A)
in the lower dENE domain but, unlike the
upper dENE domain in which the 3’ end of
poly(A) can freely exit the upper major-groove
triple helix, they are followed by interactions
with the pocket motif. The pocket, which is
formed through stacking of the bases of the
adenosine triad (cyan in the figure) within the
major groove of the lower dENE stem, engulfs
the 3-most adenosine of the poly(A) and
poises its 3'-OH group to form a hydrogen
bond with a phosphate in the backbone of
the pocket-forming RNA residues. Cell-based
and biochemical assays confirmed the contri-
butions of these structural features to poly(A)
binding and demonstrated that the pocket
motif augments sequestration of the poly(A)
tail by protecting its 3'-most adenosine through
a steric mechanism. The WC/H A-minor and
quintuple-base transition motifs are found in
other RNA structures.

CONCLUSION: Structural features uncovered
in the dENE+poly(A),s complex underscore
the ability of the poly(A) tail to form exten-
sive and underappreciated RNA-RNA inter-
actions. Several consecutive adenosines can
form a WC/H A-minor motif by interacting
with a Y/R-biased stem, possibly contrib-
uting to the stabilization of polyadenylated
RNAs. Moreover, a poly(A) 3’-end binding
pocket composed solely of RNA provides
insight into how polyadenylation can pro-
tect an RNA’s extreme 3’ end. Our data raise
the possibility that comparable RNA-poly(A)
interactions exist in other RNAs and play
more pervasive roles in RNA biology than
are currently known.

The list of author affiliations is available in the full article online.
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HSP70 chaperones RNA-free TDP-43 into anisotropic
intranuclear liquid spherical shells

Haiyang Yu*, Shan Lut, Kelsey Gasiort, Digvijay Singh, Sonia Vazquez-Sanchez, Olga Tapia,
Divek Toprani, Melinda S. Beccari, John R. Yates lll, Sandrine Da Cruz, Jay M. Newby, Miguel Lafarga,

Amy S. Gladfelter, Elizabeth Villa, Don W. Cleveland*

INTRODUCTION: Aggregation of the RNA bind-
ing protein TDP-43 (TAR DNA-binding pro-
tein 43) is a common pathological hallmark
shared by several age-related neurodegenerative
diseases, including amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FTD).
The predominantly nuclear TDP-43 normally
undergoes liquid-liquid phase separation
(LLPS), in which a homogeneous solution
separates into two compartments resembling
oil droplets in vinegar.

RATIONALE: Intranuclear TDP-43 can phase-
separate under physiological conditions. Cellu-
lar stress can induce cytoplasmic TDP-43 liquid
droplets, which can transition to a solid state,
suggesting that TDP-43 aggregation observed
in neurodegeneration could be initiated by
LLPS. The mechanisms that drive phase sepa-
ration and aggregation remain unclear.

RESULTS: We identified key regulatory mech-
anisms of TDP-43 phase separation in cultured
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TDP-43 phase transition is regulated by its RNA affinity and HSP70 activity. RNA binding

protein TDP-43 forms aggregates in degenerating neurons, a pathological feature associated with
aging, genetic, and/or environmental factors. Although naturally demixed, RNA binding—proficient
TDP-43 is largely soluble in the nucleus, with a small proportion demixed (A and B). Its RNA affinity is
eliminated by acetylation, which drives most TDP-43 into anisosomes—intranuclear membraneless
compartments with symmetrically aligned shells and cores in which RNA-free TDP-43 is enriched in the
shells. HSP70 stabilizes RNA-free TDP-43 and is enriched in the anisosomal core (C). When ATP-
dependent chaperone activity of HSP70 is reduced by ATP depletion, TDP-43 anisosomes collapse
into gels (D), which may be precursors of intranuclear and cytoplasmic aggregates observed in
degenerating neurons (E).
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cells and in neurons of the rodent nervous sys-
tem. RNA binding-deficient TDP-43, produced
by ALS- or FTD-causing mutations or posttrans-
lational acetylation in its RNA recognition mo-
tifs, phase-separated into anisosomes (i.e., droplets
with symmetrical liquid spherical shells and liquid
cores). RNA-free TDP43 was found to be enriched
in anisosomal shells at concentrations 50 times
those of the surrounding nucleoplasm. Acetylation
promoted anisosomal formation by abolishing
RNA interaction with TDP-43. Anisosomal shells
exhibited birefringence (i.e., evidence of a liquid
crystal compartment formed from proteins
within living cells). Shells were densely packed,
as determined with cryo-electron tomography,
producing a membraneless, selective barrier to
some nuclear proteins and RNAs.

Our mathematical modeling predicted that
anisosomes were driven by a core component
that self-interacted, weakly bound TDP-43, and
did not bind RNA. Guided by these concepts,
we used proximity labeling and quantitative
proteomics to identify HSP70 chaperones as
the primary anisosomal core components. HSP70
chaperones selectively bound to and stabilized
RNA-unbound TDP-43. Inhibiting adenosine
triphosphate (ATP)-dependent chaperone ac-
tivity of the HSP70 family or reducing cellular
ATP levels induced rapid conversion of TDP-43
anisosomes into uniform gels. Transient protea-
some inhibition, mimicking the known reduction
in proteasome activity during aging, provoked
TDP-43 demixing into anisosomes in neurons in
rodents. Postmortem ATP reduction was suffi-
cient to convert anisosomes into aggregates sim-
ilar to those found in neurodegenerative disease.

CONCLUSION: We identified how phase separa-
tion of the RNA-binding protein TDP-43 can be
regulated through RNA binding, disease-causing
mutation, posttranslational modification, or
chaperone activity inside cells. RNA binding-
deficient TDP-43 demixed into anisosomes
with cores that could be characterized as a “liquid
inside a liquid inside a liquid.” Chaperone activity
of the HSP70 family was required to maintain
liquidity of anisosomal shells and cores. When
ATP levels fell, anisosomes converted into protein
aggregates, consistent with being precursors
of the pathological aggregates found in patient
brain tissues. These findings suggest an essen-
tial partnership between TDP-43 and HSP70
chaperones in driving RNA-unbound TDP-43
phase separation into anisosomes and prevent-
ing TDP-43 aggregation.
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Reactivation of the pluripotency program precedes
formation of the cranial neural crest

Antoine Zalc*, Rahul Sinha*, Gunsagar S. Gulati, Daniel J. Wesche, Patrycja Daszczuk, Tomek Swigut,

Irving L. Weissman, Joanna Wysockat

INTRODUCTION: Cell differentiation is classi-
cally described as a unidirectional process that
progresses through a series of lineage restric-
tion events, with cellular potential being in-
creasingly reduced as the embryo develops,
a concept famously illustrated by Conrad
Waddington in his epigenetic landscape. How-
ever, the vertebrate-specific transient cell pop-
ulation called cranial neural crest cells (CNCCs)
challenges this paradigm. Although they origi-
nate in the ectoderm and are capable of differ-
entiating into cell types typical of this germ
layer, CNCCs can also give rise to mesenchy-
mal cell types canonically associated with the
mesoderm lineage, such as bone, cartilage, and
smooth muscle. How CNCCs expand their dif-
ferentiation potential beyond their germ layer
of origin remains unresolved.

RATIONALE: We hypothesized that unbiased
analysis of transcriptional heterogeneity during
the early stages of mammalian CNCC develop-
ment may identify a precursor population and
provide clues as to how these specialized cells
gain their extraordinary differentiation poten-
tial. To test this, we combined single-cell RNA-
sequencing analysis of murine CNCCs from

staged mouse embryos with follow-up lineage-
tracing, loss-of-function, and epigenomic-profiling
experiments.

RESULTS: We found that premigratory CNCCs
are heterogeneous and carry positional informa-
tion reflective of their origin in the neuroepi-
thelium, but this early positional information is
subsequently erased, with delaminating CNCCs
showing a relatively uniform transcriptional
signature that later rediversifies as CNCCs
undergo first commitment events. We identify
an early precursor population that expresses
canonical pluripotency transcription factors and
gives rise to CNCCs and craniofacial structures.
Rather than being maintained from the epiblast,
pluripotency factor Oct4 is transiently reac-
tivated in the prospective CNCCs after head-
fold formation, and its expression shifts from
the most anterior to the more posterior part of
the cranial domain as development progresses.
Oct4 is not required for the induction of CNCCs
in the neuroepithelium, but instead is impor-
tant for the specification and survival of facial
mesenchyme, thus directly linking this pluri-
potency factor with the expansion of CNCC
cellular potential. Open chromatin landscapes
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of Oct4* CNCC precursors are consistent with
their neuroepithelial origin while also broadly
resembling those of pluripotent epiblast stem
cells. In addition, we saw priming of distal
regulatory regions at a subset of loci associated
with future neural crest migration and mes-
enchyme formation.

CONCLUSION: Our results show that premi-
gratory CNCCs first form as a heterogeneous
population that rapidly changes its transcrip-
tional identity during delamination, resulting
in the formation of a transcriptionally (and
likely also functionally) equivalent cell group
capable of adapting to future locations during
and after migration. Such functional equiv-
alency and plasticity of CNCCs is consistent
with previous embryological studies. Further-
more, the demonstration that CNCC precur-
sors transiently reactivate pluripotency factors
suggests that these cells undergo a natural in
vivo reprogramming event that allows them to
climb uphill on Waddington’s epigenetic land-
scape. Indeed, our results show that at least
one of the pluripotency factors, Oct4, is re-
quired for the expansion of CNCC develop-
mental potential to include formation of facial
mesenchyme. Whether this mechanism is spe-
cific to CNCCs and if such expansion of cellular
plasticity could be harnessed for regenerative
medicine purposes remain interesting questions
for future investigations.
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CORONAVIRUS

Immunological memory to SARS-CoV-2 assessed for
up to 8 months after infection

Jennifer M. Dan*, Jose Mateus*, Yu Kato*, Kathryn M. Hastie, Esther Dawen Yu, Caterina E. Faliti,
Alba Grifoni, Sydney I. Ramirez, Sonya Haupt, April Frazier, Catherine Nakao, Vamseedhar Rayaprolu,
Stephen A. Rawlings, Bjoern Peters, Florian Krammer, Viviana Simon, Erica Ollmann Saphire,

Davey M. Smith, Daniela Weiskopf{, Alessandro Settet, Shane Crottyt

INTRODUCTION: Immunological memory is the
basis for durable protective immunity after
infections or vaccinations. Duration of immuno-
logical memory after severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection
and COVID-19 is unclear. Immunological mem-
ory can consist of memory B cells, antibodies,
memory CD4" T cells, and/or memory CD8"
T cells. Knowledge of the Kinetics and inter-
relationships among those four types of mem-
ory in humans is limited. Understanding
immune memory to SARS-CoV-2 has implica-
tions for understanding protective immunity
against COVID-19 and assessing the likely
future course of the COVID-19 pandemic.

RATIONALE: Assessing virus-specific immune
memory over at least a 6-month period is likely
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necessary to ascertain the durability of immune
memory to SARS-CoV-2. Given the evidence
that antibodies, CD4" T cells, and CD8" T cells
can all participate in protective immunity to
SARS-CoV-2, we measured antigen-specific anti-
bodies, memory B cells, CD4* T cells, and CD8*
T cells in the blood from subjects who recovered
from COVID-19, up to 8 months after infection.

RESULTS: The study involved 254 samples from
188 COVID-19 cases, including 43 samples at
6 to 8 months after infection. Fifty-one subjects
in the study provided longitudinal blood sam-
ples, allowing for both cross-sectional and
longitudinal analyses of SARS-CoV-2-specific
immune memory. Antibodies against SARS-
CoV-2 spike and receptor binding domain
(RBD) declined moderately over 8 months,
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Immunological memory consists of antibodies, memory B cells, memory CD8* T cells, and memory
CD4* T cells. This study examined all of the types of virus-specific immune memory against SARS-CoV-2 in
COVID-19 subjects. Robust immune memory was observed in most individuals.
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comparable to several other reports. Memory
B cells against SARS-CoV-2 spike actually
increased between 1 month and 8 months
after infection. Memory CD8"* T cells and
memory CD4" T cells declined with an initial
half-life of 3 to 5 months. This is the largest
antigen-specific study to date of the four major
types of immune memory for any viral infection.

Among the antibody responses, spike im-
munoglobulin G (IgG), RBD IgG, and neutral-
izing antibody titers exhibited similar kinetics.
Spike IgA was still present in the large ma-
jority of subjects at 6 to 8 months after infec-
tion. Among the memory B cell responses, IgG
was the dominant isotype, with a minor popu-
lation of IgA memory B cells. IgM memory
B cells appeared to be short-lived. CD8" T cell
and CD4" T cell memory was measured for all
SARS-CoV-2 proteins. Although ~70% of indi-
viduals possessed detectable CD8" T cell mem-
ory at 1 month after infection, that proportion
declined to ~50% by 6 to 8 months after in-
fection. For CD4" T cell memory, 93% of sub-
jects had detectable SARS-CoV-2 memory at
1 month after infection, and the proportion of
subjects positive for CD4" T cells (92%) re-
mained high at 6 to 8 months after infection.
SARS-CoV-2 spike-specific memory CD4™"
T cells with the specialized capacity to help
B cells [T follicular helper (Tgg) cells] were
also maintained.

The different types of immune memory each
had distinct Kinetics, resulting in complex inter-
relationships between the abundance of T cell, B
cell, and antibody immune memory over time.
Additionally, substantially heterogeneity
in memory to SARS-CoV-2 was observed.

CONCLUSION: Substantial immune memory is
generated after COVID-19, involving all four
major types of immune memory. About 95%
of subjects retained immune memory at
~6 months after infection. Circulating antibody
titers were not predictive of T cell memory.
Thus, simple serological tests for SARS-CoV-2
antibodies do not reflect the richness and du-
rability of immune memory to SARS-CoV-2.
This work expands our understanding of im-
mune memory in humans. These results have
implications for protective immunity against
SARS-CoV-2 and recurrent COVID-19.
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Phylogenetic analysis of SARS-CoV-2 in Boston
highlights the impact of superspreading events

Jacob E. Lemieux*t, Katherine J. Siddle*, Bennett M. Shaw, Christine Loreth, Stephen F. Schaffner,
Adrianne Gladden-Young, Gordon Adams, Timelia Fink, Christopher H. Tomkins-Tinch,
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Lawrence C. Madofft, Sandra SmoleZ, Virginia M. Piercef, Eric Rosenbergt, Pardis C. Sabetit 1,

Daniel J. Parkf, Bronwyn L. Maclnnistt

INTRODUCTION: We used genomic epidemiol-
ogy to investigate the introduction and spread
of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) in the Boston area across
the first wave of the pandemic, from March
through May 2020, including high-density
sampling early in this period. Our analysis
provides a window into the amplification of
transmission in an urban setting, including
the impact of superspreading events on local,
national, and international spread.

RATIONALE: Superspreading is recognized as
an important driver of SARS-CoV-2 transmis-
sion, but the determinants of superspreading—
why apparently similar circumstances can lead
to very different outcomes—are poorly under-
stood. The broader impact of such events, both
on local transmission and on the overall tra-
jectory of the pandemic, can also be difficult to
determine. Our dataset includes hundreds of

SARS-CoV-2
positive
samples

([
o
Metagenomic
sequencing ®
| ° .\. °

850 genomes

cases that resulted from superspreading events
with different epidemiological features, which
allowed us to investigate the nature and effect
of superspreading events in the first wave of
the pandemic in the Boston area and to track
their broader impact.

RESULTS: Our data suggest that there were
more than 120 introductions of SARS-CoV-2
into the Boston area, but that only a few of
these were responsible for most local trans-
mission: 29% of the introductions accounted
for 85% of the cases. At least some of this
variation results from superspreading events
amplifying some lineages and not others.
Analysis of two superspreading events in our
dataset illustrate how some introductions can
be amplified by superspreading. One occurred
in a skilled nursing facility, where multiple
introductions of SARS-CoV-2 were detected in
a short time period. Only one of these led to

Superspreading:
Local, national, and
international spread

>120
introductions

o FN

Schematic outline of this genomic epidemiology study. lllustrated are the numerous introductions of
SARS-CoV-2 into the Boston area; the minimal spread of most introductions; and the local, national, and
international impact of the amplification of one introduction by a large superspreading event.
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rapid and extensive spread within the facility,
and significant mortality in this vulnerable
population, but there was little onward trans-
mission. A second superspreading event, at an
international business conference, led to sus-
tained community transmission, including
outbreaks in homeless and other higher-risk
communities, and was exported domestically
and internationally, ultimately resulting in hun-
dreds of thousands of cases. The two events also
differed substantially in the genetic variation
they generated, possibly suggesting varying trans-
mission dynamics in superspreading events. Our
results also show how genomic data can be used
to support cluster investigations in real time—in
this case, ruling out connections between con-
temporaneous cases at Massachusetts General
Hospital, where nosocomial transmission was
suspected.

CONCLUSION: Our results provide powerful
evidence of the importance of superspreading
events in shaping the course of this pandemic
and illustrate how some introductions, when
amplified under unfortunate circumstances,
can have an outsized effect with devastating
consequences that extend far beyond the initial
events themselves. Our findings further highlight
the close relationships between seemingly
disconnected groups and populations during a
pandemic: Viruses introduced at an international
business conference seeded major outbreaks
among individuals experiencing homelessness;
spread throughout the Boston area, including
to other higher-risk communities; and were
exported extensively to other domestic and in-
ternational sites. They also illustrate an impor-
tant reality: Although superspreading among
vulnerable populations has a larger immediate
impact on mortality, the cost to society is
greater for superspreading events that involve
younger, healthier, and more mobile popula-
tions because of the increased risk of subse-
quent transmission. This is relevant to ongoing
efforts to control the spread of SARS-CoV-2,
particularly if vaccines prove to be more ef-
fective at preventing disease than blocking
transmission.
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AEROSOL FORMATION
Role of iodine oxoacids in atmospheric
aerosol nucleation

Xu-Cheng He'*, Yee Jun Tham', Lubna Dada’, Mingyi Wang?, Henning Finkenzeller®,
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Tuija Jokinen', Nina Sarnela’, Lisa J. Beck, Jodo Almeida®, Stavros Amanatidis'®, Anténio Amorim™,
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lodic acid (HI03) is known to form aerosol particles in coastal marine regions, but predicted nucleation
and growth rates are lacking. Using the CERN CLOUD (Cosmics Leaving Outdoor Droplets) chamber, we
find that the nucleation rates of HIO; particles are rapid, even exceeding sulfuric acid-ammonia rates
under similar conditions. We also find that ion-induced nucleation involves 103~ and the sequential
addition of HIO3 and that it proceeds at the kinetic limit below +10°C. In contrast, neutral nucleation
involves the repeated sequential addition of iodous acid (HI0,) followed by HIO3, showing that HIO, plays
a key stabilizing role. Freshly formed particles are composed almost entirely of HIO3, which drives
rapid particle growth at the kinetic limit. Our measurements indicate that iodine oxoacid particle
formation can compete with sulfuric acid in pristine regions of the atmosphere.

ew particle formation plays an impor-
tant role in radiative forcing of the
climate. If particles survive to larger
sizes, they influence climate directly,
by scattering light, and indirectly, by
producing more than half of all cloud con-
densation nuclei (CCN) (7). However, new

particle formation and aerosol-cloud inter-
actions remain relatively poorly understood
and constitute major uncertainties in determin-
ing Earth’s equilibrium climate sensitivity with
climate models (2). So far, only a few vapors
that can form new particles under atmospheric
conditions have been identified: sulfuric acid

(3-7), methanesulfonic acid (3, 8), iodine species
(9-11), highly oxygenated organic molecules
(HOMSs) (12), and, more recently, nitric acid
(13). Under warm conditions or low vapor
concentrations, acidic molecular clusters fur-
ther require base vapors such as ammonia
(6, 13, 14) or dimethylamine (15) to stabilize
them against evaporation. Ions can play a
comparable role in stabilizing nucleating acidic
(6) or biogenic (12) particles.

Marine new particle formation is especially
important, as the ocean is vast, and marine
clouds are highly sensitive to CCN because
their concentrations are low. Marine clouds
are radiatively important because they have
a high infrared emission and albedo in con-
trast with the dark ocean surface. Marine new
particle formation has thus been a focus for
aerosol-climate interactions and feedbacks
for many years (16), mostly concerning dimeth-
ylsulfide and its oxidation products (3, 8, 16).
Although nucleation of iodine oxides was first
studied almost 20 years ago (9, 10), iodine par-
ticle formation is presently considered to have
limited global significance (17) and remains
relatively poorly understood.

The ocean surface is a major source of atmo-
spheric iodine; hypoiodous acid (HOI) and mo-
lecular iodine (I,) are emitted by the reaction of
gaseous ozone with aqueous iodide (I") (I8).
Typical daytime emissions from the tropical
Atlantic Ocean are 7 x 10" HOI molecules cm ™2 s~
and 7 x 10% I, molecules cm™2 s (18), leading to
daytime mixing ratios in the marine boundary
layer of ~1 part per trillion by volume (pptv)
HOI and 0.1 pptv iodine atoms (79). Land sur-
faces (vegetation and soils) emit comparable
iodine fluxes as iodomethane (CH3l), produc-
ing boundary layer mixing ratios of ~0.5 pptv
and free tropospheric levels of ~0.1 pptv (20).
Todine compounds have been found at a variety
of sites, including coastal regions (9, 10), Arctic
sea ice (11, 21), the marine boundary layer (22),
the lower (23) and upper free troposphere (24),
and the stratosphere (25).

More recently, iodic acid (HIO3) has been
shown to drive coastal marine new particle
formation at Mace Head, Ireland (1), and
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Fig. 1. Nucleation and growth rates versus iodic acid concentration.

(A) Nucleation rates at 1.7 nm diameter versus iodic acid concentration at
+10°C (red symbols and curves) and ~10°C (blue symbols and curves). Hollow
circles show the nucleation rates for neutral conditions, J; solid triangles for

ger conditions, Jger: and hollow squares for beam conditions, Jpeam. To guide
the eye, the measurements are connected by approximate curves. The red
band shows a kinetic model prediction for HIO3 ion-induced nucleation, Ji,
(= Jger — Jn). at +10°C (see supplementary materials for further details).
The lower and upper limits correspond, respectively, to zero and two H,0
molecules per iodine atom in the cluster. For comparison, the gcr nucleation

intense iodine particle formation has been
reported along China’s coast (26). So far,
however, controlled laboratory experiments
under atmospheric conditions are lacking,
and so atmospheric observations of HIO; can-
not be connected with predicted particle for-
mation and growth rates. A mechanism for
HIO; nucleation has been identified (1), but
the ion-induced (charged) and neutral (un-
charged) clusters were unseparated and may
involve different iodine compounds. Further-
more, iodine oxides (I,0,) are presently con-
sidered to be the major species responsible
for the growth and composition of iodic par-
ticles (9, 10, 27), although, once again, exper-
imental measurements under atmospheric
conditions are lacking.

Nucleation and growth rates

Here we report iodine new particle formation
experiments performed under marine bound-
ary layer conditions in the CERN CLOUD
(Cosmics Leaving Outdoor Droplets) chamber
(see supplementary methods) between Septem-
ber 2017 and November 2019. The experiments
were conducted at +10° and -10°C, at 34 to
73% relative humidity (RH), and 20 to 46 parts
per billion by volume (ppbv) ozone. We intro-
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duced molecular iodine from an evaporator
(0.4 to 168 pptv; median I, = 6.4 pptv) into the
chamber.

The formation pathways of iodine oxoacids
from iodine precursor vapors are not well
understood, although computational studies
assume that HO, radicals are required to
produce HIO; (28, 29). We tested this hypoth-
esis by using green light (528 nm) alone to
photolyze I, into iodine atoms. At full inten-
sity, CLOUD’s green light source photolyzes
iodine vapor at a rate of 7 x 1072 s, although
most experiments were carried out at relative
intensities of 10 to 20%. Because green light
cannot photolyze O, it gives rise to negligi-
ble HO,. Nevertheless, we found that iodine
atoms are rapidly oxidized in the presence of
water vapor and ozone to produce both HIO;
and iodous acid (HIO,) (fig. S1). Iodine oxo-
acids can form from hydrated iodine atoms
and iodine oxide radicals reacting with ozone,
and they can also form from hydrolysis of
1,0, (27). Under our experimental condi-
tions, photolysis of I, typically produces 2 x
10° I atoms cm ™2 s and ~1 pptv iodine mon-
oxide (I0) radicals. The full range of condi-
tions probed includes IO concentrations found
in the open ocean marine boundary layer and

3 4 56789 2 3
108
lodic acid, HIO3 (cm™®)
Sulfuric acid, HoSO4 (cm'3)

rates measured for sulfuric acid with 100 pptv ammonia are shown at +10°C
(light gray curve) and -10°C (dark gray curve) (14). (B) Mean growth rates

of particles (neutral, gcr, and beam conditions) between 1.8 and 3.2 nm diameter
versus HIO3 concentration at +10°C (filled red circles) and ~10°C (filled blue
circles). For comparison, the dashed gray line shows the growth rates of
H,S04-NHj3 particles measured at +10°C (30). The bars in both panels represent
+lo measurement errors. The experimental conditions are 36 to 44 ppbv O3,
34 to 73% RH, 0.4 to 168 pptv I, and an | atom production rate of 4.4 x 10* to
1.5 x 10" cm™ s7L. An overall systematic scale error on the HIO3 concentration
of -33% or +50% is not shown on the data points.

remote free troposphere (I8, 19, 23, 24) (table
S1). Notably, at constant actinic flux, HIO;
increases linearly with iodine concentration,
whereas HIO, increases as the square root
(fig. S2). We speculate that iodine oxoacids
form at CLOUD either from iodine radicals
(e.g., I + HyO + O3 — HIO5; + OH) or the initial
1,0, intermediates (e.g., 1,05 + H,O — HIO, +
HOI). Because ozone and water vapor are found
throughout the troposphere, our findings imply
that molecular iodine will produce iodine oxo-
acids even under cloudy daylight conditions
with negligible ultraviolet irradiation.

We show in Fig. 1A our measured nuclea-
tion rates at 1.7 nm, J;, versus the HIOj
concentration at +10° and -10°C and under
three ionization conditions: neutral, J;, (ions
eliminated from the chamber by a 20 kV m™
electric field); galactic cosmic ray, Jg. (bound-
ary layer ion pair concentrations of ~700 cm™2);
and beam enhanced, Jyean (i0on pair concen-
trations of ~2500 cm ™, comparable to the
upper free troposphere). The measurements
were performed at contaminant ammonia
levels near 3 pptv. The nucleation rates show
a strong dependency on HIO; concentration,
charge, and temperature. There is a large ion
enhancement of the nucleation rate at +10°C,
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whereas Jy and J;, are comparable at —10°C.
The nucleation rate increases rapidly as the
temperature falls from +10° to -10°C. For
comparison, we include in Fig. 1A our previous
measurements of J,,, at 1.7 nm for sulfuric acid
(H,SO,) with 100 pptv ammonia (NH3) (74),
which show that the nucleation rate of iodine
oxoacids exceeds that of H,SO,-NH; at the
same acid concentrations.

In Fig. 1B we show the dependence on HIO;
concentration of the particle growth rates be-
tween 1.8 and 3.2 nm at +10° and -10°C. The
growth rates of iodine oxoacid particles at
+10°C are identical to our measurements for
H,SO,-NHj; particles between +5° and +20°C
at the same acid concentrations (30). The close
agreement implies that the iodine oxoacid
particles are growing at the dipole-dipole
enhanced kinetic limit for HIO3, with negli-
gible evaporation at +10°C or below. The
measurements further indicate that HIO;
dominates the growth of iodine particles in
this size range and above (because the Kelvin
barrier falls with increasing size). This behav-
ior is in marked contrast with previous studies
that considered iodine oxides to be responsi-
ble for growth (10, 27). At -10°C, the growth
rate of HIO; particles increases by a factor
of 2. This faster growth exceeds the kinetic
limit for the arrival rate of HIO; monomers
onto the particles and is attributed to additional
growth from HIO; molecular clusters—similar
to the situation for sulfuric acid-dimethylamine
particles (31)—which provide a large pool of
condensable material that is “hidden” from
the HIO; monomer measurement.

Our nucleation and growth rate measure-
ments (Fig. 1) indicate that HIO3 concentra-
tions above ~3 x 10° cm™ and 1 x 107 cm ™
lead to rapid new particle formation at —10° and
+10°C, respectively. The survival probability of
particles at low acid concentrations depends
exponentially on the ratio of growth rate to con-
densation sink (in the atmosphere) or wall loss
rate (in a chamber). For CLOUD, the wall loss
rate of sulfuric acid vapor is 2.2 x 1072 s71(30),
which is comparable to the condensation sink
in the pristine continental boundary layer. In
clean marine regions of the boundary layer or
in the upper free troposphere, the condensa-
tion sink is often as low as 10™* t0 107° s™.. In
such regions, even lower HIO; concentrations
will lead to sustained new particle formation
and subsequent growth rates of a few tenths of
a nanometer per hour. Under such conditions
of extremely low HIO; concentrations and
condensation sinks, it is likely that ions will
be important to stabilize the embryonic clus-
ters against evaporation, i.e., ion-induced nu-
cleation will be the dominant mechanism.

Particle formation mechanisms

In Fig. 2 we show mass defect plots of nega-
tively charged clusters (Fig. 2A) and neutral
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clusters (Fig. 2B) containing up to five iodine
atoms, measured during nucleation events.
The event in Fig. 2A is continued in fig. S3, up
to clusters containing 12 iodine atoms. Figure
S4 shows all identified peaks of the event in
Fig. 2B, before summing over water molecules
and charger ions as displayed in Fig. 2B. Further
details of the charged and neutral clusters and
their signal strengths are provided in table S2.

For ion-induced nucleation (Fig. 2A), we ob-
serve a sequence of negatively charged iodine
clusters of the form (HIOs3)y_1(I505),-1057,
involving sequential addition of HIO4 fol-

lowed by rapid dehydration of HIO;-HIO3
pairs in the cluster to form 1,05, as previously
observed at Mace Head (11). We find that no
nucleation occurs for positively charged iodine
clusters (fig. S5). This is clearly seen from the
negative and positive charged particle spectra
in fig. S6; nucleation and growth only take place
for negative particles. Almost all the negative
particles have been neutralized by charge re-
combination before they reach 3 nm, and they
continue to grow as mainly neutral particles.
A schematic representation of the mecha-
nism for ion-induced iodic acid nucleation,
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Fig. 2. Charged and neutral mass defect plots during nucleation events. Cluster mass defect (difference

from integer mass) versus mass-to-charge ratio [m/z,

in thomson (Th) units] of (A) negatively charged

and (B) neutral clusters containing up to five iodine atoms, measured during nucleation events. The
experimental conditions are (A) 36 ppbv Os, 40% RH, +10°C, 168 pptv |5, and 1.5 x 107 | atoms cm™ s and
(B) 46 ppbv 03, 43% RH, +10°C, 49 pptv I, and 2.4 x 10° | atoms cm™ s™%. The event shown in (A) is
continued in fig. S3 up to clusters containing 12 iodine atoms. To simplify (B), water molecules and nitrate
charger ions are ignored (fig. S4 shows the same event where they are included). Charged clusters are
measured with the APi-TOF(-) (atmospheric pressure interface-time-of-flight mass spectrometer operating
in negative ion mode) and neutral clusters with the nitrate-CIMS (chemical ionization mass spectrometer;
preceded by an ion filter). We find that no nucleation takes place for positively charged clusters (figs. S5

and S6). Blue circles indicate clusters containing only

HIO3 and 1,05. Orange circles indicate clusters

containing only HIO3 and HIO,. Pink circles indicate clusters containing HIO3, HIO,, 1,05, and 1,04. Red circles
indicate other iodine-containing neutral clusters. The size of the circles indicates signal strength on a
logarithmic scale. Further details of the clusters and their signal strengths are provided in table S2.
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as interpreted from the mass defect plot (Fig.
2A), is provided in Fig. 3A.

Nucleation of neutral iodine oxoacid par-
ticles, however, proceeds by a different mech-
anism (Fig. 2B). We find that neutral HIO;-1,05
clusters are relatively weakly bound at these
temperatures (no clusters of this type are seen
above HIO;-1,05). During neutral nucleation,
we observe repeated sequential addition of
HIO, followed by HIOs. The nucleating cluster
sequences are shown schematically in Fig. 3B.
A certain fraction of HIO3-HIO, pairs in the
cluster dehydrate to form iodine tetroxide (I,0,)
(Fig. 3C). The comparable intensities of the three
sequences shown in Fig. 3C indicate that the
formation rate of I,0, in the neutral clusters
is comparable to the monomer collision rate
(few 1072 s7). In contrast, the strict conversion
of HIO3-HIO;3 pairs during ion-induced nucle-
ation (Fig. 3A) shows that the formation rate
of I,0O5 in the charged clusters is much faster
than the monomer collision rate (few 1072 s7%).

Our measurements show that HIO, plays a
key role in stabilizing neutral HIO; clusters.
To assess this observation, we used quantum
chemistry calculations to compute the forma-
tion free energy of several molecular dimers
involving HIO; (table S3 and fig. S7). The
most strongly bound dimer is HIO3-HIO,
(-12.9 kecal mol™). On the other hand, the
HIO;-HIO; (-7.7 keal mol™) and HIO;-HOI
(~1.6 kcal mol ™) dimers are both much less

A lon-induced nucleation: sequential addition of HIO3 onto 103" core ion
1 2 3 4 5 6 7 8 9 10 11
>:0:0:® P §'B B
(Sd — — — — — — — — -
0000 P Y BB G

B Neutral nucleation: sequential addition of HIO2 then HIO3

o -° (;E, o <E;E> o <£i%? o SEE%?

000090@0%

00298 >®

stable. These calculations argue in favor of the
dominant HIO5-HIO, dimer shown in the 1—2
iodine step in Fig. 3B and not HIO;-HIO; at
the current experimental conditions. Our mea-
surements and quantum chemical calculations
suggest that HIO, stabilizes neutral HIO;
clusters with a 1:1 stoichiometry similar to
that seen for ammonia stabilization of embry-
onic H,SO,, clusters (6). For completeness, we
note that, for neutral nucleation, the direct
addition of 1,0, molecules from gas phase
1,04, which we measure at concentrations of
~1% of HIO; (table S2), cannot be excluded.
We also note that HIO3; shows very weak
affinity for pairing with a base (HIO3-NHj is
—5.0 kcal mol ™). Once the neutral particles
exceed a critical size, they can continue to grow
by condensation of HIO; alone (most of the
particles in Fig. 1B are neutralized), and so
growth is no longer limited by the lower con-
centrations of HIO,.

lon-induced nucleation rate

To investigate ion-induced nucleation further,
we measured the collision rate coefficients,
k.1, for each step in the process, N;” + HIO; —
N;.1 , where N;  represents a negatively
charged cluster containing 7 iodine atoms
[see (32) and the supplementary materials
for further details]. The rate coefficients mea-
sured between neutral HIO; monomers and
charged clusters containing up to 11 iodine

no. iodine atoms
~ Y

12

lo

lo

C lodine oxide formation in cluster

ion-induced: QO — o
neutral: Q) — O

+ H20
(evap.)

+ H20
(evap.)

O Hios o 1205
QHioz ) 1204

O 103"

Fig. 3. Nucleation mechanisms for iodine oxoacid clusters. Schematic representations of the nucleation
mechanisms for (A) ion-induced (charged) and (B) neutral (uncharged) iodine oxoacid clusters, interpreted
from the mass defect plots. lon-induced nucleation involves condensation of iodic acid (HIO3) alone

onto an |03~ ion, whereas neutral nucleation involves repeated stepwise condensation of iodous acid (HIO,)
followed by iodic acid. lodine oxide formation takes place in the clusters, as shown in (C), involving
evaporation (evap.) of a water molecule. Pairs of HIO3 molecules always dehydrate to form 1,05 in charged
clusters (A). However, HIO3 molecules do not form I,05 in neutral clusters, but some may combine with
HIO, and dehydrate to form 1,0, (B). The relative intensities of the final neutral clusters in (B) are
(HI03)3:(HI05),: (HI03),-HIO»:1,0,4: HIO3-(1,04), = 0.38:0.46:0.16, indicating that the formation rate of 1,04
in the neutral clusters is comparable to the monomer collision rate.
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atoms are shown in Fig. 4A. Within measure-
ment errors, we find the same HIOj rate
coefficient for each charged iodic cluster from
the dimer to 11-mer, with a mean value [1.72 +
0.26 (stat.) +0.24/-0.21 (syst.)] x 107 cm?® s7*
(1o uncertainties). For comparison, we show
the theoretical expectations for the rate coef-
ficients for charged HIO; clusters from average
dipole orientation theory (ADO, red curve) (33)
and its extensions: hard-sphere average dipole
orientation theory (HSA, green curve) and sur-
face charge capture theory (SCC, blue curve)
(84). The latter theory, SCC, agrees closely with
our measurements. We show in Fig. 4B the
enhancement factors for charged versus neu-
tral rate coefficients (ratios of the CLOUD
measurements divided by the neutral rate co-
efficients, ignoring dipole enhancement). The
enhancement during ion-induced nucleation,
which averages 6.3, rapidly shepherds newly
formed particles through the smallest size range
where they are highly mobile and most vulner-
able to scavenging loss, and it contributes to
the faster particle formation rate.

Our measurements of the individual collision
rate coefficients for charged clusters containing
up to 11 iodine atoms (Fig. 4A)—and their good
agreement with theoretical expectations—show
that ion-induced iodic acid nucleation proceeds
at the kinetic limit and therefore is strictly a
barrierless process rather than nucleation. Sub-
stantial evaporation of any cluster in this range
would lead to a telltale higher apparent rate
coefficient for the previous cluster. We have
confirmed Kkinetic formation of charged clusters
in two further ways. (i) We have used a Kinetic
model to calculate the ion-induced component
Of Joer (= Jiin +Jin) at +10°C (see supplementary
materials for details) and find it is consistent
with our experimental measurements (Fig. 1A).
(ii) We have calculated the reaction free ener-
gies and evaporation rates for several molecular
clusters containing an 103" ion (table S4). Our
calculations show that extremely low evapora-
tion rates are expected for charged iodic acid
clusters. They also indicate that the HIO;-
HIO3-105™ cluster is much less stable than
1,05-105", supporting the sequence observed
experimentally in the first steps of Fig. 3A. The
HIO; collision rate measurements in Fig. 4A
confirm that ion-induced nucleation is indeed
due to the sequential addition of HIO; mono-
mers and not, for example, to mixed accretion
of HIO; and 1,05 molecules.

Particle composition

The measurements presented in Fig. 1B provide
strong evidence that HIO; drives the growth of
iodic particles above 1.8 nm. However, we have
seen that additional iodine compounds play
important roles during nucleation: HIO, for
neutral nucleation, and the formation of iodine
oxides—I,0; and 1,0,—in the charged and
neutral clusters, respectively (Fig. 2).
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Fig. 4. Collision rate coefficients for ion-induced iodic acid TA : : : S —
nucleation. (A) Collision rate (reaction rate) coefficients g: C
measured between neutral HIO3 monomers and charged clusters — 4 r
containing up to 11 iodine atoms. The experimental conditions «')w . 0
are 20 to 41 ppbv 03, 34 to 44% RH, +10°C, 0.4 to 3.5 pptv I,, and £ 2+ A -
0.44 x 10° to 3.2 x 10° | atoms cm™ s™%. The gray triangles < §
are calculated from the 50% appearance times of eight .5 10-9 = =
experiments with 0.76 x 10 to 2.0 x 10’ cm™ HIOs. The red £ ] Ll - Ll F
circles are the final experimental values after applying corrections § g: L
from a kinetic model. The experimental points are horizontally o 4 [ B B
shifted from integers to avoid overlaps. The solid curves show E . =TT T T B
theoretical expeptatlon; for the charged collision rate coefficients _% 27 -~ A CLOUD (before correction) r
from average dipole orientation theory (ADO, red curve) (36), = 10 @ CLOUD (after correction)
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factors for charged versus neutral collision rate coefficients £ 7] <& Weighted mean o C
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neutral collision rate coefficients). The black dotted line is the % 10— -
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Fig. 5. Evolution of particle size and chemical composition 2 I I
during iodic oxoacids nucleation. (A) Evolution of the particle A 10° —
size distribution measured by the particle size magnifier € 10* 5
(PSM; smaller than 2.5 nm) and nano—scanning mobility particle £ 10 — 10° & |
sizer (nano-SMPS; larger than ~4 nm). The experimental conditions = g: 102 &
are 40 ppbv 03, 40% RH, +10°C, 8 pptv I, 2.9 x 10° to 5.3 x 5 74 10! §
10% I atoms cm™ s}, and 3.1 x 107 to 7.1 x 107 cm™ HIOs. The 5 6 109 ©°
event is started by switching on green illumination (528 nm), .g 54
and HIO5 is increased toward the end. (B) Evolution of the g 44 N
particle volume concentration derived from (i) the particle size © 3 L
distribution (blue circles) and (ii) the HIO3 volume for particles E
collected and analyzed with the FIGAERO (hollow red squares). o 5
Particle concentrations in the size range between 2.5 and 4 nm are |
obtained by interpolation between the PSM and nano-SMPS 106 <
distributions and are verified by measurements of the total “— E 00 Particle iodic acid (FIGAERO) E
number concentrations above a 2.5-nm threshold of the PSM. The ;E ] @ Particle size distribution C
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evaporates the sample with a controlled temperature ramp over < 3 =
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FIGAERO data points are centered on the 30-min collection E 108 5 E
interval. The bars indicate +lo total errors. The FIGAERO 5 3 =
mass spectrum shows that HIO3 dominates the particle 2 ] C
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To address the question of the extent to
which these other iodine species contribute
to particle growth at larger sizes, we have
directly measured the composition of freshly
nucleated iodic particles in the size range up
to ~10 nm with a soft-ionization Br -FIGAERO
(filter inlet for gases and aerosols) mass
spectrometer. The majority (90%) of particles
between 3 and 10 nm are neutral (fig. S6). The
FIGAERO collects particles on a Teflon filter
for 30 min and then evaporates the sample with
a controlled temperature ramp over the next
15 min at the inlet of a mass spectrometer. The
mass spectrometer thereby measures the depo-
sited mass of each chemical constituent of the
particles and produces an individual thermo-
gram of its volatility (evaporation temperature).

In Fig. 5A we show the evolution of particle
size during a nucleation experiment. Particle
sizes <2.5 nm are measured by a PSM (par-
ticle size magnifier), and those >4 nm are
measured by a nano-SMPS (scanning mobil-
ity particle sizer). In Fig. 5B we show the evo-
lution of total particle volume derived from
these measurements (blue circles). We also
show in Fig. 5B the evolution of total HIO;
volume concentration in the particle phase,
measured by the FIGAERO. The mass spec-
trum is dominated by the single channel, HIO3
(78% of the total mass, excluding water),
with the rest being primarily I,. We found
very little HIO, in the particle phase, owing
to its low concentration. The mass spectrum
shows that the freshly formed particles are
composed almost entirely of HIO3, and not
1,0,4_5 as previously thought (9-1I). This
conclusion is independently confirmed by
the close agreement seen in Fig. 5B between
the volume concentrations measured by the
particle sizers and by the direct measurements
of particulate HIO; with the FIGAERO. We have
confirmed, by conducting laboratory calibra-
tions, that the evaporated HIO; resulted from
iodic acid in the particle phase, and not by ther-
mal decomposition of other iodine compounds.
We nebulized iodic acid particles and then
collected and analyzed them with the FIGAERO
using the same procedures as for our experiments
at CLOUD (see supplementary materials for
details). The FIGAERO thermograms for the
nebulized samples agree well with those ob-
tained at CLOUD (fig. S8).

Climate implications

Sulfuric acid-ammonia nucleation is known
to be important in relatively pristine environ-
ments such as the free troposphere (14) or the
Antarctic coastal region (35). We show here that
the nucleation rate of iodine oxoacids exceeds
H,SO,-NH; at the same acid concentrations.
In pristine, cooler regions of the atmosphere,
HIO, concentrations above ~10° cm ™ will lead
to copious new particle formation and sus-
tained growth at a few times 0.1 nanometer
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per hour. The question then arises: Are there
pristine regions of the atmosphere where the
concentrations of HIO4 are comparable to
or exceed sulfuric acid, or else ammonia is
insufficient? For such regions, HIO; could
be the dominant source of new particles.

Our global boundary layer measurements of
HIO; at 10 sites are shown in figs. S9 and S10.
The conditions for abundant iodine new par-
ticle formation and rapid growth are frequently
reached at mid-latitude coastal sites with
marine algae, such as Mace Head and Helsinki,
and at coastal polar sites such as Villum and
Ny-Alesund in the Arctic, or Neumayer in the
Antarctic. Although measurements over the
remote ocean are sparse, frequent new particle
formation over the high Arctic pack ice has
recently been reported, driven by HIO; with
little contribution from sulfuric acid (36).

The implications for the future are notable.
Global iodine emissions have increased three-
fold over the past 70 years and may continue
to increase in the future as sea ice becomes
thinner (37) and surface ozone increases (I18).
Any resultant increase of iodic CCN in the
Arctic region could increase longwave radia-
tive forcing from clouds and provide a positive
feedback mechanism that accelerates the loss
of sea ice. Iodine is also widespread in the free
troposphere (23, 24), where low temperatures,
low condensation sinks, and high ion produc-
tion rates from galactic cosmic rays favor iodic
particle formation. Indeed, particulate iodate
(I037) has recently been observed near the
tropopause at iodine mixing ratios of ~0.1 to
0.5 pptv, and 105" is the main iodine reservoir
in the stratosphere (25) (further discussion is
provided in the supplementary materials).

Our study shows that iodic acid, HIOj, is the
major iodine species driving both nucleation
and growth of iodine oxoacid particles in the
boundary layer and remains as the dominant
constituent in the particulate phase. We have
further shown that iodous acid, HIO,, plays a
key role in neutral nucleation by stabilizing
HIO; clusters against evaporation, but it is not
important for particle growth at larger sizes. The
efficacy of iodine oxoacids to form new particles
exceeds that of the H,SO,-NHj3 system at the
same acid concentrations. Although atmo-
spheric measurements remain limited, they
are nevertheless sufficient to demonstrate the
ubiquity of HIO; and its potential to compete
with sulfuric acid(-ammonia) particle forma-
tion in pristine regions of the atmosphere such
as marine coasts, the Arctic boundary layer, or
the upper free troposphere.
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CLINICAL TRIALS

Fecal microbiota transplant overcomes resistance to
anti-PD-1 therapy in melanoma patients

Diwakar Davar**, Amiran K. Dzutsev®*, John A. McCulloch?, Richard R. Rodrigues®>,

Joe-Marc Chauvin®, Robert M. Morrison?, Richelle N. Deblasio®, Carmine Menna®, Quanquan Ding?,
Ornella Pagliano', Bochra Zidi', Shuowen Zhang't, Jonathan H. Badger?, Marie Vetizou?,

Alicia M. Cole?, Miriam R. Fernandes?, Stephanie Prescott?, Raquel G. F. Costa?, Ascharya K. Balaji?,
Andrey Morgun®, lvan Vujkovic-Cvijin®, Hong Wang®, Amir A. Borhani’, Marc B. Schwartz5,

Howard M. Dubner®, Scarlett J. Emst', Amy Rose, Yana G. Najjar', Yasmine Belkaid®,

John M. Kirkwood", Giorgio Trinchieri?+§, Hassane M. Zarour*°+§

Anti-programmed cell death protein 1 (PD-1) therapy provides long-term clinical benefits to patients with
advanced melanoma. The composition of the gut microbiota correlates with anti-PD-1 efficacy in preclinical
models and cancer patients. To investigate whether resistance to anti-PD-1 can be overcome by changing
the gut microbiota, this clinical trial evaluated the safety and efficacy of responder-derived fecal microbiota
transplantation (FMT) together with anti-PD-1 in patients with PD-1-refractory melanoma. This combination
was well tolerated, provided clinical benefit in 6 of 15 patients, and induced rapid and durable microbiota
perturbation. Responders exhibited increased abundance of taxa that were previously shown to be associated
with response to anti-PD-1, increased CD8"* T cell activation, and decreased frequency of interleukin-8—
expressing myeloid cells. Responders had distinct proteomic and metabolomic signatures, and transkingdom
network analyses confirmed that the gut microbiome regulated these changes. Collectively, our findings show
that FMT and anti-PD-1 changed the gut microbiome and reprogrammed the tumor microenvironment to

overcome resistance to anti-PD-1 in a subset of PD-1 advanced melanoma.

mmune checkpoint blockade with mono-
clonal antibodies (mAbs) targeting pro-
grammed cell death protein 1 (PD-1) provides
long-term clinical benefits to nearly 40% of
patients with advanced melanoma (1-5).
In addition to tumor-intrinsic mechanisms sup-
porting resistance to anti-PD-1 mAbs (anti-PD-1),
the gut microbiome is a major tumor-extrinsic
regulator of responses to anti-PD-1 (6-9). In
mice, composition of the gut microbiome mod-
ulates therapeutic activity of anti-PD-1 and
anti-programmed death-ligand 1 (PD-L1), and
administration of certain gut commensals or
fecal microbiota transplantation (FMT) pro-

motes anti-PD-1 efficacy in melanoma-bearing
mice (10-12). Although multiple studies have
reported that a favorable gut microbiome is
associated with response to anti-PD-1 in cancer
Ppatients, its precise composition is not yet fully
understood (10-12). Specifically in melanoma,
key bacterial species belonging to various phyla,
including Actinobacteria (Bifidobacteriaceae
spp. and Coriobacteriaceae spp.) and Firmicutes
(Ruminococcaceae spp. and Lachnospiraceae
spp.), are associated with favorable response
to mAbs targeting PD-1 in cancer patients, al-
though limited concordance among the iden-
tified species has been reported in different
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studies (10-14). Whether microbiome-based
therapy can overcome resistance to anti-PD-1
in patients with advanced melanoma has not
been evaluated. To address this question, we
designed a single-arm clinical trial to evaluate
the safety and efficacy of FMT obtained from
individual long-term responder (R) melanoma
patients together with anti-PD-1 in PD-1-
refractory metastatic melanoma patients
(NCT03341143; fig. S1).

A subset of PD-1-refractory melanoma
patients respond to fecal microbiota
transplant and anti-PD-1 therapy

Sixteen melanoma patients were enrolled be-
tween June 2018 and January 2020 (table S1),
and the results presented here reflect a data
cutoff of 1 September 2020. All melanoma
patients were primary refractory to anti-PD-1
therapy, defined as patients who had no prior
response to anti-PD-1 alone or in combination
with anticytotoxic T lymphocyte-associated
protein 4 or investigational agents (table S1)
and had confirmed primary progressive dis-
ease (PD), as assessed by an independent
radiologist using response evaluation criteria
in solid tumors (RECIST v1.1) (15, 16). Among
PD-1-refractory patients included in the trial,
only one had a best response of short-term
stable disease (SD) before radiographically
confirmed PD. All enrolled patients and can-
didate donors underwent serial stool sampling
and extensive infectious studies to eliminate
the possibility of transmitting infectious agents
(fig. S2). Seven donors, including four with
complete response (CR) and three with partial
response (PR), with median progression-free
survival (PFS) of 56 months (range: 45 to
70 months) were used to treat 16 patients
(table S2). Blood and stool specimens were
obtained serially and screened for 32 viral,
bacterial, fungal, and protozoan agents be-
fore FMT (fig. S2). A single donor-derived FMT
was administered along with pembrolizumab
(fig. S1), followed by additional pembrolizumab
therapy every 3 weeks until disease progres-
sion or intolerable toxicity. Radiographic as-
sessments were conducted every 12 weeks
(four cycles), and response was classified by
using RECIST v1.1. Of the 16 patients enrolled,
15 received FMT and pembrolizumab and had
at least one restaging computed tomography
(CT) scan and thus were deemed evaluable
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for response. One patient who had a rapid
clinical decline after FMT that was deemed
secondary to rapid disease progression was
evaluable for safety but not response. Objec-
tive responses (ORs) were noted in 3 (PT-18-

0032, CR; PT-18-0007 and PT-19-0024, PR) out
of 15 patients [OR rate (ORR): 20%], whereas
3 (PT-18-0018, PT-19-0002, and PT-19-0010)
out of 15 patients (20%) had durable SD last-
ing >12 months (Fig. 1, A and B). Representa-

tive radiographic examples from all three R
patients with ORR are provided (Fig. 1C and
figs. S3 and S4). Median PFS and overall sur-
vival (OS) in all patients were 3.0 and 7.0 months,
respectively, at a median follow-up of 7 months.

Fig. 1. Radiographic A Best Response Recipient 9-12 24 weeks
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each FMT-recipient patient.
The length of each bar
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of time that patients
received treatment (in
weeks). Response status is
color coded (R, blue; NR,
red). Response symbols
represent status at first
restaging scan (9 to

12 weeks) and at most
recent review. Patients with
ongoing response in the
study are depicted with
horizontal arrows. (B)
Radiographic change of
tumor burden from baseline
(investigator assessed per
RECIST v1.1; n = 15). One

L Axillary LN (28 x 20 mm)
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Months Post FMT
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patient (PT-18-0018) had initial disease stability with subsequent progression after antibiotic therapy and was offered a retransplant with the same donor, with
subsequent disease stabilization. (C) Representative CT scans from one responding patient. CT scans from patient PT-19-0024 at four separate time points depict
initial tumor growth after FMT followed by eventual PR. L, left; LN, lymph node.
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In six patients with disease control (i.e., OR
and SD), median PFS and OS were 14.0 and
14.0 months, respectively (Fig. 1B). Among these
patients, one patient (PT-18-0007) exhibited
ongoing PR after >2 years and is currently
on surveillance, whereas four patients (PT-
18-0018, PT-19-0002, PT-19-0010, and PT-
19-0024) remain on treatment. One patient
(PT-18-0032) with radiographic CR under-
went an elective surgical procedure for spinal
stenosis but suffered a spinal infarct unrelated
to therapy and subsequently passed away. Our
study shows that FMT together with anti-
PD-1 overcame resistance to anti-PD-1in a
subset of PD-1-refractory melanoma patients.
Although these preliminary findings warrant
further evaluation in a larger randomized
clinical trial, the observed ORR was superior
to ORRs reported in melanoma patients pri-
mary refractory to anti-PD-1 therapy treated
beyond progression (17). Treatment-related
adverse events (AEs) were minimal (table S3).
Although all patients experienced at least one
AE, these were mostly low grade (grade 1,
72.9%; grade 2, 20.0%). Endocrinologic AEs,
mostly hypothyroidism, occurred in 17.6%
of patients and were easily managed with
hormone replacement. Grade 3 AEs occurred
in three patients: two instances of fatigue, in
which underlying endocrinological issues were
excluded and resolved, and one case of pe-
ripheral motor neuropathy (PT-19-0024) that
required hospitalization, intravenous immuno-
globulin, and corticosteroids and resolved
with no further sequelae upon reinstitution
of pembrolizumab.

Fecal microbiota transplant induces persistent
perturbation of recipients’ gut microbiome

To evaluate the effects of FMT on gut micro-
biota composition in recipients and the rela-
tionship with clinical response, defined as OR
or SD >12 months after FMT and anti-PD-1
on the basis of RECIST 1.1 criteria, we per-
formed shotgun metagenomic sequencing of
223 fecal samples obtained from recipients
(n = 15) and donors (n = 7). For each recip-
ient, we sequenced one pre-FMT sample
(obtained 7 to 21 days before FMT) and all
available post-FMT samples (obtained weekly
for 12 weeks and then every 3 weeks for as
long as the patient remained on trial) (Fig. 2A).
For each corresponding FMT, we sequenced
the distinctive donor-specific “FMT infusate”
obtained from specific FMT donors (table S2
and fig. S5A). Uniform manifold approxima-
tion and projection (UMAP) analyses depicted
distinct gut microbiota composition in recip-
ients (Fig. 2A) and donors (fig. S5A). No sig-
nificant difference in response after FMT was
observed in patients that received infusates
from donors that had either a CR or PR to
anti-PD-1 (fig. S5B). The microbiota in CR
donors exhibited higher alpha diversity than
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in PR donors, but no significant differences
were observed between donors and recipi-
ents before FMT (fig. S5C). In recipients, gut
microbiota composition changed after a single
FMT in Rs and nonresponders (NRs) (Fig. 2A),
an alteration that persisted unless a significant
perturbation occurred (e.g., antibiotic use in
PT-18-0032 before day 22 and PT-18-0018
before day 84)). Of note, all separately collected
infusates produced from individual donors
were highly similar to each other (fig. S5, A
and D). To evaluate intrapatient variability
in both donors and recipients, we computed
sample variance across all time points and
all taxa in all available samples from reci-
pients and donors (only those with at least
three samples) (Fig. 2B). Variance was signifi-
cantly greater in all recipients after FMT com-
pared with that in donors (Fig. 2B), although
Rs had a trend toward greater variance com-
pared with NRs (fig. S6). We quantified dif-
ferences and rate of change in microbiome
communities in recipients using multidimen-
sional Euclidean distance. Specifically, the
speed of traversion, as inferred from the
Euclidean distance traversed per day, trended
higher in Rs than NRs (Fig. 2C). Although this
parameter did not reach statistical significance
(likely because of the limited sample size), the
Euclidean distance still notably separated pa-
tients who achieved disease control from those
who did not.

To investigate the degree of donor microbial
implantation and its relationship to response
in patients over time, we evaluated the acquired
similarity of the recipient microbiota to the
donor microbiota by measuring the Euclidian
distance between donor microbial composition
and every available time point of the corre-
sponding recipients, starting from the pre-
treatment sample (Fig. 2D). We observed that
the gut microbiota composition shifted sig-
nificantly toward donor microbiota in Rs but
not in NRs (Fig. 2D and fig. S7, left). FMT
implantation was clearly heterogeneous in
the NR group (n = 9), in which about half of
the recipients had samples that were similar
and the other half had samples that were
dissimilar to corresponding donors (Fig. 2D,
top). By contrast, the gut microbiota in Rs
(n = 6) uniformly shifted toward donor sam-
ples (Fig. 2D, bottom). We also evaluated the
humoral immune response to donor bacteria
using recipient serum and donor feces and
observed that FMT administration induced
donor bacteria-specific immunoglobulin
G (IgG) to a greater extent in Rs compared with
NRs (Fig. 2E and fig. S8), suggesting that
successful implantation and mucosal trans-
location of the transplanted bacteria, known to
induce an IgG response against commensal
bacteria, may preferentially occur in Rs (I8).

The use of systemic antibiotics was pro-
hibited on study; however, PT-18-0018 devel-

oped a soft-tissue infection that required
antibiotics (fig. S9). During this period, pem-
brolizumab was withheld, although stool
samples and imaging were obtained at protocol-
specified intervals. Initial microbiome after
FMT shifted toward the donor’s microbiome
with SD. After antibiotics, metagenomic data
revealed pronounced changes in microbial com-
munity composition (loss of Faecalibacterium
prausnitzii, Alistipes spp., and Ruminococcaceae
spp.), which correlated with clinical progression.
A second transplant from the same donor was
performed nearly 1 year after initial FMT and
resulted in rapid gut colonization associated
with ongoing SD (fig. S9). Overall, although
successful colonization after FMT did not al-
ways resensitize PD-1-refractory melanoma
patients to anti-PD-1, clinical response was
associated with FMT implantation and donor
microbiota-specific IgG response. Furthermore,
the changes of microbiome composition after
FMT were rapidly disturbed by use of anti-
biotics, which depleted beneficial taxa (i.e.,
F. prausnitzii, Alistipes spp., and Ruminococcaceae
spp.), in accordance with previously reported
deleterious effects of antibiotic use with regards
to anti-PD-1 in cancer patients (12, 19).

To analyze the bacterial species most com-
monly associated with clinical benefit to FMT,
we first performed statistical analyses between
pre- and post-FMT samples in Rs, followed
by a meta-analysis using Fisher’s method to
identify common features among all samples
(Fig. 2G and fig. S10). Several bacterial species
associated with clinical response have been
previously reported (Bifidobacterium longum,
Colinsella aerofaciens, and F. prausnitzii)
(10, 11). Most of the significantly enriched
taxa in Rs belonged to the phyla Firmicutes
(Lachnospiraceae and Ruminococcaceae fam-
ilies) and Actinobacteria (Bifidobacteriaceae
and Coriobacteriaceae families), whereas most
of the bacteria decreased in Rs belonged to
phylum Bacteroidetes.

Fecal microbiota transplant and anti-PD-1
modulate immune responses peripherally
and intratumorally

To evaluate the immunological effects of FMT
and anti-PD-1 in treated patients, we per-
formed multiparameter flow cytometry and
single-cell RNA sequencing (scRNA-seq) anal-
ysis from peripheral blood mononuclear cells
(PBMCs) and tumor samples, respectively, col-
lected before and after treatment. Unsupervised
single-cell analysis on spectral flow cytometry of
PBMCs was performed at three consecutive
time points before and after treatment (Fig. 3, A
and B, and fig. S11, A and B) (20, 21). Compared
with NRs, Rs displayed higher percentages of
CD567CD8" T cells after treatment (day 42),
which represent a subset of activated CD8"
T cells with higher cytolytic functions (Fig. 3B)
(22-24). CD8*CD56" T cells expressed high
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Fig. 2. Microbiome analyses before and
after FMT in melanoma patients.

(A) Dimensionality reduction using
t-distributed UMAP (t-UMAP) plot of
microbial taxa abundances by last known
taxon of FMT recipients at different time
points. Each color corresponds to a
different FMT-treated patient. Pre-FMT
stool samples are depicted as squares and
post-FMT stool samples as triangles.
Ellipses encapsulate each recipient's

pre- and post-FMT samples, and the size
of the ellipse spans two standard devia-
tions from the centroid. Rs and NRs are
distinguished by solid and dashed lines,
respectively. PT-19-0026 (PD) is not
depicted because the patient had a
single post-FMT sample. (B) Intrapatient
variance of stool samples from donors and
recipients after standardization and
dimensionality reduction. Donors (n = 3)
and recipients (n = 15) who contributed
at least three fecal samples are depicted.
Data were standardized, PCA was
performed, PC loading was computed,
and variances of patients for every

PC loading were calculated as the squared
standard deviation divided by the mean
and were multiplied by the PC variance
contribution. Resultant values were added
together to produce a combined variance
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AU, arbitrary units. (C) Rate of taxonomic
change of stool samples sequentially

obtained from treated patients. The rate of
taxonomic change for each sample F
sequentially obtained from each patient
was calculated by using speed of traver-
sion (Euclidean distances traversed per
day), which was calculated by dividing
total Euclidean distance traveled by days.
Euclidean distance was calculated by using
log-transformed normalized taxonomic
data from shotgun sequencing between Rs
(n =6) and NRs (n = 9) by using the
nonparametric t test. (D) Plot of Euclidean
distance over time from patients’ gut
microbiota to corresponding FMT donor’s
microbiota. To assess the efficiency of
FMT engraftment, Euclidean fitted curves
were generated by using points on the graph in both NRs (red, above) and Rs
(blue, below). A positive percentage of each curve indicates similarity to the
corresponding donor, whereas a negative percentage indicates changes in the
recipient microbiota even further from the donor microbiota. Graphs were normalized
by truncating at 60 days in both Rs and NRs. The chi-square test was

calculated by using an even distribution as null hypothesis. (E) Recipient IgG
response against donor microbiota induced by FMT. Donor fecal bacteria were
incubated with recipient sera at 1:200 dilutions, washed and stained with
phycoerythrin-labeled antihuman IgG, and fixed and analyzed on a flow cytometer.
Change in IgG positivity of donor fecal bacteria for each FMT recipient was calculated
in relation to the first FMT recipient serum sample available compared with the
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subsequent two time points up to 50 days later. Percent IgG-positive donor fecal
bacteria was assessed, and area under the curve (AUC) for percent IgG-positive
donor bacteria was calculated, adjusting all recipient time points relative to the
baseline time point set to zero. Difference in reactivity between sera from Rs and NRs
was evaluated by Student's t test. (F) Cladogram visualization of phylogenetic
distribution of differentially abundant taxa before and after FMT in responding
patients. Fisher's method for meta-analyses was used to validate statistical
significance and calculate effect size of the differential abundances of taxa in Rs
(fig. S10). Differentially abundant taxa are color coded on the basis of relative abundance
in post- compared with pretransplant samples (green, higher; yellow, unchanged:; red,
lower). The most significantly associated taxa are highlighted at the family level.
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the abundance of myeloid cells and CD4* Tregs in CD45" tumor-infiltrating cells. We
observed decreased abundance of myeloid cells and CD4* Tregs in Rs compared
with NRs using the unpaired t test. *p < 0.05. (H) Cell-associated expression

of two markers (CXCL8 and SPPI) in UMAP projection. These markers are
predominantly expressed in suppressive myeloid cells. (I) Volcano plots showing
the differences in phenotype of CD8" T cells and myeloid cells between Rs and
NRs after FMT. Rs show a CD8" T phenotype with increased activation markers
(GZMK, class Il HLA genes, CD74), whereas NRs show a myeloid phenotype with an
increased suppressive signature (CXCL8 and SPPI) at day 56 after treatment.
Adjusted p values were obtained by Wilcoxon rank sum test.
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Fig. 4. Serum proteo- A
mics, metabolomics,
and lipidomics signa-
tures before and after
FMT. (A) PCA and
heatmap of serum
cytokines of Rs and
NRs before and after
FMT. Data show that Rs
after treatment B

(orange) separate from

Rs before treatment

(green), along with NRs

before (red) and after

(blue) treatment, as B

assessed by two-way |
analysis of variance

Rs Pre-FMT
Rs Post-FMT
@ NRs Pre-FMT

@ NRs Post-FMT

(ANOVA: *p < 0.05). ) 9 /]
(B) PCA and heatmap % i -\L__*”
of serum metabolites of M P N \
Rs and NRs before and )

after FMT. Data show ]
that Rs after treatment
(orange) separate from

Rs before treatment

(green), along with NRs ~ C
before (red) and after
treatment (blue), as
assessed by using two-

way ANOVA (g < 0.05).

(C) PCA and heatmap

of serum lipidomics of

Rs and NRs before and

after FMT. Serum

lipidomic analyses show

that Rs after treatment
(orange) distinctly

clustered separately D E

from Rs before treat- Microbiome

ment (green), along 0 B0
with NRs before 0y
(red) and after (blue)
treatment, as assessed
by using two-way
ANOVA (g < 0.05).
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highly differentially abundant elements between Rs and NRs to FMT and
pembrolizumab. To identify nodes (i.e., any of these four types of elements)
and their groups with potential contribution to a regulatory activity, a
“transkingdom” network integrating -omics data was constructed by using
their correlations within the different groups (Rs or NRs, before or after FMT
and pembrolizumab). Network interrogation revealed that “microbiome” and
“metabolite” as well as “microbiome” and “cytokine” subnetworks were the
most interconnected. We identified a dense subnetwork (module) containing
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the highest number of nodes from different -omics data (nodes highlighted
in yellow, positively correlated edges in red, and negatively correlated edges
in blue). (E) Subnetwork identified in (D). Network analyses established
that CXCL8 (IL-8), IL-10, and CCL3 (MIP-1a) were positively correlated with
organisms enriched in NRs before treatment (Bacteroides uniformis,
Bacteroides nordii, Phascolarctobacterium faecium, etc.) and negatively
correlated with organisms enriched in Rs after treatment (e.g., Ruminococcus
flavefaciens and F. prausnitzii).
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levels of TIGIT, CD57, 2B4, 0X40, ICOS, 4-1BB,
CD16, NKp46, NKp30, granzyme B, perforin,
and CD103 compared with total CD8" T cells
(fig. S11C). These findings are in line with pre-
vious reports in cancer patients responding to
immunotherapy, including radioimmunother-
apy (25) or PD-1 blockade (26). In Rs, CD8*
T cells up-regulated TIGIT (day 21) as well as
T-bet and LAG-3 (day 42) and down-regulated
CD27 (day 21) compared with NRs at these
time points (Fig. 3C). Rs exhibited lower per-
centages of naive CD8* T cells (day 21) and
higher percentages of terminally differentiated
effector memory CCR7 CD45RA" (TEMRA)
cells (day 42) compared with NRs (Fig. 3D).
These observations suggest that circulating
CD8" T cells are more activated and differ-
entiated in Rs, as previously shown in cancer
patients who respond to PD-1 blockade (27, 28).
Mucosal-associated invariant T (MAIT) cells,
which respond to bacterial antigens and in-
flammatory cytokines, expressed more gran-
zyme B (day 42) and less CD27 (day 42) in Rs
compared with NRs, suggesting a more dif-
ferentiated phenotype (Fig. 3E). We observed
no significant differences in the frequencies
of circulating myeloid cell subsets before and
after treatment (fig. S11, D and E). Our data
show that FMT together with anti-PD-1 ex-
panded activated CD56"CD8" T cells and in-
creased activation of CD8* T and MAIT cells
in PBMCs of Rs.

CD45™ cells were sorted from single-cell
suspension obtained from tumor biopsies
used for scRNA-seq analysis (10X Genomics
Chromium). In total, 64,340 cells from 17 tu-
mor samples were collected before (four Rs
and five NRs) and after treatment (two Rs
and six NRs). After normalization and batch-
effect removal (29), cells were clustered into
26 groups. Each cluster was manually labeled
by gene expression profile (table S4) to iden-
tify 10 distinct cell types (Fig. 3F). We observed
a high frequency of myeloid cells (p = 0.026)
and CD4" regulatory T cells (P = 0.02) among
CD45" cells in NRs compared with Rs after
treatment, whereas the other clusters did not
exhibit significant changes (Fig. 3G and fig.
S12). Myeloid cells expressed high levels of
CXCLS [interleukin-8 (IL-8)] and SPPI (osteo-
pontin), which increased after FMT in NRs
compared with Rs, suggesting a myeloid gene
signature previously associated with tumor
progression (Fig. 3, H and I) (30, 31). CD8*
T cells up-regulated human leucocyte anti-
gen (HLA) class II genes CD74 and GZMK in Rs
compared with NRs after treatment, support-
ing increased T cell activation at tumor sites
(Fig. 3L, left). Together, our findings demon-
strate that FMT and anti-PD-1 counteract
myeloid-induced immunosuppression to aug-
ment CD8" T cell activation in the tumor
microenvironment of Rs. Insufficient tumor
tissue was available to evaluate the role of
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tumor mutation burden, PD-L1 expression, and
interferon-y (IFN-y) gene expression signature
in predicting clinical outcome.

Fecal microbiota transplant alters serum
metabolome and cytokines in responders

To assess the impact of FMT on systemic pa-
rameters of the host and its relationship with
response to therapy, we performed multi-omics
analysis of serum samples, including analyses
of serum cytokines and chemokines, as well as
serum metabolomics and lipidomics analyses.
Although Rs and NRs exhibited similar com-
position of serum cytokines and chemokines,
Luminex multiparameter proteomics profiling
showed a prominent shift in levels of circulat-
ing cytokines and chemokines in Rs, whereas
NRs had little or no change [Fig. 4A, principal
components analysis (PCA)]. Multiple circulat-
ing cytokines and chemokines decreased after
FMT in Rs, including CCL2 (MCP1), CXCL8
(IL-8), and IL-18 that have been associated with
negative outcomes to anti-PD-1 (32, 33), and
1L-12p70 and IFN-y (Fig. 4A, heatmap). These
latter two cytokines are usually associated with
antitumor effector T cell responses. However,
chronic activation of the IL-12-IFN-y axis, as
may occur in refractory patients treated with
anti-PD-1, could induce a multigenic resist-
ance program in tumor cells and could disrupt
T cell response, differentiation, and exhaus-
tion through production of nitric oxide and
down-regulation of TCF1 (34-36). The cyto-
kines and chemokines that were most prom-
inently up-regulated are associated with
follicular helper T and B cell signatures found
in tertiary lymphoid structures, such as IL-21
and CXCL13 (BCP1). We also observed up-
regulation of type II cytokines such as IL-5,
1L-13, and IL-10; the tumor necrosis factor
(TNF) family of cytokines such as TNF and
TRAIL; and cytokines promoting monocyte
cell migration (CX3CL1) and dendritic cell
expansion (FLT3L). Altogether, our find-
ings show that Rs down-regulated multiple
circulating cytokines and chemokines asso-
ciated with resistance to anti-PD-1 while up-
regulating circulating biomarkers that are
associated with favorable clinical outcome.
In particular, Rs exhibited decreased circulat-
ing IL-8 and decreased frequencies of IL-8-
producing myeloid cells in tumors. IL-8 is an
immunosuppressive cytokine secreted by intra-
tumoral and circulating myeloid cells, levels of
which correlate adverse prognosis to anti-PD-1 in
multiple cancers, including melanoma (30, 37).

FMT and anti-PD-1 resulted in significant
changes in the serum metabolomic profile of
both Rs and NRs (Fig. 4B and fig. S13), al-
though the most pronounced metabolomic
shifts occurred in Rs (Fig. 4B, PCA plot). The
most significant and pronounced changes after
FMT affected metabolites that are usually asso-
ciated with gut microbiota (38). Serum bile

acids were increased after FMT with more
efficient transformation of primary to second-
ary bile acids in Rs versus NRs (fig. S14). In
addition, the levels of bacterial catabolism
products of aromatic compounds through
benzoate degradation were higher in Rs than
in NRs. Some of these compounds, including
hippurate, p-cresol sulfate, and hydrocinna-
mate, have been described as biomarkers of
microbiome diversity and correlated with the
presence of taxa associated with response to
anti-PD-1 (figs. S13 and S14) (39). Whereas
pre-FMT samples from Rs and NRs had very
similar lipidomic profiles, significant changes
were observed in post-FMT samples from Rs
but not NRs (Fig. 4C and fig. S15), including
higher levels of triacylglycerols and lower levels
of monoacylglycerols and diacylglycerols, pos-
sibly reflecting microbiome-controlled differ-
ences in lipid absorption (40).

The gut microbiome regulates the biological
signatures observed in responders

To identify causal relationships between host
and microbes independent of a particular group
or patient, we created a statistical model of
robust interactions between the different
players—“transkingdom network” analyses—
using different types of -omics data (41, 42).
The transkingdom network consisted of 371
nodes and 819 edges, in which nodes repre-
sented individual elements of -omics datasets
(metagenomic, metabolomic, lipidomic, flow
cytometric, and proteomic) and edges repre-
sented positive and negative correlations be-
tween those elements (Fig. 4D). Most of the
interomic edges belonged to the microbial
metagenome dataset, which had a large num-
ber of positive (red) and negative (blue) network
connections with the metabolomic and pro-
teomic datasets. Microbial nodes were more
densely connected to other -omics datasets
than any other node, suggesting their central
role in governing interomic changes after FMT
and anti-PD-1. Some nodes in the transkingdom
network analysis were highly interconnected,
forming subnetworks. These subnetworks were
identified by using the MCODE plugin of Cyto-
scape (43), and one subnetwork connected all
four -omics datasets (Fig. 4E). In particular, we
observed that gut bacterial commensals that
were previously shown to increase (F. prausnitzii
and Akkermansia muciniphila) and decrease
(Bacteroides genus) responses to anti-PD-1 (10)
were negatively and positively correlated with
CXCLS8 (IL-8), respectively.

Conclusion

Our findings show that a single FMT admin-
istered colonoscopically together with PD-1
blockade successfully colonized the gut of Rs
and reprogrammed the tumor microenviron-
ment to overcome primary resistance to anti-
PD-1 in a subset of patients with advanced
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melanoma. FMT shifted microbiome compo-
sition toward taxa favoring anti-PD-1 efficacy
to induce clinical responses to anti-PD-1 in
PD-1-refractory melanoma patients, who had
an immunological ability to respond to the
treatment but exhibited an unfavorable micro-
biota composition. Conversely, PD-1-refractory
patients may not respond to FMT for various
reasons, including (i) an inability to respond to
the tumor regardless of microbiota composi-
tion because of the patient’s immunodeficient
status or lack of tumor immunogenicity, (ii) an
absence of taxa needed for anti-PD-1 therapy
effectiveness in the FMT, or (iii) failure of the
FMT to successfully implant into the recipient
and induce perturbations of host microbiota
favoring anti-PD-1. Our findings warrant fur-
ther investigation in larger clinical trials to
better identify microbial, circulating, and intra-
tumoral biomarkers to select patients most
likely to benefit from microbiome-based ther-
apy of melanoma. We expect that such studies
will lead to the identification of a bacterial
consortium capable of converting a subset of
melanoma patients primary refractory to anti-
PD-1 therapy into R patients.
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CLINICAL TRIALS

Fecal microbiota transplant promotes response in
immunotherapy-refractory melanoma patients

Erez N. Baruch?*1, llan Youngster®*, Guy Ben-Betzalel", Rona Ortenberg?, Adi Lahat®, Lior Katz5,
Katerina Adler’, Daniela Dick-Necula®, Stephen Raskin*®, Naamah Bloch', Daniil Rotin®, Liat Anafi?,
Camila Avivi®, Jenny Melnichenko, Yael Steinberg-Silman’, Ronac Mamtani", Hagit Harati’,

Nethanel Asher?, Ronnie Shapira-Frommer, Tal Brosh-Nissimov'?, Yael Eshet*®'3, Shira Ben-Simon'°,
Oren Ziv'®, Md Abdul Wadud Khan'*, Moran Amit'®, Nadim J. Ajami'4, Iris Barshack*%,

Jacob Schachter?, Jennifer A. Wargo'*'6, Omry Koren'®, Gal Markel?7*+, Ben Boursi*'89+

The gut microbiome has been shown to influence the response of tumors to anti-PD-1 (programmed
cell death-1) immunotherapy in preclinical mouse models and observational patient cohorts.
However, modulation of gut microbiota in cancer patients has not been investigated in clinical trials.
In this study, we performed a phase 1 clinical trial to assess the safety and feasibility of fecal
microbiota transplantation (FMT) and reinduction of anti-PD-1 immunotherapy in 10 patients with
anti-PD-1-refractory metastatic melanoma. We observed clinical responses in three patients,
including two partial responses and one complete response. Notably, treatment with FMT was
associated with favorable changes in immune cell infiltrates and gene expression profiles in both the
gut lamina propria and the tumor microenvironment. These early findings have implications for

modulating the gut microbiota in cancer treatment.

mmunotherapy to inhibit the programmed
cell death-1 (PD-1) checkpoint protein in
metastatic melanoma patients has dem-
onstrated durable complete response (CR)
rates of 10 to 20% (I). However, most of
the patients do not respond to PD-1 blockade,

and many of the partially responding patients
eventually progress (7). Extensive research ef-
forts have been undertaken to overcome the
resistance to anti-PD-1 therapy. One of the
most promising leads involves modulation
of the gut microbiota (2-4), which has been
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shown to have a profound effect on the de-
velopment and function of the immune system
(5). Although no specific bacterial taxa have
been consistently associated with clinical re-
sponse to immunotherapy (6), fecal micro-
biota transplantation (FMT)—which transfers
the entire gut microbiota from one host to
another—has demonstrated promising results
in preclinical models (2-4). Compared with
mice that received FMT from melanoma pa-
tients not responding to anti-PD-1 therapy,
mice that received FMT from responders dem-
onstrated increased intratumoral CD8" T cell
infiltration and enhanced overall effective-
ness of anti-PD-1 therapy (2, 3). On the basis of
these data, we designed a phase 1 clinical trial
(NCT03353402) to assess the safety, feasibility,
and immune cell impact of FMT and reinduc-
tion of anti-PD-1immunotherapy in patients
with refractory metastatic melanoma.

The trial included two FMT donors who had
previously been treated with anti-PD-1 mono-
therapy for metastatic melanoma and had
achieved a CR for at least 1 year (table S1and
materials and methods). Patients were con-
sidered eligible FMT recipients if they had a
diagnosis of metastatic melanoma and had
progressed on at least one line of anti-PD-1
therapy. Recipients harboring a BRAF-V600E
mutation must have also progressed on BRAF-
targeted therapy. As part of the trial’s protocol,
recipients underwent an initial native micro-
biota depletion phase in which they were
administered with orally ingested antibiot-
ics (vancomycin and neomycin) for 72 hours
(Fig. 1A). FMT was then performed by means
of both a colonoscopy (protocol day 0) and
the administration of oral stool capsules fol-
lowed by reinduction of anti-PD-1 therapy
(nivolumab). Six combined treatment cycles
composed of anti-PD-1 infusions (nivolumab
at standard dose) and additional stool cap-
sules (maintenance FMT) were administered
every 14 days until day 90. Each recipient
underwent positron emission tomography
combined with computed tomography (PET-
CT) imaging before the trial and on day 65.
Response to treatment was defined as an ob-
jective tumor regression per imaging accord-
ing to iRECIST criteria (response evaluation
criteria in solid tumors, modified for immu-
notherapy) (7). Objective responders and recip-

ients who demonstrated a clinical benefit to
the treatment continued anti-PD-1

beyond day 90 as monotherapy and under-
went consecutive PET-CTs in intervals of 6 to
8 weeks until disease progression.

Correlative studies included stool, gut, and
tumor analyses (see materials and methods).
16S ribosomal RNA (rRNA) gene and meta-
genomics sequencing were conducted on stool
samples that were collected from recipients up
to 1 week before the native microbiota deple-
tion phase (defined as pretreatment) and on
stool samples collected on days 7, 31, and 65.
Donor stool samples were collected during the
fecal donation period. Gut and tumor biopsies
were collected pretreatment and at days 31
and 70, respectively. Infiltration and activity
of immune cells in the tissue samples were
assessed using immunohistochemical (IHC)
and bulk RNA sequencing (RNA-seq). In cases
where no specific gene differed in a statisti-
cally significant manner, gene set testing was
conducted using the Gene Ontology (GO)
dataset. Recipient 2 refused to undergo post-
treatment biopsies and withdrew consent im-
mediately after the day-65 imaging assessment,
leaving nine available recipients for gut and
tumor tissue assessment.

Ten recipients with confirmed progression
on anti-PD-1 therapy were enrolled and treated
between June 2018 and March 2019 (Table 1
and table S2). Recipients were assigned to
receive FMT from one of the two available do-
nors, alternating between donor 1 and donor 2.
The median recipient age was 66 years [inter-
quartile range (IQR), 49 to 68 years], the major-
ity were males (70%), and the median elapsed
time from the last previous dose of anti-PD-1 to
the first dose of the current trial was 113 days
(IQR, 59 to 183 days). The most common PD-L1
expression category in pretreatment tumor
biopsies was =5%. This expression category
was noted in four recipients, whereas three
recipients had no pretreatment PD-L1 expres-
sion (table S2). In terms of safety results, the
only observed FMT-related adverse event (AE)
was mild bloating between days 3 and 15 in
one recipient. Several mild (grade 1) immune-
related adverse events (irAEs) were observed,
mainly arthralgia (table S3). No moderate-to-
severe irAEs (grades 2 to 4) were observed,
although five recipients had developed such

irAEs during their previous anti-PD-1 treat-
ment lines (table S4).

Objective responses to treatment were dem-
onstrated by three recipients, all of them from
the donor 1 group: Recipient 3 achieved a
CR, and recipients 5 and 7 achieved partial
responses (Fig. 1B, Table 1, and table S5). All
responders crossed the progression-free sur-
vival milestone of 6 months. Both recipients 3
and 5 demonstrated an initial increase in their
metastases size followed by regression (Fig. 1,
B and C, and fig. S1). This phenomenon is
known as pseudoprogression (8) because the
increment in metastasis radiological volumes
is not caused by tumor proliferation but rather
by an influx of antitumoral immune cells into
the tumor. Recipient 1 (donor 1 group) demon-
strated an initial mixed response with regres-
sion of some of lesions, but, overall, the disease
had progressed (fig. S2).

Stool 16S rRNA gene sequencing analysis
demonstrated that posttreatment gut micro-
biota composition of all recipients significant-
ly differed from their baseline [p-diversity,
unweighted UniFrac, P = 0.02; false discovery
rate (FDR) = 0.05; Fig. 2A and figs. S3 and S4].
There was no statistically significant difference
between the pretreatment microbiota composi-
tion of recipients from the donor 1 group and
those of the donor 2 group (P = 0.36; FDR =
0.45). However, posttreatment microbiota
compositions of the donor 1-group recipients
differed from those of the donor 2 group (P =
0.001; FDR = 0.003; Fig. 2A). Donor 2 had a
higher microbiota richness (a-diversity, Faith’s
phylogenetic diversity) compared with donor 1.
Accordingly, despite similar richness in the pre-
treatment compositions (P = 0.60; FDR = 0.77),
posttreatment compositions of the donor 2
group demonstrated higher richness than those
of the donor 1 group (P < 0.001; FDR = 0.001;
fig. S5). Metagenomic sequencing was used
to identify specific taxa and functional path-
ways that differed between the trial’s groups.
Overall comparison between recipient pre- and
posttreatment microbiota compositions [analy-
sis of composition of microbiomes (ANCOM)
test] showed that posttreatment composi-
tions had a higher relative abundance of the
immunotherapy-favorable Veillonellaceae
family (3) and a lower relative abundance of
Bifidobacterium bifidum, which was reported
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Fig. 1. The clinical trial protocol and the effect of the FMT and
reinduction of immunotherapy on recipient patient tumor
size. (A) Flow chart describing the clinical trial protocol. FMT
recipients underwent a 72-hour native microbiota depletion phase
that included a combination of orally administered vancomycin,
neomycin, and a polyethylene-glycol (PEG) solution. Recipients
underwent FMT by both colonoscopy and orally ingested

stool capsules (capsulized FMT). Maintenance FMT (mFMT)

was performed by giving patients capsulized FMT on day 12,
followed 2 days later by the first anti-PD-1 dose (nivolumab). This
mFMT + anti-PD-1 combination was repeated every 14 days

for a total of six cycles. Responder and recipient patients with

a clinical benefit to the treatment continued anti-PD-1 as
monotherapy until disease progression. PO, prescribed oral;

q6h, every 6 hours. (B) Spider plot demonstrating the change in
radiological tumor size of all 10 recipients. Recipients were colored
according to their donor group: The donor 1-group recipients

are marked by red solid lines, and the donor 2-group recipients
are marked by blue dashed lines. Recipient 3 (R#3) demonstrated
a CR to treatment, and recipients 5 and 7 demonstrated partial
responses. Radiological assessment was conducted in accordance
with the immune response evaluation criteria in solid tumors
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(iRECIST) (7) and included measurements of target and new target lesions. The asterisk indicates that recipient 6 was excluded from the trial after the first posttreatment
imaging study because of unstable metastatic brain disease (hemorrhage into a brain metastasis that was known before inclusion in the trial). (C) Recipient 3
PET-CT imaging. The metastatic lesions, represented as black emission areas, were concentrated in the left leg and groin (inguinal). As a result of the treatment,

the metastases had initially increased in size and new lesions appeared (day 67). However, a complete resolution of all lesions was demonstrated in consecutive follow-up
imaging studies. The initial tumor size increment was likely cased by the substantial increase in CD8" T cell intratumoral infiltration that was observed in this patient

(14 cells/mm? pretreatment versus 736 cells/mm? on day 70; see below, Fig. 3. E to G), a phenomenon known as pseudoprogression (8).

to promote immune tolerance via regulatory
T cells (9) (figs. S6 and S7). Both donors had
previously reported immunotherapy-favorable
features (fig. S8 and table S6) such as high
relative abundances of Lachnospiraceae
(both donors), Veillonellaceae (donor 1), and
Ruminococcaceae (donor 2) (fig. S8) (2-4).
Comparison of posttreatment recipient micro-
biota compositions by their assigned donors
demonstrated that the donor 1 group was char-
acterized by a higher relative abundance of
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taxa like Bifidobacterium adolescentis (Fig. 2B),
whereas the donor 2 group had a high relative
abundance of taxa like Ruminococcus bromii
(table S7)—both of which have been previously
described as immunotherapy favorable (2, 3).
The pretreatment microbiota compositions of
the three responding patients (recipients 3, 5,
and 7) did not differ from the pretreatment
microbiota compositions of the rest of the
cohort. When the responders’ posttreatment
compositions were compared with the post-

treatment compositions of the other two
nonresponders from the donor 1 group (re-
cipients 1 and 9), four taxa differed in a sta-
tistically significant manner (fig. SOA). The
responders had a higher relative abundance of
Enterococcaceae, Enterococcus, and Streptococcus
australis and a lower relative abundance of
Veillonella atypica. However, when the abun-
dance of these specific taxa was assessed in
the entire patient cohort (fig. SOB), there were
some nonresponders and even pretreatment
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Fig. 2. The effect of FMT on
gut microbiota composition
in metastatic melanoma
recipient patients.

(A) Principal components
analysis (PCA) plots of
patient gut microbiota
compositions based on stool
16S rRNA gene sequencing
dissimilarity test (B-diversity,
unweighted UniFrac). The
distance between samples on
the plot represents their
dissimilarity—the greater the
distance between two
samples, the higher the
dissimilarity of their
composition. Recipient
patients were grouped
according to their donors:
Those who received FMT
implants from donor 1 are
colored in red, and those who
received implants from
donor 2 are colored in blue.
The plots demonstrate no
difference between the
pretreatment recipient
compositions of the two
donor groups (FDR = 0.45),
in contrast to a clear post-
treatment donor-based
division (FDR = 0.003).

(B) A volcano plot based on
the ANCOM test. The plot
compares the relative
abundance of specific taxa
between the donor 1 group
(negative x axis) and the
donor 2 group (positive

x axis). Each donor group was
composed of posttreatment
samples of the relevant
recipients and the donor
sample. Taxa that differed
between the groups with FDR
q < 0.05 are presented above
the horizontal dashed line.
The center log transformation
(CLR) mean difference on
the x axis is an ANCOM
calculation that is used to
determine compositional
differences in microbial
communities. For convenience,
only taxa with a mean
difference above an absolute
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value of 2 are labeled with text. The full list of taxa that significantly differed between the two donor groups is detailed in table S7. (C) Voronoi treemap plots of microbiota
GO gene sets that were enriched among the different donor groups’ microbiotas. The abundance of gene sets was compared across donors and posttreatment

recipient samples. Gene sets that showed statistically significant differences between the donor 1 group and the donor 2 group and had a log, differential abundance >1 (table
S8) are plotted. The polygon size represents the scale of the log, abundance difference—a bigger polygon represents a more abundant pathway. The GO gene sets are
also colored according to their GO category: purple for biological processes, light blue for cellular components, and red for molecular functions. ER, endoplasmic reticulum;
ADP, adenosine 5'-diphosphate; ATPase, adenosine triphosphatase; NAD+, oxidized nicotinamide adenine dinucleotide.
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Fig. 3. The effect of FMT and reinduction of immunotherapy on immune
activity in the gut and in the tumor microenvironment of metastatic
melanoma recipient patients. (A) IHC staining of CD68, representing APCs,
conducted on pretreatment sigmoid colon biopsies of recipient 7. (B) IHC
staining of CD68" cells conducted on the posttreatment (day 31) sigmoid colon
biopsy of recipient 7, which demonstrates a clear increase in CD68" cell
infiltration in the gut lamina propria. This infiltration was especially prominent in
the subepithelial area, which is physically closer to the gut. (C) An image
analysis algorithm was used to quantify the number of CD68" APCs within the
gut lamina propria of each recipient patient. A posttreatment increment in
CD68" cell infiltration was demonstrated in most recipients (P = 0.05).

(D) A barcode plot of gene set enrichment among tumor samples. Each bar
represents a single gene out of the entire gene set. The plot demonstrates the
up-regulation of APC- and T cell-related gene sets among posttreatment tumor
samples. The full list of enriched gene sets is detailed in table S12. (E) IHC
staining of CD8, representing cytotoxic T cells, conducted on pretreatment tumor
metastasis (subcutaneous, left leg) of recipient 3. (F) IHC staining of CD8*

T cells conducted on posttreatment biopsy from another subcutaneous

metastasis in the left leg of recipient 3, demonstrating a clear increase in
intratumoral CD8" T cell infiltration and immune-induced tumor necrosis
(marked by asterisks). (G) An image analysis algorithm was used to quantify
the number of CD8"-stained T cells within viable tumor tissue for each remote
tumor metastasis biopsy. Posttreatment tumor biopsies were preferably
taken from the same metastasis used for the pretreatment biopsy or from
another metastasis at the same organ. Five recipient patients had increased
their intratumoral CD8" T cell infiltration in posttreatment biopsies (P = 0.06).
The asterisk indicates that recipient 5 achieved a near-pathological CR

(<1% viable tumor), and hence their posttreatment CD8" infiltration could
not be accurately assessed. (H) Heatmap of tumor immune gene expression.
The heatmap illustrates expression dynamics before and after treatment
across three representative immune processes—antitumoral effector activity,
suppression-exhaustion activity, and APCs activity-abundance. Only members
of the donor 1 group demonstrated a posttreatment up-regulation of effector

T cell response. Recipient 10 demonstrated a posttreatment up-regulation of the
immune checkpoints ID0O-1 and TIGIT without an effector response. Scale
represents the z-score of gene counts.

samples with similar dynamics. Hence, no clear
association between those taxa and clinical re-
sponse to therapy was established. Functional
metabolic data were based on annotation of
genes to the MetaCyc database (direct measure-
ments of metabolite levels were not conducted).
The functional metabolic data demonstrated
that the donor 1 group up-regulated the lactose
and galactose degradation I pathway [log-fold
change (logFC) = 1; FDR = 0.015], whereas the
donor 2 group up-regulated the formaldehyde
assimilation IT (logFC = 2.2; FDR = 3.93 x 1079,
the formaldehyde oxidation I (logFC = 2.4;
FDR = 0.001), and the creatinine degradation I
(logFC = 1.4; FDR = 0.014) pathways. Meta-
genomics GO gene sets that significantly dif-
fered between the microbiota of the two donor
groups are illustrated in Fig. 2C (table S8).
Comparison between the posttreatment micro-
biota composition of the responding patients
(recipients 3, 5, and 7) and the other two non-
responding patients (recipients 1 and 9) among
the donor 1 group showed no significant func-
tional or metabolic differences.

Gut sample analysis of all available FMT-
recipient patients demonstrated a posttreat-
ment up-regulation of gene sets that were
related to the presentation of peptides by
antigen-presenting cells (APCs) via major
histocompatibility complex (MHC) class I
and interleukin-1-mediated signaling (FDR =
0.014 and 0.038, respectively; table S9). Anal-
ysis per donor group demonstrated that the
donor 1-group recipients up-regulated addi-
tional gene sets related to APC activity, innate
immunity, and interleukin-12 (table S10). By
contrast, the donor 2-group recipients did
not up-regulate any immune-related gene sets
(table S11). Per-patient analysis demonstrated
an increased lamina propria infiltration of
CD68" cells, representing APCs, from an over-
all pretreatment median of 353 to 569 cells/
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mm? posttreatment (P = 0.05; Fig. 3, A to C,
and fig. S10). The CD68" infiltration was con-
centrated in the subepithelial area, where the
proximity to the gut lumen is the highest. All
available recipients increased the posttreat-
ment CD68" infiltration except for recipient 6
(donor 2 group, nonresponder patient). Nota-
bly, gut sample analysis did not demonstrate a
statistically significant increase in T cell in-
filtration in the gut lamina propria (fig. S11)
or T cell-related gene set enrichment.
Tumor sample analysis of all available
recipients demonstrated posttreatment up-
regulation of multiple immune-related gene
sets (Fig. 3D and table S12), such as interferon-
y-mediated signaling pathway (FDR = 1.65 x
107'%), T cell activation (FDR = 3.27 x 107'%),
MHC class II protein complex (FDR = 9.31 x
107'%), dendritic cell differentiation (FDR =
515 x 107°), and T helper 1-type immune
response (FDR = 1.06 x 10~°%). Although these
immune-related gene sets remained enriched
in the donor 1 group-only analysis (table S13),
no immune-related gene sets were statistically
significantly enriched among tumor samples
of the donor 2 group (table S14). Per-patient
analysis demonstrated increased posttreatment
intratumoral CD8" T cell infiltration among
five patients (recipients 1, 3, 4, 7, and 10) with an
overall pretreatment median of 89 cells/mm?
versus 282 cells/mm? posttreatment (P = 0.06;
Fig. 3, Eto G, and fig. S12). Recipient 5 achieved
a near-pathological CR, as posttreatment via-
ble tumor tissue composed <1% of the entire
biopsy, and recipients 3 and 7 achieved partial
pathological response (Table 1). Assessment of
commonly investigated genes related to intra-
tumoral immune activity demonstrated that
the posttreatment tumors of recipients 1, 3,
5, and 7 up-regulated effector-related genes
with some reciprocal exhaustion responses
(Fig. 3H). Recipient 10, however, up-regulated

exhaustion-related genes without an effector
response.

This study demonstrates that the combina-
tion of FMT from a CR donor and reinduction
of anti-PD-1 therapy in refractory metastatic
melanoma patients is safe, feasible, and poten-
tially effective. FMT is considered a common
treatment for recurrent Clostridioides difficile
colitis, with a well-established safety profile (10),
and its safety has been demonstrated even in
immunocompromised patients (11). Neverthe-
less, the lack of FMT-related complications in
this study among immunocompetent meta-
static patients treated with repeated FMTs was
reassuring. Notably, the combination of FMT
and reinduction of anti-PD-1 therapy appeared
safe and resulted in some objective clinical re-
sponses. Out of 10 anti-PD-1 refractory recip-
ients, three demonstrated clinical responses,
including one CR. A similar trial of FMT and
anti-PD-1 reinduction in refractory melanoma
patients has reported preliminary results of
one objective partial response and one stable
disease among the first three patients (12).
Because the FMT-recipient patients were not
treatment naive, there is a possibility that these
clinical outcomes are caused by delayed re-
sponses to previous anti-PD-1 treatments. How-
ever, this possibility is unlikely, as Ribas et al.
have reported that delayed response rates in
metastatic melanoma patients who continued
anti-PD-1 therapy beyond RECIST-confirmed
disease progression were <8% (13). Similarly,
Betof Warner et al. have reported that re-
sponse rates of metastatic melanoma patients
who were reinduced with anti-PD-1 mono-
therapy were 5 out of 34 (<15%) (14). These
results were possibly an overestimation be-
cause three of five responders in that study
had an elapsed previous-to-reinduction dose
time of at least 12 months (74). Such a prolonged
time period might enable the reemergence of
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immunotherapy-susceptible tumor clones. In
our study, the median previous-to-reinduction
dose time was only 113 days among the entire
cohort and 119 days among the three re-
sponders. Moreover, the inclusion criterion of
our trial was disease progression on previous
anti-PD-1 lines based on iRECIST. According
to RECIST 1.1, partial responses or CRs may
be deemed unconfirmed pending follow-up,
but the classification of progressive disease is
always considered final (75). However, immu-
notherapies might sometimes lead to pseudo-
progression (8), as seen in recipients 3 and 5.
iRECIST was designed to distinguish between
unconfirmed and confirmed disease progres-
sion (7) (table S5). Hence, it is possible that the

use of iRECIST in those previous publications
would have resulted in even lower postfailure
response rates.

This higher-than-expected clinical response
rate can be explained by the correlative immuno-
logical data. Tumor-infiltrating dendritic cells
(DCs) have a crucial role in trafficking T cells
into tumors (16, 17). Multiple papers from
mouse-model studies have demonstrated
that microbiota modulation promoted the
infiltration of DCs into remote tumors, which
resulted in the activation of both T helper 1 cells
via interleukin-12 (4, 18) and cytotoxic CD8"
T cells (19-21). The same findings were dem-
onstrated in our human FMT trial. Because
the donors’ microbiotas were transplanted into

the recipients’ guts, it is plausible to assume
that the immune activation cascade started in
the gut. The donor 1-group recipients demon-
strated increased posttreatment gut infiltra-
tion and activity of APCs. Geva-Zatorsky et al.
have assessed the immune response to coloni-
zation of different commensal gut microbes and
demonstrated that the local effect of microbes
in the gut was mostly on the innate immunity
cells (22), which could later migrate into the
lymphatic system (23). Notably, some of the
donor 2-group recipients also increased their
posttreatment gut APC infiltration, although
as a group, their RNA-seq findings were not
statistically significant. Overall, the recipients
who increased their posttreatment intratumoral

|
Table 1. Clinical characteristics of patients receiving FMT and reinduction of anti—-PD-1 treatment. The time from previous anti-PD-1 treatment dose
to the first trial dose was calculated from the most recent anti-PD-1 treatment dose to the day of the first anti-PD-1 treatment in the clinical trial. The
percentage of viable tumor was calculated as the percentage of viable tumor out of the entire tumor tissue which was examined in a hematoxylin and eosin
(H&E) slide of the tumor biopsy (see materials and methods). Clinical responses were based on the iRECIST (7). Response category “None” represents
iRECIST-confirmed progressive disease. Recipient 2 did not consent to undergo repeated tumor and gut biopsies, and hence, the percentage of viable tumor
is presented as not available (N/A). Additional clinical data per donor and recipient can be found in the supplementary materials (tables S1 and S2,
respectively). D, dabrafenib; T, trametinib; Nivo, nivolumab; Pembro, pembrolizumab; Ipi, ipilimumab; T-VEC, talimogene laherparepvec; TIL, adoptive cell
therapy composed of tumor-infiltrating lymphocytes.

. Best Time from
Previous . . .
response previous Percentage of viable tumor Clinical
FMT treatment . L . . .
L . . during all anti-PD-1 during the current trial response in
donor Recipient lines (in . dose to first th t
group chronological pre:VIous os_e DULE Pretreatment Posttreatment B C|:|rren
anti-PD-1 trial dose trial
order) .
lines (days)
D+T; Nivo;
D+T
Donor 1 1 . . None 57 100 95 None
reinduction;
[pi+Nivo
Donor 1 3 Pembro None 66 100 30 Complete
Donor 1 5 Ipi+Nivo Partial 119 100 <l Partial
Donor 1 7 Pembro; D+T Complete 204 80 30 Partial
Nivo
(adjuvant);
Donor 1 9 Ipi; None 209 80 90 None
Carboplatin +
Paclitaxel
Pembro; Ipi;
Donor 2 2 Pembro Stable disease 114 N/A N/A None
reinduction
Nivo
Donor 2 4 ) None 112 85 90 None
(adjuvant)
Ipi; Pembro;
D+T; Nivo;
T-VEC + Nivo;
Donor 2 6 T”': D+.T Partial 322 100 85 None
reinduction;
Palbociclib;
Carboplatin +
Pacliataxel
Donor 2 8 Ipi+Nivo Mixed 42 90 100 None
Donor 2 10 Ipi+Nivo Stable disease 57 100 90 None
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CD8" T cell infiltration also increased their
APC gut infiltration. It is unlikely that the
increment in CD8" T cell infiltration was
caused by the mere anti-PD-1 administra-
tion, because Chen et al. have used pre- and
on-treatment tumor biopsies to demonstrate
that nonresponding patients undergoing anti-
PD-1 therapy did not increase their intratumoral
CDS8" infiltration (24). However, microbiota-
driven gut APC activation would not necessar-
ily yield enhanced intratumoral CD8" activity.
Impaired antigen presentation machinery with-
in the tumor cells themselves is a well-known
anti-PD-1 resistance mechanism that usually
results in lack of intratumoral CD8" T cell
infiltration (25). The tumor from recipient 9
demonstrated such an antigen presentation
impairment (fig. S13). Moreover, even the pres-
ence of high intratumoral infiltration of CD8"
T cells sometimes fails to translate into a clin-
ical response. Tumors with high CD8" T cell
infiltration can be refractory if the T cell infil-
tration is ineffective, for example as a result of
CDS8" T cell exhaustion after exposure to addi-
tional immune checkpoints (26). Recipient 10
had overexpression of these molecules, such as
IDO-1 (Fig. 3H). Recipient 1, who demonstrated
increased intratumoral CD8" T cell activity,
had an initial regression in some metastases
but eventually progressed as a result of an
unknown cause. These tumor characteristics
of different patients emphasize the wide con-
text of clinical responses to immunotherapy
and that beneficial microbiota composition
is not the only factor in treatment response.

The microbiota composition of the two do-
nors and the posttreatment recipients from
both donor groups were characterized by high
relative abundances of taxa that were previ-
ously associated with response to immuno-
therapy. Yet, the three responding recipients
were solely part of the donor 1 group. The
reason for this dissonance is unclear. However,
this study was statistically powered to assess
safety and was not designed to compare effi-
ciency between donors. Lack of clinical res-
ponders among the donor 2 group does not
necessarily implicate that clinical responses
could not be observed in a larger cohort. More-
over, our inability to pinpoint specific response-
inducer microbiota characteristics echoes the
inconsistency among previous observational
studies (6). As the characteristics of optimal
microbiota compositions of donors and re-
cipients remain elusive, the design and imple-
mentation of future microbiome modulation
clinical trials must be carefully considered.
Numerous considerations must be taken into
account when contemplating strategies to mod-
ulate gut microbes, including diet (27). Studies
in preclinical models incorporating microbiota
into germ-free mice avatars may yield insight
into both microbe and host factors. Nonethe-
less, in light of the decades-based safety profile
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of FMTs (10), promising results in preclinical
models (2-4, 18, 19, 21), and findings that
suggest treatment effectiveness in our current
clinical trial, clinical institutions should not be
deterred by the lack of sufficient mechanistic
knowledge to examine the clinical potential
of FMTs in the setting of well-designed and
supervised human trials. This is especially true
for refractory patients, in whom the risk-to-
benefit ratio of FMTs appears favorable.

One limitation of this clinical trial arises from
the use of antibiotics as part of the pre-FMT
preparation. Antibiotic preparation was adopted
because it has enhanced the FMT ability to
modulate microbiota composition in reported
murine models (28). The vancomycin-neomycin
protocol has been reported as an effective pre-
FMT protocol in humans (29). Because all of
our recipients underwent the exact same pre-
FMT protocol, we believe that the use of anti-
biotics did not affect the observed immune and
clinical outcomes. However, this possibility can-
not be ruled out in the current study design.

FMT from CR donors and reinduction of
anti-PD-1 therapy in refractory metastatic
melanoma patients was demonstrated to be
safe and feasible. In some patients, this treat-
ment increased the intratumoral immune activ-
ity, which was translated into objective clinical
responses. These findings support the concept
of overcoming resistance to immunotherapy by
modulating the gut microbiota.
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CATALYSIS

A hydrophobic FeMn@Si catalyst increases olefins
from syngas by suppressing C1 by-products

Yanfei Xu', Xiangyang Li?, Junhu Gao?, Jie Wang', Guangyuan Ma’, Xiaodong Wen?3, Yong Yang?3,

Yongwang Li%®, Mingyue Ding'*

Although considerable efforts have been made in the selective conversion of syngas [carbon monoxide
(CO) and hydrogen] to olefins through Fischer-Tropsch synthesis (FTS), ~50% of the converted CO is
transformed into the undesired one-carbon molecule (C1) by-products [carbon dioxide (CO;) and
methane (CH,)]. In this study, a core-shell FeMn@Si catalyst with excellent hydrophobicity was
designed to hinder the formation of CO, and CH,4. The hydrophobic shell protected the iron carbide
core from oxidation by water generated during FTS and shortened the retention of water on the
catalyst surface, restraining the side reactions related to water. Furthermore, the electron transfer
from manganese to iron atoms boosted olefin production and inhibited CH, formation. The
multifunctional catalyst could suppress the total selectivity of CO, and CH,4 to less than 22.5% with
an olefin yield of up to 36.6% at a CO conversion of 56.1%.

lefins are feedstocks for many high-

value-added chemical products and are

usually produced from petroleum (1), so

there is increasing interest in alterna-

tive production routes from nonpetro-
leum carbon resources (2), including syngas (a
mixture of CO and H,) that can be derived
from biomass, coal, and natural gas (3, 4).
Recently, many breakthroughs have been
made in the conversion of syngas to olefins.
Bao and colleagues (5, 6) reported the con-
cept of oxide-zeolite (OX-ZEO), separating CO
activation and C-C coupling on different
active sites. At 400°C, ZnCrO,/SAPO and
MnO,/SAPO exhibited a high selectivity of
80% for light olefins (C, to C,) with CO
conversion of ~17 and ~8%, respectively.
Later, Wang and colleagues (7) prepared a
ZnZr0O,/SAPO catalyst that had 70% selectiv-
ity for light olefins with ~10% CO conversion
at 400°C. Although greater olefin selectivity
in hydrocarbons was obtained through the
OX-ZEO pathway, a lower catalytic activity
and olefin yield were exhibited even at a very
high reaction temperature.

Alternatively, another route, called Fischer-
Tropsch to olefins (FTO), was developed for
selectively converting syngas to olefins with a
relatively high activity. Zhong et al. (8) reported
that 61% selectivity for light olefins could be
obtained over CoMn oxides with ~32% CO
conversion. After de Jong and colleagues (9)
found excellent selectivity of light olefins over
iron-based catalysts for Fischer-Tropsch syn-
thesis (FTS), research on Fe active metal
ramped up (I10-12). Liu et al. (13) prepared

!School of Power and Mechanical Engineering, Wuhan
University, Wuhan 430072, China. “Synfuels China Co., Ltd.,
Beijing 101407, China. 3State Key Laboratory of Coal
Conversion, Institute of Coal Chemistry, Chinese Academy of
Sciences, Taiyuan 030001, China.
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Mn-modified Fe;O, nanoparticles, which
exhibited 60% selectivity for light olefins
with ~42% CO conversion. Our previous work
(14) indicated that a core-shell Fe;0,@MnO,
catalyst presented a greater olefin selectivity
of 79% with ~68% CO conversion.

The olefin selectivity reported above refers
to the hydrocarbon products and does not
include the CO, fraction. However, during the
conversion process of syngas, the water-gas
shift (WGS) reaction is inevitable given the co-
existence of CO and H,O under high reaction
temperatures, which results in a high CO,
selectivity (between 40 and 50%) when con-
verting CO (5-9, 14, 15). Moreover, ~10 to 20%
selectivity of by-product CH, is generally
presented in the FTS reaction, especially for the
iron-based catalysts (9, 10, 13, 16). Thus, during
the syngas-to-olefin reaction, >45% of the con-
verted CO is transformed into the undesired
one-carbon molecule (Cl) by-products (CO,
and CH,) either through the OX-ZEO process
(5) or the FTO path (8, 9), as depicted in Fig. 1A.
Recently, some work has been done to try
to address this issue (17, 18), but the total
selectivity of C1 products was still very high
and the olefin yield was very low. Notably,
Wang et al. (19) and Xie et al. (20) reported
the suppression of C1 products by a specific
iron carbide phase and by cobalt promoted with
Mn/Na/S, respectively. However, these catalysts
could only run at relatively low CO conversion
levels (<20%), implying poor olefin yield.

We present a core-shell FeMn@Si catalyst
with excellent hydrophobicity that hindered
the WGS reaction, which enhanced the C-C
coupling reaction and inhibited the formation
of CO, and CH,. The chain growth probability
was increased to 0.73 (fig. S1), and the se-
lectivity for undesired C1 by-products was
suppressed to 22.1% (Fig. 1A). Moreover,
the multifunctional catalyst exhibited an
olefin selectivity of 83.3% (including 68.2%

of a-olefins) and an olefins/paraffins molar
ratio of 5.0 in the C,, hydrocarbons (Fig. 1B).
Reaction conditions, such as reaction temper-
ature, space velocity, and pressure, were tuned
to modify the catalytic performance (figs. S2 to
S4). Under the optimum reaction conditions
of 320°C, 3.0 MPa, 4000 ml-h™.g ™, H,/CO = 2,
the yield of olefins reached as high as 36.6% at a
CO conversion of 56.1% in a single run (table S1).

The stability of catalysts is another crucial
index to advance industrial applications. In
this study, the CO conversion and product
distribution remained stable with time on
stream (Fig. 1C). The selectivity of undesired
C1 by-products was suppressed to ~23% and
the olefin selectivity in total products remained
at ~65% during the 100-hour stability test. All
of the above catalytic tests suggested that our
catalyst worked well for efficiently converting
syngas to olefins while successfully suppress-
ing the formation of undesired CO, and CH,.

We used several characterization methods
to study the origin of the low C1 selectivity and
high olefin yield. An unpromoted Fe,O3@SiO,
catalyst was used to investigate the formation
path and inhibition mechanism of CO, during
iron-based FTS reaction. An appropriate amount
of Mn promoter was then added to enhance the
C-C coupling reaction, which suppressed the CH,,
selectivity and boosted olefin production while
maintaining low CO, selectivity. The core-shell
Fe,0;@Si0, (Fe@Si) was prepared using the
modified Stober method with nanorod-shaped
Fe,O5 (figs. S5 and S6). Transmission electron
microscopy (TEM) images directly confirmed
that the nanorod-shaped Fe,O5 was encapsulated
by a homogeneous SiO, shell (Fig. 2A and fig.
S7). As shown in the Fourier transform in-
frared (FTIR) spectra (Fig. 2C), the absorption
bands at 465 and 542 cm™ were assigned to
the vibration of Fe-O bonds in the Fe,O3 core
(21), and the bands at 471, 800, and 1095 cm ™"
to the vibration of Si-O-Si bonds in the SiO,
shell. Additionally, an absorption band ap-
peared at 950 cm™’, corresponding to the
stretching vibration of Si-OH (22). The OH
stretch of isolated silanol groups at 3740 cm™
on Fe@Si was detected in the diffuse reflec-
tance infrared Fourier transform spectroscopy
(DRIFTS) (fig. S8), providing the possibility to
introduce hydrophobic —~CHj5 groups through
the silanization reaction (fig. S9).

The obtained Fe@Si was rendered hydro-
phobic (Fe@Si-c) by further organic modifica-
tion with chlorotrimethylsilane (TMCS). This
modification had no obvious influence on
the morphology, phase composition, or pore
structure of Fe@Si (figs. S10 to S12). TEM
images of Fe@§Si-c showed that the nanorod-
shaped Fe,03 was also well encapsulated by
the amorphous SiO, shell (Fig. 2B). FTIR and
DRIFTS revealed new absorption bands at
~2925 cm ™" for Fe@Si-c compared with Fe@Si
(Fig. 2C and fig. S8), which were attributed
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to the vibration of introduced —CHj; groups
(22). The water-droplet contact angle tests
were also conducted to characterize the hy-
drophobicity of Fe@Si and Fe@Si-c. Fe@Si
exhibited a contact angle of 40.2° implying a
hydrophilic surface (Fig. 2E). After the hydro-
phobic modification, the contact angle in-
creased to 137.6° over the Fe@Si-c surface,
indicating that hydrophilic Fe@Si had been
completely converted to the hydrophobic sur-
face of Fe@Si-c through TMCS modification.
Although Fe@Si was well dispersed in water,
it was difficult to infiltrate the hydrophobic
surface of Fe @Si-c with water, and it formed a
long-lasting separate phase (Fig. 2F). The
water vapor adsorption and desorption tests
also confirmed that the hydrophobic modifi-
cation hindered the adsorption of water mol-
ecules (fig. S13).

The hydrophobic shell coated on iron spe-
cies played a critical role in tuning the active
iron phases during FTS. Compared with
fresh Fe@Si, new absorption bands at 578
and 700 cm ™ were detected in the FTIR spec-
tra of spent Fe@Si (Fig. 2D) and were related
to the vibration of the Fe-O bond in the
Fe;0, phase (23); bands attributed to the
vibration of the Fe-O bond in the Fe,O4
phase disappeared. Furthermore, both Fe;0,
and iron carbides were detected in the x-ray
diffraction (XRD) pattern of spent Fe@Si
(Fig. 3A), which was consistent with the Fe,O5
phase in traditional iron-based catalysts
being converted into a mixture of iron oxides
and carbides with reaction time on stream
(4, 24, 25).

For Fe@Si-c, no absorption bands related
to the vibration of Fe-O bonds in Fe,O3 and
Fe;0, were seen in the FTIR spectra after
reaction (Fig. 2D), implying that iron oxides
disappeared during FTS. Only iron carbides
were detected in the XRD pattern of spent
Fe@Si-c (Fig. 3A), demonstrating that iron
oxides were completely converted to carbides
during FTS. We also used Mossbauer spectra
to determine the content of the iron phases.
The spent Fe@Si consisted of 60.7% Fe;0,
and 39.3% iron carbides (x-FesC, and 6-Fe;C),
whereas the spent Fe@Si-c consisted only of iron
carbides (Fig. 3, B and C, and table S2), directly
confirming that the hydrophobic shell could
effectively tune iron phases during reaction.

To study the phase transformation in more
detail, we synthesized iron carbides by intro-
ducing a carburization procedure (320°C,
0.1 MPa, 4000 ml'‘h g%, H,/CO = 1, 5 hours)
and compared phase composition of catalysts
during FTS. After carburization, the Fe,O3
phase in both Fe@Si and Fe@Si-c was com-
pletely transformed into iron carbides (Fig. 3D,
fig. S14, and table S3). During the subsequent
FTS reaction, iron carbides inside Fe@Si were
converted into a mixture of iron carbides and
Fe30,, phases, whereas Fe@Si-c was only com-
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Fig. 1. Catalytic performance for syngas to olefins. (A) Product distribution (including CO,) of FeMn@Si-c
in comparison with previous work (5, 8, 9, 19, 20). (B) Detailed product distribution (including CO,) and
the selectivity of olefins in C,, hydrocarbons (inset) over FeMn@Si-c. (C) A stability test of FeMn@Si-c.
(D) CO conversion and CO, selectivity and (E) product distribution (including CO,) over Fe;Mn,@Si-c with
different Mn/Fe ratios. Reaction conditions: 320°C, 2.0 MPa, 4000 ml-h-g™%, H,/CO = 2.

posed of iron carbides (Fig. 3D, fig. S15, and
table S4). Given that the only difference be-
tween Fe@Si and Fe@Si-c was their water-
droplet contact angle, the different phase
evolution processes on the two catalysts could
be attributed to the hydrophobicity of the cat-
alyst surface. As the FTS reaction proceeded,
water was produced and the surrounding am-
bient became more oxidizing. As a result, iron
carbides were partially converted into Fe;O.,
by water oxidation (26-28), leading to the co-
existence of iron oxides and carbides in Fe@Si.
The hydrophobic surface on Fe@Si-c would
facilitate rapid water desorption and inhibit
its entry into the catalyst. Thus, although the
FTS reaction produced water, its restricted
entry inhibited the conversion of iron carbides
back to oxides.

It is generally accepted that CO, formation
on iron-based FTS catalysts consists of pri-

mary CO, and secondary CO, (19, 29-32). In
the CO, selectivity-CO conversion curve, the
extrapolated CO, selectivity toward the axis
intercept was ascribed to the primary CO,
(CO* + O* — 1 CO,, where the asterisk means
chemisorbed). The increasing CO, selectivity
above the axis intercept was assigned to the
secondary CO,, which was related to the re-
adsorption of water and its subsequent WGS
reaction with CO. The slope of the curve
reflected the rate of secondary CO, formation
stemming from the WGS reaction. The CO,
selectivity-CO conversion curve (Fig. 4A) was
obtained by adjusting the flow rate at a con-
stant H,/CO ratio. Fe@Si exhibited a primary
CO,, selectivity of ~10%, whereas Fe@Si-c was
free of primary CO,. Because Fe@Si was com-
posed of a mixture of Fe;0,, and iron carbides,
whereas Fe@Si-c only consisted of iron car-
bides during reaction (Fig. 3 and fig. S16), we
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Fig. 2. Structural characterization of the Fe@Si and Fe@Si-c catalysts. (A and B) TEM images of Fe@Si (A) and Fe@Si-c (B). (C and D) FTIR spectra of the fresh
(C) and spent (D) catalysts. (E) Water-droplet contact angle tests. (F) Photographs of catalysts dispersed in water, initially and 1 week later.

attributed primary CO, formation to the Fe3O,,
presented in the Fe@Si catalyst, consistent
with the previous report (19).

The slope of the curve obtained over Fe@Si
was 1.81 times that obtained over Fe@Si-c
(Fig. 4A), suggesting that Fe@Si favored
the formation of secondary CO,. However,
the hydrophobic shell coated on Fe@Si-c
facilitated the timely desorption of water
and prevented the readsorption of water,
reducing the local water partial pressure in
the vicinity of iron species and inhibiting
the WGS reaction. Also, the Fe;O,, phase is the
most active phase for the WGS reaction in the
iron-based FTS catalysts (19, 29, 33, 34) and
would form more by-product CO, from CO
(figs. S17 and S18 and table S5). The hydro-
phobic shell coated on Fe@Si-c inhibited the
reoxygenation of iron carbides toward Fe;0,,
further inhibiting the WGS reaction. A >40%
reduction in CO, emission was achieved at a
medium CO conversion level (~41%) (Fig. 4B).

To certify the above conclusions, the Fe@Si-c
catalysts with different hydrophobic abil-
ities were prepared by changing the TMCS
coverage. As shown in fig. S19, the increase
in the TMCS exposure increased the water
contact angle from 40.2° for Fe@Si to 125.9°
for Fe@Si-cy 5 (0.5 ml per gram of catalyst) and
to 137.6° for Fe@Si-c, o, implying gradually
enhanced hydrophobicity. Moreover, the slope
of curve obtained over Fe@Si-co5 was 1.26
times that obtained over Fe@Si-c, , (fig. S20),
further confirming that the enhancement of
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catalyst hydrophobicity could suppress the
WGS reaction by inhibiting the readsorption
of water. For TMCS exposures >2.0 ml/g, the
water contact angle and the slope of the
curve tended to remain stable (figs. S19 and
S20), suggesting that excessive addition of
TMCS had no obvious effect on the catalyst
hydrophobicity and the suppression of the
WGS reaction. Fe@§Si-c, , was chosen as the
appropriate catalyst for the work that follows
unless otherwise noted.

We tuned the H,/CO ratio in syngas to mod-
ify the CO, selectivity of Fe@Si-c. As shown
in fig. S21A, upon increasing the H,/CO ratio in
syngas from 1 to 4, CO conversion gradually
increased from 55.5 to 80.2%, accompanied by a
decrease in CO, selectivity from 35.0 to 15.0%,
demonstrating that a higher H,/CO ratio in-
creased the amount of H, in the system and
suppressed the WGS reaction. However, the
selectivity of CH,, (the other undesired C1 by-
product) in hydrocarbons increased from 14.1
to 47.6% because of enhanced hydrogenation
(fig. S21B).

The formation path and inhibition mecha-
nism of CO,, on the basis of the above results,
were illustrated in fig. S22. During the FTS
reaction, the adsorbed H,* and CO* on the
surface of iron species reacted to form surface
CH,, species, and further C-C coupling, de-
hydrogenation, and hydrogenation reactions
would produce various olefins and paraffins.
The chemisorbed O* formed by CO dissoci-
ation could be removed by reacting with co-

adsorbed H* and CO* to form H,O and CO,,
respectively, as oxygen carriers through pri-
mary FTS steps. Readsorption of H,O on the
surface of iron species and reaction with CO*
would form secondary CO, through the WGS
reaction. Phase transformation of iron oxides
to iron carbides would remove O* from the
iron oxides and form primary CO,. During
reaction, Fe @Si-c consisted only of iron car-
bides, which were free of primary CO,. The
inhibited adsorption of H,O and the absence
of Fe;0, further suppressed the WGS reac-
tion, so the CO, selectivity over the Fe@Si-c
catalyst during FTS was obviously reduced.
Inhibition of the WGS reaction on Fe@Si-c
would decrease the amount of H, produced
and suppress over-hydrogenation reaction,
promoting olefins over CH,, (fig. S23). The
olefin selectivity in hydrocarbons increased
from 11.1% of Fe@Si to 65.3% of Fe@Si-c.

Mn as a promoter is widely used to boost
olefin formation in FTS. We prepared and
characterized the Mn-modified catalysts (figs.
S24 to S26). Fe@Si-c with moderate addition
of Mn (Mn/Fe ratio < 0.3) still suppressed
water adsorption and inhibited the oxidation
of iron carbides during reaction. However, as
the Mn/Fe ratio exceeded 0.3, both Fe;0, and
iron carbide phases were detected in the
spent Fe;Mn,@Si-c catalyst (figs. S27 and S28
and table S6), because excessive Mn hindered
the effective contact between the hydropho-
bic shell and iron carbide core (fig. S29) and
led to partial oxidation.
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Fig. 4. Effect of hydrophobic modification on the performance of catalysts. (A) CO, selectivity-CO
conversion curve. Reaction conditions: 320°C, 2.0 MPa, H,/CO = 1. (B) CO, emission reduction of Fe@Si-c in
comparison with Fe@Si. A >40% reduction in CO, emission was achieved at a medium CO conversion

level (~41%).

The catalytic performance of Fe;Mn,@Si-c
catalysts was shown in Fig. 1, D and E. The CO,
selectivity obtained over all the Fe;Mn,@Si-c
catalysts was suppressed to a low level (<20%)
(Fig. 1D and fig. S30), much lower than the
reported data under all the CO conversion
levels in the previous references (5-10, 13-16),
suggesting that the WGS reaction was still
inhibited after the addition of Mn. Notably, an
inverse volcanic curve between CO, selectivity
and CO conversion was observed over the
Fe;Mn,@Si-c catalysts. CO, selectivity grad-
ually decreased with the increase of Mn con-
tent and reached the minimum value of 12.4%

with 51.5% CO conversion over Fe;Mn,, s @Si-c.
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More importantly, moderate addition of Mn
promoted the formation of olefins and sup-
pressed that of CH,. The olefin selectivity in
total products increased with the increasing
Mn content and reached the maximum value
of 64.9% over Fe,Mn, ;@Si-c (Fig. 1E), which
we attributed to the enhanced electron trans-
fer from Mn to Fe atoms (fig. S31). This process
facilitated the dissociated adsorption of CO
and weakened hydrogenation in favor of the
C-C coupling reaction and olefin production
(14). Further increase of Mn content and for-
mation of Fe;O, during FTS hindered the ef-
fective contact between the hydrophobic shell
and the iron species core (fig. S29), which

unproductively enhanced the WGS reaction
and promoted the formation of C1 by-products
(Fig. 1E and fig. S32).
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QUANTUM SYSTEMS

A quantum-logic gate between distant
quantum-network modules

Severin Daiss**1, Stefan Langenfeld'f, Stephan Welte!, Emanuele Distante'?, Philip Thomas!,
Lukas Hartung?, Olivier Morin', Gerhard Rempe!

The big challenge in quantum computing is to realize scalable multi-qubit systems with cross-talk—free
addressability and efficient coupling of arbitrarily selected qubits. Quantum networks promise a solution by
integrating smaller qubit modules to a larger computing cluster. Such a distributed architecture, however,
requires the capability to execute quantum-logic gates between distant qubits. Here we experimentally realize
such a gate over a distance of 60 meters. We employ an ancillary photon that we successively reflect from two
remote qubit modules, followed by a heralding photon detection, which triggers a final qubit rotation. We
use the gate for remote entanglement creation of all four Bell states. Our nonlocal quantum-logic gate could be
extended both to multiple qubits and many modules for a tailor-made multi-qubit computing register.

uantum computers promise the capa-

bility to solve problems that cannot be

dealt with by classical machines (I).

Despite recent progress with local qubit

arrays (2-4), foreseeable implementa-
tions of quantum computers are limited in the
number of individually controllable and mutu-
ally coupleable qubits held in one device be-
cause of residual cross-talk, coupling constraints,
and restricted space, to mention just three
challenges (5). One solution for scaling up the
computational power is to embed the qubits
into a nonlocal quantum network that, in es-
sence, forms a large quantum machine (6).
This enables a modular approach to quantum
computing, in that small and spatially sepa-
rated processing modules with accessible qubits
can be arbitrarily connected with quantum
links to carry out more complex joint calcu-
lations (5, 7).

First elementary and fully coherent quan-
tum networks with distant qubits have already
demonstrated their ability to transfer quan-
tum states or to create entanglement between
distant quantum nodes (8-10). This has been
achieved with optical fibers that can carry
photonic qubits, typically between different
parts of a building or between nearby build-
ings. Combined with the small size of the
modules containing the qubits, this is a key
prerequisite for a distributed quantum com-
puter with a potentially huge number of indi-
vidually addressable qubits. For example, our
modules are not much larger than a few cubic
centimeters and can hold multiple indepen-
dent atomic qubits (17). Together with shared
laser systems and single-atom reservoirs for
uninterrupted operation (12), the number of
connected modules and qubits can be straight-
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forwardly scaled up. Replacing our free-space
optics modules with miniaturized cavity tech-
nology (13) could increase this number even

A mandatory step to extend state-of-the-art
networks to a distributed quantum computing
architecture is the ability to perform nonlocal
two-qubit gates between arbitrary network
modules. Toward this goal, gate teleportation
has been proposed (74). This technique con-
stitutes a generalization of teleportation and
allows the construction of a quantum com-
puter using previously shared entanglement,
local operations, and classical communication
(15). The general working principle has first
been demonstrated with photonic systems
based on linear optical quantum computing
(16, 17) and, more recently, in isolated setups
with material qubits like superconductors in
a single cryostat (I18) and ions in a single Paul
trap (19).

Here we realize a nonlocal, universal quan-
tum gate between two distant and completely
independent quantum modules using a rad-
ically different and conceptually simple
approach. Our scheme relies on a single pho-

further.

ton as a flying ancilla qubit that we reflect

B IR)
Module a

sl
Fed

Module b

|T2)
|wb) “‘é}_ ]l-z}

Fig. 1. A quantum-logic gate between two distant qubit modules in a network. (A) An elementary
computing cluster formed by distributed qubit modules linked with optical fibers (red lines). The modules are
connected to light sources (blue stars) and single-photon detectors (blue half disks), which feed classical
communication channels (black antennas). (B) Enlarged view of our two qubit modules. They consist of an
atom-cavity system each and are linked with an optical fiber and circulators. An ancilla photon is sent
from a light source via the two modules to a polarization detector. The measurement result is communicated
through a classical channel (double black line) to the first module for a conditional state rotation. (C) The
quantum circuit diagram of our protocol, which realizes the nonlocal quantum gate between the states
|¥,) and |Wp) of the atomic qubits. (D) The relevant level scheme of the atomic species used, 87Rb.
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Fig. 2. Truth table of the nonlocal protocol. The
diagram shows the probability P of measuring a
certain gate output state for the different input
states [1,1), [2be). [1214). and [1z1y). In this basis,
our protocol acts as a CNOT gate. Errors are given
as black ranges and indicate the standard deviations in
our measurement. The expected output states for an
ideal CNOT gate are shown as light shaded bars.

successively from two distant network modules
(20, 21). They are connected by a 60-m fiber
link, and each contains a stationary qubit. The
photon reflections establish two passive and,
in principle, deterministic local gates between
the photon and the qubits in the modules (8).
Combined with a final measurement of the
photon and feedback on the stationary qubit,
our protocol implements a heralded, nonlocal
quantum controlled-NOT (CNOT) gate. It has
the advantage that the network modules are
always ready for a gate operation and that a
typically fragile entangled state does not need
to be prepared and held available but is gen-
erated by the photon mediating the gate. The
scheme is related to a local photon-photon
gate protocol that was recently realized with
the role of material and light qubits inter-
changed (22). The gate operation can be readily
incorporated in a larger modularized quan-
tum computer that is distributed over several
buildings (Fig. 1A).

Our setup is schematically shown in Fig. 1B.
It comprises two modules in separate labo-
ratories each made up of a single ’Rb atom
trapped at the center of an optical cavity with
a finesse of 60,000. We use a light source to
send photons to the modules, and single-
photon detectors register successful photon
transmissions through the system. The reso-
nators are single-sided, and light interacting
with them leaves predominantly through the
incoming channel and is reflected. Two ground
states of each atom, [1;) = [5S;/s,F =2,
mp =2) and ||) = [5°Sys,F =1,mp =1),
serve as the qubit basis. We use a pair of Raman
lasers to perform qubit rotations between
them. The cavities are tuned to be resonant
with the atomic transition 1) <€) = |5%Ps,
F = 3, mp = 3) (Fig. 1D). Both systems are in
the strong coupling regime; thus, the coherent
atom-light interactions in the resonator modes
have higher rates than the respective decays of
the intracavity fields and the atomic excitations
(23). Owing to tailored light shifts on the
energy levels of the atom, right-circular polar-
ization |R) couples to an atomic transition,
whereas left-circular polarization |L) does not.
For an atom in |1;) and coupling light in |R),

SCIENCE sciencemag.org

this leads to a shift in the resonance frequency
of the atom-cavity system (8). In this situation,
an impinging photon resonant with the empty
resonators cannot enter the cavities and is
directly reflected. Only for an atom in the
noncoupling state ||.) or for left-circularly
polarized light |L), the photon enters the
resonator before leaving again through the
incoupling mirror. In this process, it acquires
a relative © phase shift compared to directly
reflected light, constituting a quantum Z gate
between the photonic and the stationary qubit
(8). For an incoming linear polarization |4) =
1/v/2(i|R) + |L)), this relative phase shift
between |R) and |L) flips the polarization to
an orthogonal state |D) = 1/(+/2{)({|R) — |L))
if the atom is in a coupling state |1). As the
polarization remains unchanged for an atom
in||.), the reflection can entangle the photonic
qubit to the atomic state, and it thus forms
the basic building block of our nonlocal quan-
tum gate.

The circuit diagram for our protocol is
shown in Fig. 1C. We start with a right circular
polarized photon |R) with a duration of 1 ps
(full width at half maximum) and use a wave
plate to convert it to the linear polarization |4).
In practice, we approximate the single photon
by a weak coherent laser pulse with an average
photon number of 7 = 0.07 £ 0.01. We tune
it to be resonant with the empty resonators
and reflect it from the first cavity, thereby en-
tangling the photon polarization and the
atomic spin. The light is subsequently sent
through a quarter wave plate and a 60-m-long
optical single-mode fiber to the other module
located 21 m away. Passing a circulator, the
photon is reflected from the second system,
resulting in an atom-atom-photon entangled
state. Finally, the light is sent to a polarization-
detection setup measuring in the linear
basis of |4)/|D). The detection of the photon
acts as a herald of a successful gate operation
and triggers a rotation of the state of the first
qubit conditioned on the measurement outcome.
The resulting overall protocol realizes a non-
local quantum gate. In the basis of |1;)/|])
for the first atom and in the superposition

basis of [1,) = %(Hz) +[lz)) and [|z) = %

(I12) — |1z)) for the second atom, this gate
acts as a CNOT

Tela) = Tzl
[eta) = deka) g

Here we adopt a common notation for the
two distant qubits with the first (second) state
belonging to the qubit in the first (second)
module. A detailed derivation of our gate protocol
and the corresponding truth table are given in
the supplementary materials (23).

We probe our gate with all combinations of
[t4)/|lz) for the first and |1,)/|l,) for the
second qubit as input states and measure the
resulting atomic states in the » and « bases,
respectively. For each input combination, we
register about 500 heralding clicks. This truth
table of our operation is given in Fig. 2. We
achieve a fidelity of (85.10.8)% with the
populations expected for an ideal quantum
CNOT gate.

To rule out possible nonzero phases in the
unitary underlying the truth table [for a more
detailed discussion, see supplementary materials
(23)] and to confirm the quantum nature of
our nonlocal gate, we furthermore use it to
entangle the two qubits. For this purpose, we
initialize each atom either in |1,) or ||a),
execute our protocol, and perform a full state
tomography on the resulting two-qubit state
by measuring both atoms in random combi-
nations of detection bases (24). Depending on
the initial state, we generate all four maximally
entangled Bell states. For each of them, we
collect about 3000 heralding photon detec-
tions. The results of this measurement are dis-
played in Table 1 and Fig. 3. The table gives the
final fidelities with the ideal Bell states, and
the figure displays the real parts of the recon-
structed density matrices for each input state.
The imaginary residues are given in the sup-
plementary materials (23). We achieve an aver-
age overlap fidelity with the ideal Bell states
of (76.611.0)%.

The whole protocol is performed at a rate
of 1 kHz. The gate itself takes 22 ps, limited
by the time needed for single-qubit rotations.
Although in our implementation, this is still
slow compared to state-of-the-art quantum com-
puters, the gate serves as a special connecting
gate and might not need to run with the same
high repetition rate and speed.

The success probability of detecting the
heralding photon is relatively small, 0.006,
with a major limitation coming from our use
of a weak coherent laser pulse with a vacuum
contribution of 93%. Furthermore, the effi-
ciency is lowered by the cavity reflectivities
(60% and 55%); the link between the two
systems, including optical elements, a fiber
coupling, photon loss in the fiber, and a cir-
culator transmission (52% in total); and the

5 FEBRUARY 2021 » VOL 371 ISSUE 6529 615



RESEARCH | REPORTS

|
Table 1. Bell-state generation results. List of input and output states of the generation of the Bell
states with our nonlocal CNOT gate protocol up to a global phase. The last column gives the
measured fidelities with the expected final state.

Input state Output state Fidelity

[7xTx) % (I1216) + [L2dx)) = [@F) (78.8+2.0)%
|T><lx> %(‘Tle) + |lsz>) = |\P+> (75-1i2-0)%
|lXTx> %(HZTQ - |lzlx>) = > (76-8i2-0)%
[Lxdx) 75 (T2 = [Lz10) = [¥7) (75.8+2.0)%
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Fig. 3. Density matrices for the produced Bell states. The real part of the reconstructed density matrices
is shown. The ideal values are indicated as shaded bars in the plots.

|
Table 2. Effects of experimental imperfections. List of major experimental imperfections in our
implementation and their effective fidelity reduction on Bell-state production and truth table
measurements derived from a separate simulation. Errors are estimated from the fluctuations of the
experimental parameters.

Imperfection Effect on truth table Effect on Bell states
Weak coherent states and losses (23103)% (3870)%
State-preparation and measurement @. 9+10)% @. 7+10)%
Polarization effects 2.2 9% (2.7°38)%
Mode matching (2.0715)% @ 4+2 5)%
Atom-cavity detunings and lock widths (1. 4+1 %)% (1.9 )%
Atomic decoherence (0~11j8 82)% @3. 2+ )%
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detection efficiency after the second module,
again including a circulator transmission (50%
in total). The only intrinsic limitation to the
success probability is the photon transmission
in the 60-m fiber link (95% for a wavelength of
780 nm).

The fidelity of our nonlocal quantum gate
is currently limited by various experimental
imperfections. We have identified the major
effects and performed simulations to esti-
mate their reduction of fidelity, both for the
truth table and for the generation of entan-
glement. The results are listed in Table 2.
These imperfections are not intrinsic to the
protocol and are expected to be improved in
future implementations.

One of the main contributions stems from
our use of a weak coherent laser pulse that has
a residual probability of a two-photon state
impinging on either cavity. Such a contribu-
tion changes the relative = phase in the atom-
light state between a coupling and a noncoupling
atom to a full 2z phase, thereby nullifying
the effect caused by the atom. The resulting
infidelity can be readily overcome by using a
single photon, for example, derived from a
well-controlled atom-cavity system (8), as an
ancilla between the modules.

Additional limitations come from our state
preparation and measurement, the finite
coherence times of the atoms, the transversal
mode matching between fibers and cavities,
the frequency stability of both resonators, and
the matching of polarizations between the dif-
ferent modules and the detection setup. Some
of these effects have a smaller impact on the
fidelity of the truth table, for two reasons.
First, in this measurement, the qubit in the
first module is prepared in an energy eigen-
state and second, additional polarization ef-
fects and higher photon numbers do not affect
the fidelity with a noncoupling atom in || ).
Smaller errors in both measurements in the
subpercent range arise from dark counts of
the detectors and the parameters of our cavities.
A more detailed discussion of the imperfections
is given in the supplementary materials (23).
Overall, we expect to reduce these sources
of error with measures such as using single
photons, implementing faster single-qubit ro-
tations, and better long-term stability of the
relevant frequencies and polarizations.

In summary, we have demonstrated a non-
local quantum gate between two separated
qubit modules connected with a 60-m optical
fiber. Although we implement this gate using
single atoms coupled to an optical cavity, the
general principle can be transferred to differ-
ent platforms such as quantum dots (25) or
impurity-vacancies in diamond (26). We use
weak coherent states to approximate a single
photon, but better sources such as atom-cavity
systems could greatly improve both the effi-
ciency and the fidelity of our implementation.

sciencemag.org SCIENCE
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Arguably most fascinating, however, would be
to extend our experiment to more than two
modules and more than one qubit per module,
including local two-qubit gates (27). This could
facilitate in a controlled way a single-photon
entangled multi-qubit array (28), or a quan-
tum repeater chain (29).
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Programmable hyperholic polaritons in van der

Waals semiconductors

A. J. Sternbach™1, S. H. Chae?t, S. Latini®, A. A. Rikhter, Y. Shao, B. Li?, D. Rhodes?t, B. Kim?,
P. J. Schuck?, X. Xu®, X.-Y. Zhu®, R. D. Averitt*, J. Hone?, M. M. Fogler®, A. Rubio®’, D. N. Basov*

Collective electronic modes or lattice vibrations usually prohibit propagation of electromagnetic radiation
through the bulk of common materials over a frequency range associated with these oscillations. However,
this textbook tenet does not necessarily apply to layered crystals. Highly anisotropic materials often
display nonintuitive optical properties and can permit propagation of subdiffractional waveguide modes, with
hyperbolic dispersion, throughout their bulk. Here, we report on the observation of optically induced
electronic hyperbolicity in the layered transition metal dichalcogenide tungsten diselenide (WSe,). We used
photoexcitation to inject electron-hole pairs in WSe, and then visualized, by transient nanoimaging, the
hyperbolic rays that traveled along conical trajectories inside of the crystal. We establish here the
signatures of programmable hyperbolic electrodynamics and assess the role of quantum transitions

of excitons within the Rydberg series in the observed polaritonic response.

an der Waals (vdW) semiconductors of

the MX, series (where M = W or Mo

and X = Se or S) and their heterostruc-

tures are paragons of programmable

electronic, lattice, and excitonic prop-
erties (7, 2). The extreme anisotropy com-
monplace in vdW crystals can give rise to
nonintuitive optical properties. Chief among
them is the formation of hyperbolic wave
packets with subdiffractional wavelength that
travel as conical rays through the bulk of a
medium, similar to electromagnetic wave prop-
agation in ionized plasmas (3). Hyperbolic
rays provide a viable platform for controlling
the flow of nanophotonic energy, a heralded
goal with far-reaching potential for nano-
technology (4, 5) and strong light-matter in-
teractions (6, 7).

Central to the implementation of program-
mable hyperbolicity is the notion of polaritons
(6, 8-20), hybrids of light and matter that en-
able subdiffractional confinement of hyper-
bolic waveguide modes. A plethora of physical
processes can give rise to hyperbolic polari-
tons, in which photons are coupled to dipole
active resonances such as phonons (4, 8, 10, 13-20),
intersubband transitions in quantum wells
(19, 21), plasmons (6, 19, 20, 22), excitons
(19, 23), or Cooper pairs (6, 19) within highly
anisotropic matter. In this work, we demon-
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strate propagating hyperbolic polaritons rooted
in photo-induced electron-hole pairs. These
on-demand hyperbolic rays can be turned on
and off within MX, semiconductors, emerging
on the subpicosecond time scale and encom-
passing a broad spectral bandwidth in the
infrared range.

Hyperbolic waveguide modes in layered
crystals exist in the frequency range where
the in-plane £%(w) and out-of-plane £$(w)
components of the dielectric tensor satisfy
e (w) - ef(m) < 0 (24-26). Here, we fulfilled
this imperative condition for hyperbolicity by
generating electron-hole pairs in WSe, with
photoexcitation (Fig. 1A). The photo-induced
pairs altered the in-plane polarizability driving
e?(w) < 0 while ¢ (w) > 0 was preserved.
Our density functional theory calculations
(Fig. 1B and supplementary note S6) corrob-
orate the anisotropic electronic structure of
WSe,. The dielectric response obtained after
photoexcitation using the standard Mott-
Wannier (MW) model (27-29) (supplemen-
tary notes S2 and S6) attests to a broadband
hyperbolic region of the electromagnetic
spectrum (Fig. 1, C and D) with the exper-
imentally attainable bound carrier density
1, ~1to 3 x 10" em ™. Thus, the condition
e?(w) - e¢(w) < 0 can be satisfied for o <
1100 em™ in WSe, (Fig. 1C). The character of
the mid-infrared optical constants dictates sub-
diffractional transport of electrogenic radiation
following conical trajectories (Fig. 1A), in agree-
ment with our experimental data (Fig. 1D).

We begin with the electrodynamics of WSe,
investigated with time-resolved nano-Fourier-
transform infrared spectroscopy (FTIR) (9, 30, 31).
In the steady state, the obtained nano-FTIR
spectra validated that WSe, retains dielectric-
like properties (both s{‘b and &f) within the
frequency window of our FTIR probe (supple-
mentary note S3). We agitated WSe, with
pump photons with energy E of ~12,180 cm™
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Fig. 1. Transient hyperbolic polariton experiment. (A) The layered vdW crystal,
WSey, is interrogated with a mid-infrared probe (blue pulses) after photoexcitation with
optical pump radiation (red pulses). Gold antennae are patterned beneath the sample
to launch hyperbolic polaritons, which travel along conical trajectories with angle 6
from the surface normal. The hyperbolic rays reach the crystal surface at a lateral
distance &r from the edge of the gold disk and are scattered to the detector by the
sharp apex of an AFM probe. (B) Density functional theory calculations (see
supplementary note S6) reveal dispersive bands in the a-b plane and flat bands
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Fig. 2. FTIR results. (A) Representative series of normalized near-field
amplitude spectra, Sp/S; (see supplementary note S4). The data (diamonds) are
color coded according to the time delay At indicated in units of picoseconds

in the legend. The color-coded solid lines (legend) were calculated as described
in the main text with n, (B) and y (fig. S2E). The arrows approximately indicate
the frequency where e crosses zero (fig. S3A). (B) The trend of ny versus At

(=1.51 eV), which is red detuned from the
optical gap (supplementary note S4). The
analysis of the near-field amplitude spectra
S(w) uncovers zero-crossing in the corre-
sponding trend of % () at frequencies with
approximate locations marked with arrows in
Fig. 2A and fig. S2. In our analysis, we computed
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the dielectric response in the photoexcited
state by solving the MW equation (supplemen-
tary notes S2 and S6; Eq. 2). Spectra of S(w)
were then calculated with the lightning rod
formalism (32). Excellent agreement between
the theoretical traces and our data is evident
in Fig. 2A. A by-product of the same analysis

n, (10" cm®)

perpendicular to the planes of WSe, at the K point of the Brillion zone, K,. (C and

D) Optical response of WSe, with n, = 21 x 10 cm™ and y = 33 meV. (C) Principal
values of the dielectric tensor under steady-state (dashed lines) and photoexcited (solid
lines) conditions. Within the gray-shaded region, the isofrequency surface is driven
from an ellipse to a hyperboloid on demand by photoexcitation (insets). (D) The coordinate
dr, defined in (A), plotted as a function of probe frequency w. The dispersive trends
extracted from experimental data (fig. S5B) are shown as blue dots. The dispersion of
dr calculated from the model dielectric functions in (C) is shown as a black line.

3
2
1
0
0 2 4 6 8
P (mW)

(dots) is overlaid on an exponential fit with a time constant of 55 ps (black line).
The dashed black line is a guide to the eye, and the gray-shaded region
approximately indicates the noise floor. (C) The trend of ny is shown against
the photoexcitation power P at At = 2 ps. Results extracted from FTIR
measurements (blue dots) are compared with the results of a hyperbolic line
profile (LP) analysis discussed in Fig. 3F (yellow dots; see table SI).

is a precise extraction of n, and its dynamics
(see fig. S2 for dynamics of the scattering rate, y).
The density, n,, decays with a nearly expo-
nential rate (Fig. 2B). At a fixed time delay,
n, increases with increasing photoexcitation
power. Further, the data are consistent with
the characteristic sublinear trend of saturable
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Fig. 3. Switchable transient A
hyperbolic polaritons revealed

by nano-imaging. (A) Topo-

graphic image showing two gold
antennas. (B) A 440-nm-thick 0
WSe, slab was transferred on top

of the antennas. Images of nano- Y (
optical phase (¢) contrast

measured at » = 910 cm™ after B
photoexcitation with a 5-mW
pump beam for a series of At are
shown. (C) Near-field amplitude
from the same data set shown in
(B) at At = 2 ps. (D) Near-field
amplitude calculated with ny =
19 x10° em™ y =30 meV, C =
1.2, and dgiss = 170 nm using the
MW model (see supplementary
notes Sb and S6). The scale bars
are 1 um in length and the edge
of the gold disks beneath the
crystal are indicated with dashed
lines in (C) and (D). (E) Sche-
matic of hyperbolic polaritons
launching. (F) One-dimensional
line profiles of S measured at the
second (gray) and third (light 0
blue) harmonics of the tip-tap-
ping frequency. The data were

Time
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770 cm™ at At = 2 ps for a series of applied pump powers. The line profiles were averaged over a 40° arc located approximately at the white dashed lines at At = 22
ps in (B). The solid black lines are theoretical calculations (see supplementary note S5). The arrows indicate the positions where maxima are observed in our
calculations. The curves in (F) are vertically offset. The horizontal axis is relative to the edge of the disk [see (E) and supplementary note S5].

absorption (Fig. 2C and supplementary note
S2). The totality of data in Fig. 2 establishes the
zero-crossing character of si’b, which is tran-
siently driven in WSe,, a precondition for
photo-induced hyperbolicity.

To visualize hyperbolic wave packets that
propagate through the bulk of WSe,, we pat-
terned several optical antennas on an SiO,
substrate (Fig. 3A), and exfoliated WSe, crys-
tals on top of the antenna array. In Fig. 3B,
we display representative transient images
collected using narrowband mid-infrared probe
pulses (supplementary note S1) at varying
time delays after photoexcitation (At). In the
steady state (At < 0), nearly featureless images
(Fig. 3B and fig. S4) attest to the opaque
character of WSe, for nano-infrared visual-
ization of buried antennas. Photoexcitation
prompts the appearance of images in the form
of concentric “hot rings” of enhanced nano-
infrared contrast surrounding the edges of
gold disks. The hot rings are evident in images
of both near-field amplitude and phase ¢
(Figs. 3, B and C) and are consistent with
the notion of conical propagation of hyper-
bolic polaritons introduced in Fig. 1. Our theo-
retical calculations predict the appearance of
hot rings in a material in which photo-induced

SCIENCE sciencemag.org

dielectric response is described by the MW
model (Fig. 3D). The hyperbolic hot rings were
observed for tens of picoseconds after photo-
excitation (Fig. 3B), in agreement with the
dynamics of n, (Fig. 2, A and B). Therefore, our
experiment described in Fig. 3 demonstrates
real-space signatures of switchable transient
hyperbolic polaritons.

We then demonstrated that the directional
propagation of hyperbolic polaritons in WSe,
is programmable by varying the photoexcita-
tion density. We considered the line profiles
of S with representative data displayed in Fig.
3F. The lowest photoexcitation power of P =
15 mW was insufficient to drive £ below
zero, and nearly featureless line profiles were
correspondingly observed. Data obtained with
increasing pump power revealed maxima in-
side and outside of the gold disk’s edge. The
lateral distance between these maxima and
the edge of the antennae, dr (Fig. 1A), in-
creased systematically with increasing photo-
excitation power. In addition to these two humps,
a central peak can also be observed in Fig. 3F,
the magnitude of which is dependent on P.

Our modeling provides a quantitative ac-
count of the observed line forms (supple-
mentary note S5). The slope of polaritonic

trajectories [tanf| is given by the following
equation (3):

% = [tan6| = iVe® //e¢ (1)

Hyperbolic rays reach the top surface of WSe,
at the coordinate 67 (Fig. 1A). If the hyperbolic
medium is homogeneous, then 67 = d|tan6|,
where d is the sample thickness and 6 is the
angle from the surface normal. However, our
transient hyperbolic medium is not uniform.
In our experimental geometry, the gold anten-
na also acted as a mirror for pump radiation,
further enhancing the photoexcitation density
within the limelight of the reflected pump beam.
Thus, the slope of the conical trajectory (Eq. 1) may
vary along the pathway of the polaritonic rays.

The best fits to the experimental amplitude
profiles were obtained with a monotonic in-
crease of the adjustable parameter n, with in-
creasing power. The extracted trend of n(P) is
in good agreement with our nano-FTIR mea-
surements (Fig. 2C and table S1). The central
peak is linked to the heterogeneous carrier
distribution in our model, which disappears
with increasing power consistent with the
trend of saturable absorption (Fig. 2C and sup-
plementary note S5). These data demonstrate
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that the directional propagation of hyperbolic
polaritons can be dynamically controlled by
manipulating the photoexcitation density.

Next, we elaborate on the physics of photo-
excitation of MX, semiconductors with the
pump beam red detuned from the optical gap.
At modest excitation densities below the Mott
threshold for exciton melting, 7,01 (33, 34),
optically generated electron-hole pairs form
Coulomb-bound excitons (2, 35). Because all
data shown in Figures 1 to 3 were collected
below 7,0 (Supplementary note S4), we con-
clude that excitons dominate the photo-induced
hyperbolic dynamics. Below 72,01, quantum
transitions (QTs) between different states with-
in the excitonic Rydberg series are known to
produce long-lived spectral weight at mid-
infrared frequencies in MX, semiconductors
(27, 28). For sufficiently large exciton densities,
Rydberg polaritons may be formed in which
transitions of excitons between states with dif-
fering quantum number couple to photons.

The Rydberg polariton scenario naturally ac-
counts for the requisite anisotropy and the
hyperbolic response of WSe, (Fig. 3). The spec-
tral weight of QT is proportional to the bound
carrier density, nx (27, 28). The eigenenergy
E and wave function y of the bound states
are obtained from a solution of the MW model
as follows:

1

1 2
—5V - _ KZ2)1/2

5 e y=Ey (2)

where the single parameter x = 1 — 2, m®/
€%,,,m¢, which absorbs the static permittivity
and effective mass, governs anisotropy of the
excitonic dielectric response (29). Given the
strong anisotropy (x = 0.8) of WSe,, the MW
model predicts that a hyperbolic response
can be realized throughout a broad range of
the infrared frequencies, which is consistent
with our data. Thus, Rydberg polaritons pro-
vide a tunable platform for enabling on-demand
hyperbolicity and for routing strongly con-
fined “nanolight” at mid-infrared frequencies.

The observed hyperbolic polaritons man-
ifest in programmable waveguiding and con-
finement of radiation on subdiffractional length
scales. Unlike hyperbolic phonon-polaritons
(8, 13-20, 36), in which the propagation di-
rection is set by the rigid atomic arrangement
of the crystal lattice, the directional flow of
hyperbolic Rydberg polaritons stemming from
electronic processes can be tuned by simply
varying the optical excitation density (Fig. 3F).
Here, we have demonstrated in operando tun-
ability at the extreme: switching hyperbolicity
on and off at will with subpicosecond optical
excitation. Tunable hyperbolicity within the
MX, species offers an encouraging modus
operandi for control over the directional prop-
agation of nanolight.
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Electrophotocatalytic diamination of vicinal

C-H bonds

Tao Shen and Tristan H. Lambert*

The conversion of unactivated carbon-hydrogen (C-H) bonds to carbon-nitrogen (C—N) bonds is a

highly valued transformation. Existing strategies typically accomplish such reactions at only a single

C-H site because the first derivatization diminishes the reactivity of surrounding C-H bonds. Here, we show
that alkylated arenes can undergo vicinal C-H diamination reactions to form 1,2-diamine derivatives through
an electrophotocatalytic strategy, using acetonitrile as both solvent and nitrogen source. The reaction is
catalyzed by a trisaminocyclopropenium (TAC) ion, which undergoes anodic oxidation to furnish a stable
radical dication while the cathodic reaction reduces protons to molecular hydrogen. Irradiation of the

TAC radical dication (wavelength of maximum absorption of 450 to 550 nanometers) with a white-light
compact fluorescent light generates a strongly oxidizing photoexcited intermediate. Depending on the
electrolyte used, either 3,4-dihydroimidazole or aziridine products are obtained.

hemical reactions that convert ubiqui-
tous but relatively inert carbon-hydrogen
(C-H) bonds to valuable carbon-nitrogen
(C-N) bonds can greatly accelerate the
construction of complex molecules, par-
ticularly those relevant to the biomedical enter-
prise (7). Accordingly, a variety of C-H amination
reactions have been devised, ranging from classic

transformations such as the Hofmann-Loffler-
Freytag reaction to modern methods that in-
volve transition metal or photoredox catalysis
(2, 3). Despite the power and scope of these
advances, the vast majority of such methods
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Fig. 1. Electrophotocatalytic amination of C—H Bonds. (A) Generic electrophotocatalytic cycle with trisaminocyclopropenium (TAC) 1. (B) Ritter-type C-H
amination reaction. (C) Electrophotocatalytic vicinal C-=H diamination reactions reported in this work. Sub, substrate; sub,,, oxidized substrate; Me, methyl; Et, ethyl;
Ac, acetyl; E,,, oxidation potential; An., Wavelength of maximum absorption.

result in the transformation of only single C-H
bonds, whereas many synthetic campaigns re-
quire the installation of numerous C-N linkages.
Thus, the development of chemical reactions
that produce multiple C-H bond activation
events concurrently promise great value to
the field of chemical synthesis. However, one
of the major challenges to developing such
reactions is that the installation of hetero-
functionality tends to deactivate surrounding
bonds toward the typical mechanistic modes
of C-H activation. Accordingly, few reaction
technologies have been reported that accom-
plish this type of multipotent functionaliza-
tion on proximal C-H bonds (4).

We recently reported a strategy for potent
oxidation chemistry that combined the energy
of light and electricity within a single catalyst,
a process termed electrophotocatalysis (EPC)
(5-7). This strategy involved electrochemical
oxidation of the trisaminocyclopropenium
(TAC) ion 1 under a relatively mild electro-
chemical potential and concomitant visible
light irradiation to excite the resulting radical
dication intermediate 2 (Fig. 1A). The photo-
excited radical dication 3 is an extremely
potent oxidant, which we demonstrated could
promote challenging reactions such as the oxi-
dative functionalization of benzene and other
electron-poor arenes or the regioselective C-H
functionalization of ethers. We speculated that
the oxidizing power of 1 might also enable
other C-H bond activation manifolds. In par-
ticular, we hypothesized that under the right
conditions, the electrophotocatalytic (8-13) ap-
proach might lead to the generation of carbo-
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cation intermediates, which would enable the
Ritter-type functionalization of C-H bonds
without the need for an external chemical
oxidant. Ritter-type reactions involve the gen-
eration of a carbocation 5 with subsequent
trapping by a nitrile (usually as solvent), which
leads to the formation of nitrilium ion inter-
mediates and, after hydrolysis, amide products
6 (Fig. 1B) (14, 15). If the carbocation is generated
from the corresponding C-H bond, Ritter-type
processes provide an avenue to achieve C-H
amination, and several methods have been
developed that accomplish this type of trans-
formation (16-18). We speculated that the
strongly oxidizing yet selective conditions
offered by TAC EPC might enable a sequence
of multiple Ritter-type C-H functionalization
reactions, in which the initially formed aceta-
mide group facilitated a second amination
reaction at an adjacent (vicinal) position. If
feasible, such a process could enable the regiose-
lective amination of two C-H bonds by using
simply visible light, a mild electrochemical poten-
tial, and a common solvent (acetonitrile) as the
nitrogen source rather than potentially explo-
sive nitrene precursors. Here, we report the
realization of this electrophotocatalytic diami-
nation of vicinal C-H bonds to furnish either
dihydroimidazoles 8 or aziridines 9, depend-
ing on the electrolyte used (Fig. 1C).

After extensive screening of reaction
conditions—including the cell potential,
electrolyte, acid additive, and reaction time—
we identified reaction conditions that en-
abled the efficient conversion of a variety
of benzylic hydrocarbons to the corresponding

N-acyl-4,5-dihydroimidazole adducts (Fig. 2;
optimization with phenylcyclopentane is pro-
vided in table S1). The reaction setup involved
visible light irradiation with a white compact
fluorescent light (CFL) of a solution of the sub-
strate, 8 mol % TAC 1, and tetraethylammonium
tetrafluoroborate (Et,NBF,) in 5:1 acetonitrile:
trifluoroacetic acid (TFA) solution within a
divided electrolytic cell (carbon felt anode
and platinum plate cathode) under controlled
potential [2.4 V, anode potential (E,0qe) =
1.3 V versus Ag/AgCl]. The TAC catalyst and
the substrate were contained within the anodic
chamber, which was where the C-H diamina-
tion chemistry occurred. The electrochemical
reaction was balanced by the cathodic reduction
of protons to molecular hydrogen, providing an
effectively traceless redox by-product. Using these
conditions, a variety of benzylic hydrocarbons
were found to undergo vicinal C-H diamination.
No more than trace amounts of such products
could be detected without the catalyst 1 or in
the absence of irradiation. In addition, no tradi-
tional oxidants were found to promote this trans-
formation, including K,S,0g, oxone, tert-butyl
hydrogen peroxide (TBHP), MnO,, Mn(OAc)s;,
HCIO,, phenyliodine(IIT) diacetate (PIDA), ceric
ammonium nitrate (CAN), or O,.

Using this procedure, isopropylbenzene
(cumene) was converted to adduct 10 in 72%
yield (Fig. 2). Halogen substitution on the
aryl ring was also tolerated (11 to 14), as was a
protected anilino nitrogen (15) and a bromo-
methyl substituent (16). On the other hand,
4-isopropylbiphenyl did not lead to any of the
diaminated product 17; instead, the reaction
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Fig. 2. Substrate scope of electrophotocatalytic vicinal C-H diamination.
All yields are of isolated products. Products were obtained as racemic mixtures;
wedge and dash depictions indicate relative stereochemical relationships.

(A) Diamination of secondary alkylbenzenes. (B) Diamination of primary
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alkylbenzenes. Experimental details are provided in thesupplementary materials. An
asterisk indicates run at 2.2 V; a dagger symbol (1) indicates work-up with NaHCO5
(aq) and CH30H; and a double dagger dymbol (1) indicates nBuyNPFg instead of
Et,NBF,. SM, starting materials. Compound 36 was deacylated upon workup.

sciencemag.org SCIENCE



RESEARCH | REPORTS
X e H3C.\f,0 Ma,.~Q-,,m
8 mol% 1 RN R ""'e/é\ .
@ LiCIO4, CH5CN, TFA d b
o Ecw =24V @ MeMe
divided cell:C (+) | Pt (=) 1
CFL
HsC._.0 HyC. .0 HiC. .0 HyC._.0
g f i "*F  coocH,
HiC_ N HsC HsC, N H, N _/
57 BE‘ 58 I; B .
33% vield 51% yield 28% yield fBu 43% vyield, 4:1 dr
HiC. .0 HiC. .0 HsC. .0 HsC._ .0
¢ coocH, T "F  coocH, a ¥ coocH,
He, N — N iPr N N
61 O 62 Q . O 64 .
48% yield, 1:1 dr” B0% yield 52% yield 38% yield, 1:1 dr
Hﬂcxfo HSC,_T,/O H-_-,C,Tf,,O HEC‘fO
Et, M CH, HsC, N HsC. N HiC N
Br Br
65 66 67 68
45% yield, 1:1 dr H,CO 31% yield H,CO Br  35% yield DYN P 26% yield"

FsC
Fig. 3. Electrophotocatalytic vicinal C-H aziridination. Detailed reaction conditions for each substrate are provided in theasupplementary materials. Products were
obtained as racemic mixtures; wedge and dash depictions indicate relative stereochemical relationships. An asterisk indicates run at 2.2 V. i-Pr, isopropyl.

mixture turned black, and an unidentified
mixture of products was generated. Despite
the strongly oxidizing conditions, a benzylic
trifluoroacetamide group was reasonably well
tolerated (18). When 4-methylisopropylbenzene
(p-cymene) was used, a 51% yield of the
diaminated product 19 was generated, along
with an 11% yield of the product arising from
Ritter reaction of the benzylic methyl group.
This alternative process was even more com-
petitive with 4-ethylisopropylbenzene, with which
a 41% yield of the diaminated adduct 20 was
accompanied by 41% of the ethyl-functionalized
product. By contrast, 1,4-diisopropylbenzene
underwent efficient conversion to adduct 21
in which only one of the isopropyl groups was
diaminated. The isomeric 1,3-diisopropylbenzene
also furnished adduct 22, although the ef-
ficiency was notably lower in this case. In
the reactions to form 21 and 22, we only
observed products resulting from function-
alization of one of the benzylic carbons. Sim-
ilarly, methyl 2,4,6-triisopropylbenzoate and
2,4,6-triisopropylbromobenzene were func-
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tionalized exclusively on the 4-isopropyl group
to furnish 23 and 24, respectively, in good to
high yields.

We also examined the site selectivity for
amination of the nonbenzylic carbon (25 to
32). In all cases, functionalization of meth-
ylene carbons occurred in preference to methyl
carbons, even when the presence of a sterically
demanding group (29) or electron-withdrawing
groups (30 and 31) might have modified the
outcome. By contrast, a substrate probing the
competition between a methyl and a methine
carbon led exclusively to adduct 32 in which
the methyl was functionalized preferentially.

Because o,0-diaryl amines are a valuable
substructure in biomedically relevant com-
pounds, we also investigated this transfor-
mation on gem-diaryl substrates. We found
that 1,1-diphenylethane reacted efficiently to
furnish compound 33 in 80% yield. Fluorine
substituents on one (34) or both (35) rings
was tolerated, albeit with a slight decrease in
yield. Meanwhile, the compatibility of alcohol,
ester, alkyl fluoride, and amide substituents

enabled the synthesis of the more highly
functionalized adducts 36 to 39.

We also investigated the capacity of this
reaction to functionalize ring systems. Reac-
tion of phenylcyclopentane led to the bicyclic
compound in 85% yield, formed as a 5:1 mix-
ture of N-acyl isomers (40 and 40’). Similarly,
the six- and seven-membered ring products 41
and 42, respectively, were also produced as
regioisomeric mixtures, whereas eight-membered
and 12-membered ring products 43 and 44,
respectively, were produced as single isomers.
Some of the yields for cyclic substrates were
improved by the use of tetrabutylammonium
phosphate (TBAPF;) as the electrolyte. The spiro
compound 4 was also accessible, demonstrat-
ing functionalization of a C-H bond in a strained
ring. Furthermore, in addition to acetonitrile,
other nitriles could also be used in this reaction,
giving rise to diaminated products 46 to 48
derived from propionitrile, butyl nitrite, or
benzonitrile as the nitrogen source.

We also evaluated the diamination pro-
cess with unbranched benzylic substrates.
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Fig. 4. Synthetic applications of electrophotocatalytic vicinal C-H diamination. (A) Bioactive compound analogs prepared by means of electrophotocatalytic
vicinal C-H diamination or aziridination. (B) 1,2-Diamine synthesis. (C) Dihydroimidazole synthesis. (D) Bioactive compound synthesis. Detailed reaction conditions are
provided in the supplementary materials. Products were obtained as racemic mixtures; wedge and dash depictions indicate relative stereochemical relationships.
Products 80 and 81 were isolated as bis tosylate salts. Ph, phenyl; Tf, trifluoromethanesulfonate.
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Both n-propylbenzene and halogenated
n-propylbenzenes reacted with CH;CN to deliv-
er products 49 to 51 in moderate yields. For
n-propylbenzene, two isomers (49 and 49’)
were obtained in a 3:1 ratio; the major product
had the opposite acyl group regioselectivity to
that observed with the branched substrates. Sim-
ilar regioselectivity was also observed when longer
alkyl chain substrates such as n-butylbenzene (52
and 52') and n-dodecylbenzene (55 and 55’) were
used. Additionally, cyclic indane could be func-
tionalized to furnish adduct 56 in 32% yield.

During the course of our studies, we dis-
covered that changing the electrolyte from
Et,NBF, to LiClO, resulted in an alternative
vicinal C-H difunctionalization product: N-
acyl aziridines (Fig. 3). Thus, cumene and
halogenated derivatives gave rise to aziridines
57 to 59 in low to modest yields, along with
nearly equal yields of the diaminated products.
Other oxidants we tried did not deliver any of
the aziridine or diamination products (tables
S3 and S4). With substrates bearing a pendant
carboxyl substituent, the aziridine products 60
and 61 were the major ones. Product yields
were somewhat higher with gem-diaryl substrates
(62 to 64). Reaction of 3-phenylpentane led to
the formation of aziridine 65 in modest yield
as a 1:1 mixture of diastereomers. In general,
substrates bearing electron-rich aryl rings did
not participate well in this process; however,
we were able to prepare adducts 66 to 68 in
modest yields. The reason for the formation of
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Ritter reaction

aziridines when changing the electrolyte to a
perchlorate salt is not obvious, but presum-
ably, the counterions (supplied by the elec-
trolyte) affect the stability of a key cationic
intermediate. We speculate that the perchlorate
salts lead to collapse of this intermediate to form
an aziridine ring before a second solvolysis step
can occur, as happens with tetrafluoroborate
counterions (more complete mechanistic discus-
sion is available in the supplementary materials).

Because late-stage C-H functionalization
processes offer powerful tools for the diver-
sification of medicinal compound libraries, we
decided to test this difunctionalization chem-
istry on several molecules that are close analogs
of known biologically active molecules (Fig. 4A).
Thus, we found that a dibromoisatin derivative
could be diaminated to produce compound 69
in 42% yield. Isatin derivatives have been in-
vestigated for a number of medicinal proper-
ties, including antitumor and antiviral activities
(19). We also found that the celecoxib (Celebrex)
analog 70 could be produced in 56% yield under
standard conditions. FKGK11 is a group VIA
calcium-independent phospholipase A2 inhib-
itor (20), and we found that the methylated
derivative analog '71 could be accessed in 38%
yield. Meanwhile, an analog of thalidomide
5HPP-33, which has shown antiproliferative
activity against nine cancer cell lines in vitro
(21), was converted to 72 in 50% yield after
protection of the phenolic hydroxyl group as
a triflate group. We also found that a retinoic

acid receptor agonist and a CYP11B1 inhibi-
tor (22, 23), both of which possessed a biaryl
moiety, were amenable to the diamination
procedure to furnish analogs 73 and 74, re-
spectively. Successful synthesis of the insertra-
line analog '75 proceeded in 68% yield despite
the presence of a potentially sensitive benzylic
C-N group. In addition to the diamination prod-
ucts, we also found that the aziridination proce-
dure was operable in a more complex setting,
allowing direct access to products 76 and 77.
Because of the importance of 1,2-diamines
for pharmaceutical synthesis, ligands for catal-
ysis, and other applications, it would be highly
appealing to synthesize these structures direct-
ly from abundant sources. We found that a
small modification to our electrophotocata-
lytic procedure led to the isolation of free
1,2-diamines in good yields (Fig. 4B). Follow-
ing the diamination procedure described above,
treating the crude reaction mixture with KOH,
ethanol, and ethylene glycol and heating to
reflux furnished the diamine products 78 to
84 (80 and 81 were isolated as their bis-
toluenesulfonic acid salts). Cumene (99, <
$0.03 per milliliter), a petroleum-derived feed-
stock of the Hock reaction for industrial phenol
production, could be efficiently converted
into valuable 2-phenylpropane-1,2-diamine
78 ($569 per gram) with this route (24). Al-
ternatively, by using similar hydrolysis con-
ditions but at room temperature, the free
dihydroimidazole adducts 85 to 90 could be
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obtained (Fig. 4C). To further demonstrate
the synthetic potential of this method for the
generation of valuable compounds, we executed
several short synthetic sequences (Fig. 4D).
The Y5 receptor antagonists 93 and 94: were
prepared in high yield by the electrophoto-
catalytic diamination of diarylethanes 91 and
92, followed by hydrolysis and amidine for-
mation (25). Alternatively, diamination and
hydrolysis of 91, conversion to piperazine
97, and acylation afforded the A2 adenosine
receptor inhibitor 98 (26, 27). Meanwhile,
trifluoromethyl compound 95 was engaged
in a similar sequence to synthesize the vasopres-
sin agonist 96 in short order (28). Last, cumene
(99) could also be directly transformed into
the important f-amino alcohol 100 ($357 per
gram) (24) by means of a simple two-step pro-
cess of aziridination and hydrolysis.
Regarding the mechanism, we believe that
the reaction begins with Ritter-type amination
of the substrate’s benzylic C-H bond in a process
that accords with known electrochemical
Ritter-type reactions (Fig. 5) (29, 30). In this case,
the TAC photoexcited radical dication 3 effects
single-electron oxidation of the substrate 99
[half-peak potential (£,,/2) = 2.12 V versus satu-
rated calomel electrode (SCE) in 5:1 CH5;CN:
TFA] to produce radical cation 101, after
which deprotonation and a second oxidation
(presumably by TAC radical dication 2) reveals
the cation 102. Solvolysis of 102 then furnishes
the Ritter adduct 103. Acetamide 103 con-
verts to the dihydroimidazole product 10 when
subjected to the standard reaction conditions.
The pathway for the second C-H bond amina-
tion is less certain. One likely possibility is that
the initially formed Ritter product 103 under-
goes a reversible, acid-catalyzed elimination
reaction to produce o-methylstyrene 104 (31).
Single-electron oxidation of a-methylstyrene
104: (E,/2 = 1.72 V versus SCE in 5:1 CH3CN:
TFA) (32) with subsequent solvent trapping
(33) and oxidation events would then lead
to the dihydroimidazole product 10 or the
aziridine 57, depending on the electrolyte.
We have been able to detect trace amounts of
styrenic products in these reactions (fig. S12),
and we have indirectly implicated the forma-
tion of 104 under related conditions (supple-
mentary materials). However, o-methylstyrene
104 did not furnish any diaminated products
when subjected to the standard conditions
and instead led to only polymeric material. We
speculate that only small steady-state quan-
tities of this intermediate are generated under
the reaction conditions, allowing the diami-
nation to occur without the dimerization or
oligomerization self-reactions to which styrenes
are prone. If so, the conditions are remarkable
in that they are potent enough to enable the
oxidative functionalization of unactivated C-H
bonds while still allowing for the selective
reaction of a notoriously sensitive intermediate.
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A more in-depth mechanistic discussion can be
found in the supplementary materials.

The compatibility of the diamination with
a reasonable diversity of functionality lends
some degree of optimism that this reaction
could be of practical utility. Meanwhile, the
power of combining light and electrical energy
within the operation of a single catalyst has
been further shown to hold value for advanc-
ing synthetic capabilities.
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SURFACE CHEMISTRY

Solvent molecules form surface redox mediators in
situ and cocatalyze 0, reduction on Pd

Jason S. Adams", Ashwin Chemburkar?, Pranjali Priyadarshini’, Tomas Ricciardulli', Yubing Lu®, Vineet Maliekkal?,
Abinaya Sampath', Stuart Winikoff?, Ayman M. Karim®, Matthew Neurock?*, David W. Flaherty**

Solvent molecules influence the reactions of molecular hydrogen and oxygen on palladium nanoparticles.
Organic solvents activate to form reactive surface intermediates that mediate oxygen reduction through
pathways distinct from reactions in pure water. Kinetic measurements and ab initio quantum chemical
calculations indicate that methanol and water cocatalyze oxygen reduction by facilitating proton-electron
transfer reactions. Methanol generates hydroxymethyl intermediates on palladium surfaces that efficiently
transfer protons and electrons to oxygen to form hydrogen peroxide and formaldehyde. Formaldehyde
subsequently oxidizes hydrogen to regenerate hydroxymethyl. Water, on the other hand, heterolytically
oxidizes hydrogen to produce hydronium ions and electrons that reduce oxygen. These findings suggest
that reactions of solvent molecules at solid-liquid interfaces can generate redox mediators in situ and
provide opportunities to substantially increase rates and selectivities for catalytic reactions.

olvents influence catalytic reactions by
stabilizing reactive intermediates, open-
ing low-barrier reaction pathways, or
altering the solubility of reagents (I-3),
which can increase reaction rates and
product selectivities by orders of magnitude

(2-4). The direct catalytic participation of
solvents is better recognized in homogeneous
catalysis (3-5) than in thermal catalysis at
solid-liquid interfaces (2), where changes in
reaction rates in distinct solvents are often
attributed to differences in solubilities or mass
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transfer rates (6, 7). Solvents can, however,
influence surface chemistry by binding to
active sites (8), stabilizing surface intermedi-
ates (3, 9), or cocatalyzing steps like proton
transfer (10-14). Here, we describe how sol-
vents can also spontaneously form surface-
bound redox mediators and control the phase
of catalytic metal nanoparticles (NPs).

We discovered these phenomena in our
efforts to develop a molecular understanding
of how H,0, forms from H, and O, over Pd
NPs (15) in the presence of solvent molecules.
Most studies have proposed that oxygen re-
duction occurs through homolytic reactions
between chemisorbed oxygen and hydrogen
species (16-19), suggesting that solvents merely
affect the solubilities of Hy and O, (20). How-
ever, H,0, formation requires protic solvents
(21), and rates of oxygen reduction depend on
the pH of the solution (21, 22), which indicates
that H,O, forms through solvent-assisted
proton-transfer steps (21). Yields of H,O, are
greater in alcohols and their aqueous mixtures
than they are in water, and such improvements
are often attributed to the adsorption of alcohols
onto the unselective sites of NP surfaces (8, 23).

Through a combination of Kinetic isotope
effect (KIE) measurements and density func-
tional theory (DFT) simulations, we demon-
strate that methanol was activated on Pd to
form chemisorbed hydroxymethyl intermedi-
ates (CH,O-H*) that directly transferred elec-
trons and protons to adsorbed oxygen species.
The resulting formaldehyde molecules sub-
sequently regenerated hydroxymethyl inter-
mediates through heterolytic oxidation of
chemisorbed H atoms. The coupled reactions
of this surface redox mediator (CH,O-H¥) re-
sembled cycles that involve electrochemical
redox mediators (24) and biological coenzymes
(25), but this mediator underwent redox cycles
while maintaining covalent bonds to a catalytic
surface. By contrast, liquid-phase water mole-
cules heterolytically oxidized hydrogen to
generate electrons within the metal surface
and transferred protons to bound oxygen
intermediates.

Thus, methanol provided pathways in-
accessible to water because hydroxymethyl
readily transferred both protons and electrons,
whereas water and surface hydroxyls (e.g.,
O-H*) only transferred protons effectively.
Operando x-ray absorption spectroscopy (XAS)
showed that methanol-derived intermediates
also changed the free energy of NP surfaces
and stabilized subsurface hydrogen, which
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favored B-PdH, formation. Compared with
metallic Pd, the electronic structure of the
B-PdH,, surface provided lower-barrier paths
for proton-electron transfer (PET) processes
while obstructing O-O dissociation paths that
inevitably formed H,O.

We compared transient H,O, formation
rates for Pd NPs on SiO, in methanol, water,
and aqueous methanol (70 vol % CH;OH) in the
absence of mass-transfer constraints (Fig. 1A).
Selectivities for the conversion of Hy to HyOo
reached constant values after 6 hours and were
29% for aqueous methanol, 22% for water, and
14% for methanol. Rates of H,O, formation
decreased over time in organic solutions but
were constant in water. The quantity of sup-
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ported Pd remained constant (table S1), so
these changes show that methanol-derived sur-
face intermediates accumulate on Pd (supple-
mentary text, section S1). Oxidative treatments
(e.g., 50 mM H,0, or 800 kPa O, at 278 K)
remove these species and restore the initial
H,0, formation rates (fig. S6, A and B). More-
over, the H,O, formation rates and selectivities
changed nonmonotonically with increasing
methanol volume fractions, which indicates
that methanol-derived intermediates change
the rates of the elementary steps that reduce
oxygen.

In situ infrared spectra revealed the accumu-
lation of surface species that contained methyl
and methylene functions [e.g., v(CH3) at 2960
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Fig. 1. Reactions of methanol couple with H,0, and H,0 formation on Pd. (A) H,0, formation rates

as a function of time in methanol (red squares), water (blue circles), and aqueous solutions with 70 vol %
CH30H (black triangles) from a fixed-bed reactor (60 kPa H, and 60 kPa O, at 278 K). (B) In situ infrared
spectra of (i) accumulating methanol-derived intermediates on Pd/SiO, over the course of 8 hours (50 kPa
H, and 50 kPa O, at 298 K) and (ii) the difference between steady-state spectra of species on Pd-SiO, (blue
line) and SiO, (red line) under O,-rich (101 kPa O,) and reaction conditions (50 kPa H, and 50 kPa O,) at
293 K. a.u,, arbitrary units. (C) Concentrations of H,0, H,0, and CH,0 formed over time during direct synthesis
in CH3OH (4.8 kPa H, and 4.8 kPa O, at 298 K). (D) Changes in the concentration of specific methanol
isotopologs, determined by 'H NMR, as functions of time during direct synthesis in initially perdeuterated
methanol (CDs0D) (4.8 kPa H, and 4.8 kPa O, at 298 K). CD30D contained detectable H-atom impurities.

5 FEBRUARY 2021 » VOL 371 ISSUE 6529 627



RESEARCH | REPORTS

Formation of Redox Mediator
150

Oxygen Reduction Pathways in Methanol
50

Oxygen Reduction Pathways in Water

A B 39
121
100
0
~ 50 =~
5 s
€ €
= )
< 0 X .50
> >
o o
[0) [0
c [
W 59 w
-100
-100
~~4 H,0+0*
+2 CH,0*
-150 -150

Reaction Coordinate

Fig. 2. Reaction energetics in methanol and water. (A to C) DFT-derived
reaction energy diagrams for the formation of the redox mediator by adsorption
and reaction of methanol or formaldehyde (A) and the catalytic formation of
H,0, and H,0 in methanol (B) and in water (C) on Pd(111)-based surfaces. The
modeled Pd(111) slab contains adsorbed O* [1/3 monolayer (ML)] and

to 2855 cm ™' and §(CH,) at 1390 cm™; v(CH,)
at 2780 em™ and 8(CH,) at 1536 cm '], hy-
droxyl groups [v(OH) at 3200 cm™'], and
carbon-oxygen bonds [¢(C-0O) at 1150 cm ]
during catalysis (Fig. 1B). The appearance of
these features suggested the formation of sur-
face methanol (CH;OH*), methoxy (CH3;0%),
and hydroxymethyl (CH,OH¥) species. Under
Oo-rich conditions, the hydroxyl and methyl
features attenuated while peaks at 1450 and
1150 cm ™ grew, which indicated the formation
of n*formaldehyde on Pd (26). Notably, the
dehydrogenation of these methanol-derived
intermediates was completely reversible when
H, was introduced (fig. S7). Collectively, these
observations demonstrate that a mixture of
methanol-derived species formed on the sur-
face, which readily hydrogenated and dehy-
drogenated under reaction conditions. These
intermediates blocked a fraction of surface
sites but also influenced H,0O, formation
through more-complex processes.

To better understand the role of methanol
and methanol-derived intermediates in O, re-
duction pathways, we compared reaction rates
obtained with different isotopologs of metha-
nol and hydrogen in low-pressure semibatch
reactors. Formation rates of H,O, and H,O
were slower in CH;OD than in CH30H by
factors of 1.8 + 0.2 and 1.2 + 0.2, respectively
(Table 1). These comparisons indicated that
the -OH or -OD groups of methanol reacted
with O, in the kinetically relevant steps that
reduced O,. We then compared rates in CH;OH
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and CD3;OH, which exhibited normal KIEs of
2.9 + 0.2 for H,0, and 3.0 + 1.3 for H,0, sug-
gesting that C-H bonds in methanol cleaved
before O, reduction. Methanol, however, was
not a stoichiometric reductant for O, because
the sum of the formation rates of H,O, and
H,O0 was initially 20 times as great as that for
CH,0 and increased to become 90-fold greater
after 4 hours (Fig. 1C and supplementary text,
section S2) [90 = (7w,0, + TH,0)/TcH,0 = 20].

These comparisons demonstrated that H,-
derived species participated in the reaction,
which was further supported by rates that
were greater with H, than with D, (KIEs of
5.8 + 0.9 for H,O, and 1.9 + 0.2 for H,0;
Table 1). We then examined how the methanol-
derived surface species formed and reacted by
measuring isotopic scrambling between the sol-
vent and H, by conducting reactions in CD;0D
(4.8 kPa H, and 4.8 kPa O, at 295 K) through
H nuclear magnetic resonance (NMR) mea-
surements (Fig. 1D). The -OD and -OH func-
tions underwent rapid exchange, whereas the
solvent methyl groups retained their original
isotope labels, which showed that the Pd sur-
face cleaved C-H and C-D bonds irreversibly
before releasing CH,O under these conditions.
Together, these observations suggest that meth-
anol and H, reacted with the Pd surface to form
a complex that mediated O, reduction, and
these methanol-derived complexes turned over
~90 times, on average.

These results were not consistent with homo-
Iytic reactions between chemisorbed H* or D*
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subsurface H* (1/3 ML in water or 2/3 ML in methanol) to represent the state of
Pd NPs at reaction conditions determined by operando EXAFS. The green circles
show the hydrogen atom that is oxidized into a proton, and the yellow circles
show the proton that is transferred in the heterolytic mechanism. The transition
states of each reaction are shown in movies S1 to Sb.

atoms and O,* species (16-18) (supplementary
text, section S5) nor with heterolytic reaction
mechanisms that reduced O, through PET
pathways mediated by liquid-phase methanol
(24, 25) (supplementary text, section S6).
First, reactions of O,* with chemisorbed
H* atoms cannot explain the kinetic effects
of isotope substitutions in methanol (Table 1).
Second, a mechanism in which liquid-phase
methanol serves as the primary hydrogen
donor did not explain the decrease in rates
when using D,. Furthermore, neither mech-
anism explained the differences in rates be-
tween H, consumption and CH,O and H,0,
formation. All of the observations, however,
were consistent with the formation of HyO,
and H,O by reactions that involve a methanol-
derived surface redox mediator that trans-
ferred protons and electrons to O,* and
OOH* intermediates (supplementary text,
section S7).

We examined this possibility by carrying out
DFT calculations on a model Pd(111) surface
(representative of dominant facets on Pd NPs;
fig. S1) with coadsorbed H*- and O*-atom cov-
erages that were consistent with operando ex-
tended x-ray absorption fine structure (EXAFS)
measurements (see below) and established
adlayer structures (supplementary text, sections
S3 and S4) (27). Ab initio molecular dynamics
simulations were performed with liquid meth-
anol on these covered Pd surfaces to generate
the lowest-energy hydrogen-bonding networks
over the catalysts and the adsorbates. We
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Fig. 3. Effects of H, and O, on Pd catalytic rates and NP phase. (A to

F) Formation rates of H,0, (blue circles) and H,O (red squares) in methanol
(A) and water (D) as a function of H, pressure (5 to 1000 kPa H, and 60 kPa O, at
278 K). Pd K-edge EXAFS magnitude of the Fourier transformed k*weighted x(k) data

calculated intrinsic activation barriers (AE} )
and reaction energies (AE,y,) for multiple
forms of heterolytic reactions and the com-
monly proposed homolytic surface reactions
(supplementary text, section S8, and figs. S36
and S37).

Among all these pathways, the mechanism
involving PET from a covalently bound hy-
droxymethyl (CH,OH¥) species to dioxygen
intermediates (O,* and OOH*) had the low-
est barriers (AE}, = 8 to 10 kJ mol ") (Fig. 2B).
Analogous heterolytic reaction pathways
mediated by liquid-phase methanol gave
higher activation barriers (AE}, = 30 kJ mol ')
(fig. S40), and homolytic reactions between
chemisorbed H* atoms and dioxygen showed
the highest barriers (AE}, = 44 kJ mol ') (fig.
S40). Moreover, DFT calculations predicted
KIEs for this pathway (i.e., kCHZOH / kCHZOD >1
and kCHz OH / ]1’5(;])2 ol > 1; tables S11 and S12 and
supplementary text, section S9) similar to ex-
perimental values (Table 1). The differences
between AEI’nt for these competing pathways
reflected the different acidities (i.e., deproto-
nation energies) of the reactive hydrogen within
the CH,OH*, CH30H, and H* intermediates
(table S8). These calculations indicated that
CH,OH* more effectively mediated PET than
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CH30H or surface H* atoms because the organic
fragment and Pd NP form an enol-like surface
complex that efficiently promotes resonance-
stabilized electron transfer to the metal with
facile proton transfer to chemisorbed dioxygen
intermediates.

Energetic calculations for reactions involv-
ing the hydroxymethyl redox mediator ex-
plained the slower formation rate of CH,O
compared with H,O, and H,O. To initiate the
redox cycle, adsorbed methanol (CH;0H*)
must overcome a large initial barrier (AE;‘nt =
110kJ mol™!) (Fig. 2A) to form CH,OH¥, al-
though reactions with OH* and O,* likely
provide lower-energy pathways to activate C-
H bonds (28). Subsequent dehydrogenation
of CH,OH* to CH,O* on Pd was unfavorable
at these conditions (AE}, =78 kJmol™’,
AE,, = 74 kJ mol ) (Fig. 2A). Coupled oxygen
reduction and hydroxymethyl oxidation, how-
ever, provided much lower barriers (AEi‘trlt =
8 to 29 kJ mol ) and more favorable thermody-
namics (Fig. 2B) by generating CH,O* together
with H,0,* or HyO*. Once formed, CH,O*
readily regenerated CH,OH* by a solvent-
assisted reaction of H* with CH,O* (AE}, =
4kJ mol’l) (Fig. 2A) or escaped the surface
but at lower rates (AEy, = 39 kJ mol™) (Fig.
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(k=271013 A [(B) and (E)] and imaginary x(R) data [(C) and (F)] from operando
EXAFS measurements in both methanol and water [60 kPa O, and (i) 40 kPa H,, (ii)
150 kPa H, or (iii) 800 kPa H, at 293 K]. Additional rate measurements and x-ray
absorbance data and analysis are presented in the supplementary text, section S4.

2A). Thus, CH,OH* formed from irreversible
C-H rupture of CH;OH* (Fig. 1D) or hydro-
genation of CH,O*. This mediator (CH,OH¥)
rarely reduced further to form methanol be-
cause the barrier to do so exceeded that for
CH,OH* oxidation by 33 kJ mol ™.

We measured steady-state H,O, and H,O
formation rates (Fig. 3A) to determine whether
the proposed mechanism predicted catalytic
behavior over a wide range of H, and O,
pressures (5 to 1000 kPa H, and 5 to 1000 kPa
0, at 295 K). In methanol, we measured rates
after the catalyst stabilized after >20 hours on
stream. During that period, we estimated
that methanol-derived intermediates accu-
mulated to cover >90% of the exposed surface
of Pd NPs on the basis of the decrease in H,
conversion (Fig. 1, A and B). Analysis of
operando EXAFS spectra showed that these
NPs were B-PdH,, at all conditions for steady-
state rate measurements (Fig. 3, B and C; fig.
S23, A to D; and table S5). The metallic Pd
phase only formed when the O,-to-H, molar
ratio was =10 (e.g., 10 kPa H, and 100 kPa O,
or 60 kPa H, and 1000 kPa O,). This phase
change coincided with an increase in the
Pd-O coordination number (Npg.o = 0 to 0.7)
as the molar ratio of O, to H, (table S5 and
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supplementary text, section S4) increased,
which suggests a greater coverage of oxygen-
derived species. Similarly, a feature corre-
sponding to Pd-C coordination grew over the
course of 12 hours on stream, which signified
the accumulation of organic intermediates
(fig. S25, A and D) consistent with in situ
infrared spectroscopy (Fig. 1B). Last, operando
H,0, formation rates matched the steady-
state rates measured in the trickle-bed reac-
tor (Fig. 3A).

H,0, formation rates depended weakly on
O, pressure between 10 and 600 kPa, which
implies that oxygen intermediates (OH*, Oy*,
or OOH*; fig. S30A) nearly saturated active
sites exposed among the methanol-derived
adlayer. H,O, formation rates increased lin-
early with H, pressure (5 to 60 kPa H,) before
approaching constant values above 400 kPa
H, (Fig. 3A). Across these conditions, disso-
ciative adsorption of H, was highly reversible
and approached quasi-equilibrium at the
highest H, pressures, as shown by H,-D,
scrambling rates (30 to 1000 kPa H, and D,
and 60 kPa O,; fig. S29A).

These rate measurements agreed with the
proposed mechanism, indicating that H,O,
formed during kinetically relevant PET from
CH,OH* to OOH* (egs. S7.46 to S7.49); the
alternative mechanisms proposed were not
able to reproduce the results fully. The ap-
parent dependence of rates on H, pressure
changed between the lowest and highest pres-
sures examined, which indicates that the pre-
vailing surface intermediates differed across
this range of conditions. For example, a com-
bination of O*, O,*, and CH,O* occupied most
sites at the lowest H, pressures, but at the
highest H, pressures, OH*, OOH*, and CH,OH*
became more prevalent.

Computational results showed that water
formed through similar PET steps, but this
process involved irreversible O-O bond rupture
to produce both H,O and O* (29), which re-
duced to water (Fig. 2B). These calculations
agreed with studies showing that mixtures
of H,, °0,, and '®0, reactants only formed
H'%0'0H and H®00H, which indicated
that O* and OH* did not regenerate O-O
bonds (30). Although OOH* and H,0,* read-

ily formed on a single atom of Pd, their
subsequent reduction to form water required
larger ensembles of Pd atoms. Thus, high
coverages of oxygen-derived and CH,O* in-
termediates likely blocked sites and dispro-
portionately increased barriers to form H,O
over those for H,O,. The measured KIEs, rates,
and operando XAS, together with DFT-derived
reaction coordinates, provide compelling evi-
dence that surface-bound hydroxymethyl redox
mediators react with oxygen to form H,O, and
H,0 in methanol (Fig. 4A).

In the absence of methanol and the derived
surface intermediates, water facilitates dis-
tinct heterolytic paths to form H,0,. We
measured oxygen reduction rates in differ-
ent isotopologs of water and hydrogen (Table
1). In hydrogenated and deuterated water,
H,0, formation rates remained constant
(km,0/kp,0 = 0.95 £ 0.10), whereas H,O for-
mation rates exhibited a normal KIE (ky,o0/
kp,0 = 1.5 0.3). These results imply that H,O
forms by Kkinetically relevant proton transfer,
but other processes limit rates for H,O,
production. Reactions with either D, or H,

Table 1. Kinetic isotope effects. Effects of isotopic substitution on rate constants for the formation of H,0, and H,0 on silica-supported Pd catalysts in
80 cm® of CH30H, CDs0H, CH30D, H,0, or D,0 (4.8 kPa H, or D, and 4.8 kPa O, at 298 K). Transient reaction profiles are discussed in more detail in

supplementary text, section S2.

kn/kp Methanol Water
CH3;0H/CH30D H,/D, CH30H/CD3OH H,0/D,0 H,/D,
H, + 0, — Hy0, 1.8+02 58 +09 29+ 04 1.0+01 2704
H, + H,0, — 2H,0 1.7+01 25+03 41+15 15+03 57+06
H, + 120, — H,0 12+02 19+02 3013 1.0+01 2704

Table 2. Barriers in aqueous and organic cosolvents. Apparent activation enthalpies measured for H,0, and H,O formation and comparable energy barriers
calculated by DFT on Pd(111) containing adsorbed O* (1/3 ML). Reactions in organic cosolvents (entries 1 to 3) were calculated using a 2/3 ML of subsurface
H* Reaction in water at different H, pressures were calculated using a 0/3 (entry 4), 1/3 (entry 5), or 2/3 (entry 6) ML of subsurface H* All
measurements were performed on silica-supported Pd catalysts (60 kPa O, at 278 to 298 K). The calculations of apparent barriers are discussed

in supplementary text, section S13.

Solvent and reaction conditions AH?‘2°Z AEi'2°2~°FT AH?'2° AE} (kJ mol™)
(kJ mol™) (kJ mol ™) (kJ mol™) H20,DFT

Methanol 13+1 18 80+5 39

(60 kPa Hy; B-PdH,=SiO5)
70 vol % methanol 10+1 18 29+3 39

(60 kPa Hy; ﬁ'PdHX—SiOZ)
0.5 M aqueous formalin 5x1 18 24 £ 2 39

(60 kPa Hy; B-PdH,-SiO,)
Water 19+2 39 11 21

(40 kPa Ha; Pd®-Si0,)

Water 81 37 131 B8

(60 kPa Hy; a-PdH,-Si0,)
Water 71 33 18+2 38

(200 kPa Hy; B-PdH,~Si0,)
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gave normal KIEs for both HyO, (kn, /kp, =
2.7+0.4) and H,O (ky, /kp, = 5.7+ 0.6) for-
mation, which confirms the kinetically relevant
steps that form both products involve H,-
derived species. Measured rates of H,-D,
scrambling (fig. S29B) showed that dissociative
H, adsorption was effectively irreversible at
low H, pressures (30 to 60 kPa H, and D, and
60 kPa O,) but approached quasi-equilibrium
at the highest H, pressures (>200 kPa H, and
D, and 60 kPa O,). These observations in water
could explain multiple plausible mechanisms
for the formation of H,O, including Kkineti-
cally relevant H, adsorption (31), homolytic
reactions between hydrogen and dioxygen
intermediates (supplementary text, section S5),
or heterolytic hydrogen oxidation and electron
transfer (supplementary text, section S6) (21).

We examined these paths computationally
in explicit liquid water over Pd(111) with sur-
face O* (1/3 monolayer) and subsurface H*
(1/3 monolayer) to create a model represent-
ative of the state of Pd NPs during catalysis,
as determined by EXAFS (supplementary text,
section S4). The dissociative adsorption of H,
had a negligible barrier (AE}, < 2 kJ mol ') and
was highly reversible (AE.p, = —14 kJ mol ™)
(fig. S18), which demonstrates that this step
did not determine rates of O, reduction. Among
the remaining options, the PET mechanism
(H* + HyO + 0o — * + Hz0" + Oy % AES, =
30 kJ mol 1) resulted in a lower intrinsic acti-
vation energy than the competing homolytic
(H* + O5* — OOH* + *; AE} = 52 kJ mol™)
or hydroxyl-mediated (OH* + O,* — OOH* +
O*; AE! , = 85kJ mol™) paths (fig. S40).

Simulations of this PET reaction showed
that water molecules first heterolytically oxi-
dized H* atoms and activated dioxygen in-
termediates by Kinetically relevant electron
transfer (AE}, = 30kJmol ") through the
Pd surface (fig. S41 and supplementary text,
section S10). Subsequently, H;O" spontane-
ously transferred protons to anionic dioxygen
intermediates (e.g., H;0" + O, — OOH%;
AE}, =1to3kJmol™"). Both O,* and OOH*
were reduced by Kinetically relevant electron
transfer followed by facile proton transfer,
which agreed with the measured KIE (kp,0/
kp,o ~1). DFT also predicted a negligible
change between D,O and H,O and a normal
KIE between D, and H, reactants (table S13 and
supplementary text, section S9). Moreover, these
findings matched KIEs reported for electro-
chemical oxygen reduction on Pd and Pt that
found electron transfer determined oxygen
reduction rates (32). One distinction between
oxygen reduction in water versus methanol is
that the OH* intermediate formed in water
is much less acidic than the CH,OH* interme-
diate formed in methanol and cannot actively
mediate oxygen reduction (table S8).

Rate expressions derived from the proposed
PET mechanism matched measured H,0, and
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Fig. 4. Catalytic O, reduction with surface redox mediators. (A) Hydroxymethyl (CH,OH*) forms either by
oxidative initiation of methanol or the reductive initiation of formaldehyde, after which CH,OH* acts as a
redox mediator for reactions of O, and H, to form H,0, and water. (B) Steady-state H,0, selectivities increased
when formaldehyde (0.5 M CH,0) is added to deionized (DI) H,O (200 kPa H, and 60 kPa O, at 278 K).

H,O formation rates at steady state (supple-
mentary text, section S6). These rates in-
creased linearly with O, pressure (5 to 25 kPa
0,), exhibited a discontinuous change, and
remained constant at greater O, pressures
(100 to 800 kPa O,; fig. S30B). These results
indicate that O,-derived species (O*, OH¥,
0,*, and OOH*) bind to available active sites
at low pressures and became the predomi-
nant reactive intermediates at the highest
pressures (>100 kPa O,). Among these spe-
cies, we observed dioxygen intermediates on
Au NPs (active for surface-enhanced Raman
scattering) within higher concentrations of
H,0,, whereas Pd surfaces stabilized low
coverages of O,* and OOH* relative to other
oxygenates (supplementary text, section S14,).

We also observed that H,O, and H,O for-
mation rates first increased proportionally
to H, pressure (5 to 60 kPa H,), increased
sharply, and finally reached a constant value
for all higher H, pressures (125 to 1000 kPa
H,; Fig. 3D). The functional dependence of
rates on reactant pressures agreed with the
derived rate expressions for the PET mech-
anism (egs. S6.70 to S6.75). This discontinuous
increase in rates occurred when molar ratios
of H, to O, exceeded 2, which coincided with a
twofold increase in H,0, selectivity and a
marked increase in the reversibility of disso-
ciative H, adsorption. Thus, we hypothesized
that these differences resulted from a change
in the phase of the Pd NPs.

We used operando EXAFS to examine the
structure of Pd NPs over a similar range of
reactant pressures (8 to 1000 kPa H, and 60
to 1000 kPa O,). These data (Fig. 3, E and F;
fig. S24, A to D; and table S4) showed that
silica-supported Pd NPs remained metallic at
lower H,-to-O, ratios (40 to 100 kPa H, and
60 kPa O, at 295 K) but transformed into
B-PdH, when the reactant ratio increased
(150 to 1000 kPa H, and 60 kPa O, at 295 K;
Fig. 3, E and F). Similarly, at 60 kPa H,,
B-PdH, was observed at 8 kPa O,, whereas
metallic Pd formed between 60 to 1000 kPa

0, (fig. S24, A to D). These results were con-
sistent with previous in situ XAS measure-
ments of Pd NPs supported on TiO,, in which a
Pd-to-B-PdH,, phase transition occurred at molar
ratios of H, to O, greater than 2 in water (33).

The different phases formed by Pd NPs in
water and methanol suggest that organic sur-
face species stabilize the formation of -PdH,.
DFT calculations supported these inferences
and showed that subsurface H* atoms were
more stable in Pd(111) when CH,OH* rather
than O* covered the surface (fig. S42 and sup-
plementary text, section S11). Further, oper-
ando XAS showed Pd-O coordination in water
(tables S4 and S5); however, we observed
substantially less Pd-O coordination in meth-
anol. Moreover, the presence of organic inter-
mediates on the surface (Fig. 1, A and B)
explained why methanol readily formed 3-PdH,.
Notably, B-PdH,, gave greater H,0, selectivities
(55%; Fig. 3E) than metallic Pd (25%), which
likely stemmed from the increase in the d-band
filling of B-PdH,, over Pd (fig. S43 and table S14;),
consistent with the decreased experimental
work function (table S16) (34).

DEFT results showed a small decrease in the
O, reduction barriers over PdH,, versus Pd for
reactions in methanol (11 kJ mol ™) and water
(6 kJ mol™), resulting in apparent barriers of
18 kJ mol ™ and 33 kJ mol *, respectively, and
a small increase in the H,O formation bar-
riers in methanol (11 kJ mol ™) and water (17 kJ
mol™) (tables S9, S10, S17, and S18, and sup-
plementary text, sections S8 and S12). These
trends resembled those measured experimen-
tally over metallic Pd (40 kPa H, and 60 kPa
0,), 0-PdH,, (60 kPa H, and 60 kPa O,), and
-PdH,, (200 kPa H, and 60 kPa O,) in water
(Table 2). These energy differences were small
and near the error limits of DFT, but the trends
were consistent with experimentally observed
differences in the electronic structure of Pd and
B-PdH,, (35). Thus, both theory and experiment
suggest that B-PdH,, is more selective for H,O,
formation than metallic Pd for both PET
mechanisms.
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Despite the differences in barriers on Pd
and B-PdH,, H,0, selectivities were lower in
methanol (6 to 31%) than in water (25 to
55%) for H, pressures between 10 and 1000 kPa,
even though methanol stabilized g-PdH,, at
each reaction condition. Notably, the calcu-
lated and experimentally measured barriers
for H,O formation were higher in methanol
than in water (Table 2), which did not explain
these selectivity differences. These results sug-
gested that the entropic penalties related to
solvent reorganization favor the formation of
H,0 over H,0, in methanol (supplementary
text, section S13).

We measured steady-state H,O, and H,O
formation rates in aqueous solutions of either
methanol or formaldehyde. H,O, rates and
selectivities first increased with the volumetric
fraction of methanol and reached a maximum
in a solution of 70% methanol in water (fig.
S46), in agreement with analogous studies
(20). Activation enthalpy measurements in
this 70% methanol-water mixture showed
similar trends to methanol, where reaction
barriers increased and entropy barriers de-
creased relative to pure water (Table 2 and
table S19). For this mixture, we proposed
that hydroxymethyl intermediates reduce oxy-
gen species, but solution-phase water mole-
cules solvate these transition state structures.
Such interactions would increase the activa-
tion excess Gibbs free energy to form H,O in
pure methanol relative to aqueous methanol
and improve the H,0, selectivity in the mixed
solution (supplementary text, section S13).

‘We then hypothesized that H,O, rates and
selectivities would increase on a Pd surface
covered by organic redox mediators (i.e.,
CH,OH¥*) and that deactivation rates would
decrease if the solution contained a greater
fraction of water. To test this proposal, we
conducted reactions in an aqueous formal-
dehyde solution (0.5 M CH,0) and pure water.
Compared with water, H,O, formation rates
were twofold greater and selectivities increased
from 22 to 54% in aqueous formaldehyde (fig.
S47A). Moreover, the H,O, selectivity increased
to 80% at higher H, pressures (200 kPa H.,;
Fig. 4B and fig. S47, B and C), whereas the
selectivity in pure water is only 40 to 55%.

These greater H,0, selectivities suggest that
CH,0 molecules bind to Pd and react to form
redox mediators (Fig. 4) that result in lower-
barrier oxygen reduction pathways. For 100 mM
CH,0, H,0, formation rates were greater
in H,O than in D,O solvent (ku,0/kp,0 =
1.6 £0.2) (fig. S15), which differed from the
observation in pure water but resembled
the effect of using selectively deuterated
methanol as a solvent (Table 1). These mea-
surements indicated that CH,O molecules
adsorbed onto Pd and partially hydrogenated
to form CH,OH* intermediates (Fig. 2A) that
exchanged deuterons with D,O to generate
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CH,OD* in situ. Differences between the ap-
parent activation enthalpies to form H,0,
and H,O were similar between the 0.5 M
CH,0 and 70% methanol solutions (AHj; ,—
AHj; = 18kJmol ). H,0, selectivities,
however, were much greater in aqueous for-
maldehyde (54 versus 29%) because of changes
in apparent activation entropies that favor
H,0, formation over H,O (table S20). Pre-
sumably, the greater fraction of water in the
solution affected transition-state solvation
and contributed to changes in the activation
excess free energies of reaction.

We examined other carbonyl species, such
as 14-benzoquinone (BQ), that provided ad-
ditional resonance stabilization to aid both
proton and electron transfer. Exposure to low
concentrations of BQ (1 to 4 mM) increased
H,0, selectivity (65 to 90%; fig. S50) at sim-
ilar rates when the reaction was then run in
pure water (200 kPa H, and 60 kPa O, at 278 K).
These improvements lasted for ~1 hour before
the catalyst eventually returned to its initial
state (~8 hours; fig. S50). We carried out DFT
calculations (fig. S51) and found that 14-
hydroquinone presented low barriers for PET
steps to reduce O,* (15 kJ mol™!) and OOH*
(3 kJ mol™).

Taken together, these findings demonstrate
that redox mediators can form spontaneously
by reactions of solvents or other organic mole-
cules on metal NPs and cocatalyze reduction
reactions (Fig. 4A). These surface redox medi-
ators have three characteristic features. First,
the metal-bound hydroxyalkyl intermediate
provides a resonance-stabilized complex with
a highly acidic proton and enol-like motif,
which enable low-barrier PET steps. Second,
the resulting carbonyl moiety preferentially
reacts with surface H atoms to regenerate the
mediator. Third, strong metal-carbon bonds
secure the mediator to the surface and permit
multiple redox cycles before desorption. These
species present facile reaction pathways and
modify the surface energies that influence the
structure and phase of NPs. These insights
present opportunities to decouple the benefits
(greater selectivities and rates) and drawbacks
(rapid deactivation and environmental waste)
of organic solvents.
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CLIMATE CHANGE

Exposure to climate change drives stability or
collapse of desert mammal and bird communities

E. A. Riddell?, K. J. Iknayan*, L. Hargrove®, S. Tremor®, J. L. Patton’, R. Ramirez®,

B. 0. Wolf®, S. R. Beissinger>*

High exposure to warming from climate change is expected to threaten biodiversity by pushing many
species toward extinction. Such exposure is often assessed for all taxa at a location from climate
projections, yet species have diverse strategies for buffering against temperature extremes. We
compared changes in species occupancy and site-level richness of small mammal and bird communities
in protected areas of the Mojave Desert using surveys spanning a century. Small mammal communities
remained remarkably stable, whereas birds declined markedly in response to warming and drying.
Simulations of heat flux identified different exposure to warming for birds and mammals, which we
attribute to microhabitat use. Estimates from climate projections are unlikely to accurately reflect
species’ exposure without accounting for the effects of microhabitat buffering on heat flux.

ith one of six species threatened by

future warming (7), conserving bio-
diversity depends on identifying the

factors that make a species vulner-

able to climate change. Exposure, sen-

sitivity, and adaptive capacity are fundamental
components of climate vulnerability (2), but it
is the magnitude of exposure—determined by
the degree of change at a given site and by
behavioral buffering from microhabitat use—
that establishes whether organisms experi-
ence the direct effects of climate change (3).
Despite diverse strategies used by animals to
reduce exposure to lethal temperatures and
desiccation (4, 5), species inhabiting a site are
typically assumed to experience similar mag-
nitudes and rates of exposure (6-9). How-
ever, comparisons of exposure among taxa
at the same sites—especially where climate
change has pushed organisms toward their
physiological limits—are lacking and are rarely
connected to long-term community responses.
To assess the impact of exposure on com-
munities, we compared the responses of small
mammals and birds of the Mojave Desert to
warming and drying by resurveying sites orig-
inally visited by Joseph Grinnell and colleagues
in the early 20th century (10). Our compari-
son leveraged the recently documented col-
lapse of the Mojave bird community (77, 12) to
evaluate how exposure affects vulnerability
across taxa. Multiday surveys were conducted
for 34 small mammal species at 90 sites and
135 bird species at 61 sites located primarily on
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protected lands (Fig. 1A) (see supplementary
materials). We used a dynamic multispecies
occupancy model to estimate occupancy prob-
abilities for species in each era, accounting for
differences in detection between time periods.
The model also evaluated the influence of cli-
mate change as well as other causes of turn-
over, such as habitat change from fire and
grazing (11). We then estimated the degree
of exposure for birds and mammals using a
heat flux model that simulates thermoregula-
tory costs on the basis of behavioral strategies,
morphology, thermal properties, and micro-
habitat conditions (see supplementary mate-
rials). We expected that small mammals would
mirror the collapse of the Mojave bird com-
munity (17) because they are endotherms, oc-
cupy similar trophic levels (13), have comparable
life history traits and ecological strategies
(13), and have exhibited similar sensitivities to
warming, including elevational and latitudinal
range shifts (14-17). Alternatively, small mam-
mals may buffer their exposure to climate
change by accessing cool fossorial microhabi-
tats. In that case, biotic interactions, such as
competition, should influence changes in com-
munity assembly of desert mammals (I8, 19).

Over the past century, occupancy of small
mammals remained stable while birds sever-
ely declined (Fig. 1B and fig. S1). The mean
occupancy probability of small mammals dur-
ing the historical time period [y = 0.26; 95%
credible interval (CRI), 0.24 to 0.29] was in-
distinguishable from the value derived from
modern surveys (u = 0.26; 95% CRI, 0.24 to
0.29). Occupancy of 3 (9%) mammal species
decreased, 27 (79%) did not change, and 4
(12%) increased (Fig. 1B and table S1). In con-
trast, bird community occupancy declined
over the past century from 0.24 (95% CRI,
0.17t0 0.32) to 0.11 (95% CRI, 0.07 to 0.15). Of
135 bird species, occupancy of 39 (29%) de-
creased, 95 (70%) did not change, and 1 (<1%)
increased (I1).

Species richness was characterized by sta-
bility over the past century for the small mam-
mal community but collapse for the bird
community. Richness declined significantly
at 55 of 61 sites for birds (90.1%) versus only
3 of 90 sites for mammals (3.3%) (Fig. 1C).
Sites supported an average of 8.79 mammal
species (95% CRI, 8.18 to 9.72) in historical
surveys compared to 8.92 species (95% CRI,
8.47 to 9.73) in modern surveys. However, the
stability of mammal species richness conceals
moderate species turnover at survey sites (Fig.
1D). There was an average gain of 2.02 mam-
mal species (95% CRI, 1.50 to 2.60) colonizing
per site and an average loss of 1.89 species
(95% CRI, 1.58 to 2.30) extirpated per site.
Thus, a 23% gain in species per site was offset
by a 22% loss relative to historical species rich-
ness. In contrast, site-level richness for birds
collapsed by 42% (-17.9 species per site; 95%
CRI, -15.5 to -20.5; Fig. 1C). For birds, colo-
nization rarely occurred, resulting in species
loss without replacement at surveyed sites
(Fig. 1D). Moreover, the mean probability of
persistence was much lower for birds (u =
0.43; 95% CRI 0.31 to 0.55) than for mammals
(Fig. 1E; 1 = 0.79; 95% CRI, 0.70 to 0.86).

Warming and drying over the past century
was not associated with persistence or colo-
nization in small mammals, but drove bird
turnover. Only 1 of 34 mammal species (3%)
responded to precipitation change and none
to temperature change (table S2). Likewise,
habitat degradation from fire and grazing was
not associated with persistence and coloni-
zation in small mammals (table S3). Instead,
long-term turnover in the composition of the
small mammal community reflected a com-
bination of putative interspecific interactions,
habitat requirements, and stochastic processes
(fig. S3). For desert birds, however, a reduction
in precipitation drove the community collapse
over the past century, as persistence was posi-
tively associated with precipitation for 35 (26%)
of 135 bird species (1I). The effect was com-
pelling at sites that both warmed and dried
(12), which suggests that desert birds are par-
ticularly vulnerable to increased water require-
ments for evaporative cooling.

Exposure to climate change differed mark-
edly between bird and small mammal commu-
nities, despite widespread warming (Fig. 2A).
However, differences were apparent only upon
simulating exposure with downscaled micro-
habitat conditions, which we accomplished
using high-resolution climate models incorpo-
rating behavioral buffering. Differences were
especially evident in the amount of water re-
quired for evaporative cooling to maintain ho-
meothermy (“cooling costs”), a critical aspect
of survival for desert birds and mammals
(20-22). Cooling costs were higher in birds
than in mammals by a factor of 3.3 across a
representative landscape, and climate change
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Fig. 1. The simultaneous collapse of bird communities and stability of
small mammal communities over the past century in the Mojave Desert.
(A) Survey sites for birds (red) and small mammals (blue) within the Mojave
Desert, with average annual temperature from 1970 to 2000 (Worldclim v.2.1)
and park boundaries for Death Valley National Park (DEVA), Mojave National
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Fig. 2. Small mammals and birds differ in exposure over the past century.
(A) Increase in average spring air temperature (see supplementary materials)
for a landscape representative of climatic extremes. Dotted black line shows
DEVA boundary; arrow points to Death Valley. (B and C) Average daily change
in evaporative cooling required for homeothermy (“cooling costs”) for birds (B) and
mammals (C) assuming 50% cover in locations with vegetation. (D) Birds
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exhibited higher cooling costs than mammals at survey sites (Mann-Whitney

U test; W = 1018, P < 0.001). (E) Changes in cooling costs at survey sites were
higher for birds than for mammals (W = 1076, P < 0.001). (F and G) Relative to
birds, mammals experienced higher heating costs (W = 309, P < 0.001) (F) and a
greater reduction in heating costs due to climate change (W = 936, P < 0.001) (G)
at survey sites. Vertical lines indicate medians for birds (red) and mammals (blue).
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Fig. 3. Small mammals are more buffered from future climate change than
birds. (A to F) Water requirements for evaporative cooling costs in a Mojave
Desert landscape representative of climatic extremes for birds [(A) to (C)] and
mammals [(D) to (F)] under a moderate warming scenario (RCP 6.0) and shaded
0% [(A) and (D)], 50% [(B) and (E)], and 100% [(C) and (F)] by vegetation.

increased these costs by 58.5% for birds but
only 17.4% for mammals (Fig. 2, B and C).
Similarly, relative to mammals, birds exper-
ienced higher cooling costs and increases in
cooling costs at survey sites (Fig. 2, D and E).
In fact, more than 80% of small mammals
experienced low to no change in cooling costs
(Fig. 2E). Metabolic heat production was sim-
ilarly reduced for birds and mammals over the
past century (Fig. 2, F and G). Restrictions on
activity from hot temperatures were also sim-
ilar for birds and mammals (fig. S4) and do
not explain the contrasting community dy-
namics, unlike the proposed mechanism under-
lying population declines in some ectotherms
(23). Despite small geographic differences be-
tween bird and mammal survey sites (Fig. 1A),
climatic conditions were nearly identical be-
tween the two sets over the past century (fig.
S5 and table S4).
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Projections of exposure to future climate
change indicate that birds will experience
higher thermoregulatory costs than small
mammals. Cooling costs are projected to be
greater for birds than for mammals by a factor
of 3.8 across a representative Mojave landscape
by 2080 (Fig. 3). In general, microhabitat use
produces lower physiological exposure for
small mammals (Fig. 3, A to F), except for
isolated locations where shallow soil depths
constrain burrowing. At survey sites, birds
are projected to experience greater cooling
costs than small mammals, and both noctur-
nal and diurnal small mammals can avoid
thermoregulatory cooling costs in underground
burrows, even without vegetation cover (Fig. 3,
G to I, and fig. S6).

Adaptations to desert life may contribute to
divergent responses of birds and small mam-
mals over the past century, but microhabitat
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always higher for birds than for small mammals under warming scenario RCP 6.0
and shaded 0% (Mann-Whitney U test; W = 1084, P < 0.001) (G), 50% (W =
1018, P < 0.001) (H), and 100% (W =996, P < 0.001) (I) by vegetation. Vertical
lines indicate medians for birds (red) and mammals (blue).

buffering likely played a more influential role.
Desert rodents are well known for dietary,
physiological, and behavioral adaptations that
reduce reliance on free water from their envi-
ronment (24). However, not all rodents are
well adapted to desert life. Neotoma lepida
requires preformed water from vegetation and
lacks a well-developed ability to concentrate
urine (25). Yet this species exhibited high per-
sistence and colonization probabilities (figs. S1
and S2), which suggests that microhabitat use
offsets physiological sensitivity to warming by
reducing exposure. Mammal species exhibited
stable occupancy regardless of specialization
to desert habitats (fig. S7) and changes were not
concentrated in any family (table S1). Diurnal
mammals, which have immediate, unrestricted
access to cool microhabitats below ground,
experienced similar, although more variable,
exposure to warming than their nocturnal
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counterparts (fig. S6). Among birds, desert
specialists and habitat generalists declined
similarly (Z7), which suggests that desert adapta-
tion was not a buffer from climate change.

The impending threat of climate change to
global biodiversity underscores the need to
rapidly evaluate climate vulnerability (2), which
is often done by assuming that changes in con-
ditions estimated from climate projections re-
flect exposure for all taxa at a site (6-9). In
contrast, we have demonstrated that sym-
patric mammals and birds with comparable
physiological and ecological requirements ex-
perienced fundamentally different exposures
to warming due to microhabitat buffering,
which enabled stability or drove collapse of
their respective communities. Moreover, among
Mojave birds, species-specific exposure was
strongly related to species declines (72). Thus,
each species likely experiences different mag-
nitudes of exposure that may affect population
persistence through physiological requirements.
Modeling approaches that combine physiol-
ogy and behavior are needed to predict how
exposure differences affect species’ persistence
in the face of a rapidly changing climate.
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SOLAR CELLS

Reconfiguring the band-edge states of photovoltaic
perovskites by conjugated organic cations

Jingjing Xue'*, Rui Wang'*, Xihan Chen?*, Canglang Yao®, Xiaoyun Jin?, Kai-Li Wang®,
Wenchao Huang?®, Tianyi Huang?, Yepin Zhao', Yaxin Zhai?, Dong Meng', Shaun Tan’, Ruzhang Liu®,
Zhao-Kui Wang®, Chenhui Zhu’, Kai Zhu?, Matthew C. Beard?t, Yanfa Yan®t, Yang Yang't

The band edges of metal-halide perovskites with a general chemical structure of ABX3 (A, usually a
monovalent organic cation; B, a divalent cation; and X, a halide anion) are constructed mainly of the
orbitals from B and X sites. Hence, the structural and compositional varieties of the inorganic B-X
framework are primarily responsible for regulating their electronic properties, whereas A-site cations are
thought to only help stabilize the lattice and not to directly contribute to near-edge states. We report
a n-conjugation—induced extension of electronic states of A-site cations that affects perovskite frontier
orbitals. The n-conjugated pyrene-containing A-site cations electronically contribute to the surface band
edges and influence the carrier dynamics, with a properly tailored intercalation distance between layers

of the inorganic framework. The ethylammonium pyrene increased hole mobilities, improved power
conversion efficiencies relative to that of a reference perovskite, and enhanced device stability.

he band-edge electronic structure of
hybrid metal-halide perovskites (ABXs,
where A is usually a monovalent organic
cation, B is a divalent cation, and X is a
halide anion) develops from the orbitals
of B and X sites (Z) and can be tuned through
the compositional and structural flexibility
of the B-X framework (2-12). By contrast, the
A-site cations are generally not thought to
directly affect electronic structure near the
band edges because their electronic states lie
far from the inorganic band edges (13). In-
stead, different A-site cation sizes can induce
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indirect effects by causing structural deforma-
tion of the inorganic B-X framework, such as
unit volume variation, octahedral distortion,
and dimensional reduction (14-17). We now
show that the electronic states of the A-site
cations can be extended and directly contribute
to the frontier orbitals of the hybrid perovskite
through a combination of a large n-conjugated
structure and a tailored intercalation distance
between layers of the inorganic framework,
which provides additional degrees of electro-
nic tunability to near-edge electronic configu-
ration. The carrier dynamics could be rationally
tuned in accordance with the device architecture
by modifying the A-site organic structure.

We designed a polycyclic aromatic tail with
large m-conjugation that was attached to an
ammonium A-site cation. The chemical struc-
tures of the as-synthesized organic cations
featured different lengths of the tethering
alkylammonium group—namely PRA, PRMA,
and PREA for pyrene-based ammonium, meth-
ylammonium, and ethylammonium, respectively
(Fig. 1A; see synthesis details in supplementary
text S1). When these organic cations were
assembled with the inorganic framework, the
extent to which the positively charged ammo-
nium head group intercalated into the octa-
hedral cavity depended on the length of the
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bridging alkyl chain. Electron delocalization
in the large conjugated pyrene structure lowered
the frontier orbital separation of the organic
molecule and enabled orbital overlap with the
inorganic moiety (18).

The alkyl chain length affected the electronic
interaction between the two moieties. Ultra-
violet photoemission spectroscopy of PRMA
and PREA cations assembled onto the surface
of the Pb-I framework of a formamidinium-

based perovskite thin film (Fig. 1B) revealed
additional electronic states near the tail of the
valence band (the Fermi energy has been aligned
for better comparison). However, a perovskite
thin film with the PRA moieties attached
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Fig. 1. Surface band-edge structures with the electronic contribution from
conjugated A-site cations. (A) Chemical structures of three different organic
ammoniums featuring different lengths of tethering alkylammonium. (B) Ultraviolet
photoemission spectroscopy results. The vertical dashed line indicates the aligned

°C
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Fig. 2. Interaction modes between the conjugated ammoniums and the
perovskite framework. (A) Side view (top) and top view (bottom) of intercalation
configuration modeled by density functional theory (DFT) for PRA, PRMA, and
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Fermi energy; dashed circles indicate the additional electronic states. a.u., arbitrary
units. (C and D) Calculated partial density of states (C) and band diagrams (D)

of perovskites with PRA, PRMA, and PREA. Dashed ovals indicate the electronic
states near the surface band edges. CB, conduction band; VB, valence band.
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Fig. 3. Intercalation configuration of the conjugated ammoniums. (A to C) GIWAXS patterns of perovskite thin films when Pbl, is stoichiometrically mixed
with (A) PRA, (B) PRMA, and (C) PREA salt, respectively, to form a 2D perovskite phase. (D) Out-of-plane GIWAXS profiles for PRA-, PRMA-, and PREA-based samples.
(E) Crystal structure of a 2D PREA,PbI4 perovskite single crystal.

exhibited similar band-tail characteristics to that
of the reference, indicating a lack of electronic
contribution from PRA to the surface band edges.

First-principles calculations of the partial
density of states revealed electronic states near
the surface band edges (Fig. 1C). As the alkyl
chain of the ammonium group became longer,
the electronic states from the organic compo-
nents at the valence band were pushed to a
higher energy level. The electronic states from
PRA were as much as 0.34 eV below the valence
band maximum (VBM), but PRMA and PREA
had electronic states near the VBM. The dis-
tribution of the electronic states of the organic
ammonium cations with respect to the inor-
ganic band structure (Fig. 1D) showed that the
orbitals of PRMA and PREA greatly overlapped
with the inorganic VBM, with the highest unoc-
cupied orbitals only 0.02 eV below and 0.01 eV
above the VBM, respectively. Thus, the band
structure of PRA resembled that of the refer-
ence film, with the VBM consisting of I 5p and
Pb 6s orbitals. However, for PRMA and PREA,
the VBM had contributions from the orbitals of
both inorganic and organic components. The
participation of PRMA and PREA in the surface
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band-edge construction was also observed
in all-inorganic CsPbl,Br perovskite (supple-
mentary text S2), indicating the generality of
this concept.

The discrepancy in the surface band-edge
configuration originated from different chem-
ical interaction modes between the inorganic
framework and the ammonium cations with
different alkyl chain lengths; theoretical model-
ing of the assembly of these organic ammo-
niums on the surface of the Pb-I framework
is shown in Fig. 2A. We used time-of-flight
secondary-ion mass spectrometry and grazing-
angle polarization-dependent infrared reflection-
absorption spectroscopy to verify the vertical
assembly of the ammonium cations on the
surface (supplementary text S2 and S3). Both
PRMA and PREA could anchor into the octa-
hedral cavity through electrostatic interac-
tions between the ammonium cations and the
Pbls>" octahedra. However, PRMA, which has
a shorter alkyl chain length between the am-
monium head and the pyrene tail, exhibited a
distorted intercalation configuration because of
the structural rigidity and pronounced steric
hindrance induced by the pyrene ring.

The elongated alkyl chain in PREA enabled
more flexibility with less steric hindrance and
displayed almost vertical intercalation of PREA
into the inorganic layers. The conjugated tails
of PREA were stacked nearly perpendicular
to the plane of the inorganic layer. With a
reduction in the length of the tethering alkylam-
monium group, the orientation of PRMA tilted
away from the vertical direction by ~30° which
disrupted the n-n stacking and reduced the
electronic delocalization. By contrast, PRA,
which lacked a flexible alkyl chain, failed to
relieve the steric hindrance of the pyrene group
when anchoring into the Pb-1 framework. Its
binding mode to the inorganic surface would
be more accurately described as adsorption
rather than anchoring, as also evidenced by the
vertically oriented pyrene tail in PRA stacking,.
With a shallow interaction depth, the steric
hindrance from the large pyrene tail no longer
affects the intercalation configuration, enabling
a molecular orientation driven by the surface
energy and n-rt stacking,.

We used attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectroscopy
to investigate the chemical binding between
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Fig. 4. Investigations on the change of carrier dynamics and photovoltaic
response. (A) Schematic illustration of the influence of intercalation
configuration and the interaction distance revealed by the combination of TRS
and TRTS. R, reflection; THz, terahertz. (B) Surface-carrier kinetics pumped

at 2.36, 2.07, and 1.65 eV probed by TRS and fitted with a diffusion model and

the organic cations and the Pb-I framework.
Difference ATR-FTIR spectra of perovskite
films with PRA, PRMA, and PREA with re-
spect to the reference film are shown in Fig.
2B. Distinctive vibration features from the ref-
erence and PRA samples were observed in
PRMA and PREA samples between 900 to
1100 cm . Both PRMA and PREA showed sub-
stantially reduced absorption near 930 cm™*
and increased absorption near 1060 cm™,
which we attributed to the change of the out-
of-plane N-H wagging and C-N stretching
modes, respectively. The absence of distinc-
tive vibration features in PRA samples indi-
cated a different binding mode with a weak
interaction. High-resolution x-ray photoemission
spectroscopy (XPS) of the Pb 4f orbital for the
perovskite film with different ammonium ca-
tions (Fig. 2C) showed two main peaks at ~138
and ~143 eV, corresponding to the Pb 4f 7/2
and Pb 4f 5/2 orbitals, respectively (19). The
peaks from Pb 4f shifted to higher binding
energies in the film with PRMA and PREA,

SCIENCE sciencemag.org

whereas the spectra of PRA samples remained
almost identical to that of the reference sam-
ple. This difference suggested a stronger inter-
action between PRMA or PREA and Pb, as well
as a more profound influence on the bonding
character of Pb in the inorganic framework,
compared with that in the case of PRA.

The dense and periodic insertion of the
pyrene-based ammoniums into the Pb-I frame-
work was further evaluated by grazing-incident
wide-angle x-ray scattering (GIWAXS) and the
growth of two-dimensional (2D) perovskite
single crystals. The GIWAXS patterns of perov-
skite thin films generated by stoichiometrically
mixing Pbl, and PRA, PRMA, or PREA salt
to form a 2D perovskite phase are shown in
Fig. 3, A to C, respectively. Both PRMA- and
PREA-based perovskite samples exhibited out-
of-plane diffraction patterns of {100} planes,
indicating the formation of 2D perovskite
phases, but this diffraction feature was absent
for PRA, confirming that it failed to anchor
into the Pb-I framework. The PREA-based

(C) TRTS spectra at 5-ps time delay and fitted with a Drude-Smith model for the
reference sample and perovskite with PRA, PRMA, and PREA. (D) Current
density-voltage curves of the as-fabricated perovskite solar cells, showing the
influence of the changed band-edge configurations, and thus the carrier
dynamics, on photovoltaic performance.

2D perovskite showed much higher crystallin-
ity and preferred out-of-plane crystallographic
orientation than PRMA perovskites (Fig. 3D),
further verifying the distorted intercalation con-
figuration of PRMA. Single crystals of PREA-
based 2D perovskite showed the periodic stacking
mode of the pyrene-based ammonium cations,
and the pyrene rings had an edge-on packing
with the Pb-I framework (Fig. 3E; see details
of the crystal structures and the growth of single
crystals in supplementary text S4).

The reconfiguration of the surface band-
edge electronic structures involving A-site
organic cations and the alkylammonium-
controlled intercalation distance were also
reflected in the change of surface carrier dynam-
ics, which were probed by transient reflection
spectroscopy (TRS) and time-resolved terahertz
spectroscopy (TRTS) (20, 21). By modeling the
measured surface carrier kinetics with a de-
fined surface interaction distance (see the
modeling details in supplementary text S5),
we could determine the binding configuration
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because the electronic interaction distance
was related to the binding character between
the organic ammonium cations and the inor-
ganic moieties (Fig. 4A). The surface carrier
Kkinetics probed by transient optical reflection
for the cases of reference, PRA, PRMA, and
PREA (Fig. 4B) revealed a ~33% increase in
the interaction distance for PRMA or PREA
relative to that for PRA (the absolute values
may be longer than expected in the model,
owing to the effects of film roughness). This
increase in the interaction distance was con-
sistent with the interaction mode between the
organic ammonium cations and the perov-
skite lattice, where PRMA and PREA inserted
into the lattice, unlike PRA.

The photoinduced electron and hole carrier
mobilities are extracted by combining TRS
and TRTS results. The surface photogener-
ated carrier transport was measured with the
reflected optical probe (22) and provided in-
formation on the ambipolar diffusion coef-
ficient (D,,) (23, 24), whereas the terahertz
probe pulse was sensitive to the sum of the
electron and hole mobilities Y " = p + wy, (20).
By using the Einstein relation to determine
the ambipolar mobility (u,,) from D, and
combining it with >y, the individual mobil-
ities of electrons L and holes p;, can be derived
because 1/, = (1/pe) + (1/uy). The sum of the
dc mobility (ug.) was extracted by using a
Drude-Smith model from transient terahertz
spectra at 5-ps delay for reference, PRA, PRMA,
and PREA (Fig. 4C; see modeling details in
supplementary text S5). The best-fit parame-
ters and the calculated carrier mobilities are
summarized in table S1. Because the orbitals of
the organic ammonium cations mainly inter-
acted with the valence band of the inorganic
lattice, the hole mobility was most substantially
affected. The largest increase in hole mobility
was observed for PREA; electron mobilities
remained almost invariant across all samples.

The enhancement in hole mobility benefited
the carrier collection in perovskite photovoltaic
devices, as reflected by an increase in the short-
circuit current (Jy.) and fill factor (FF). The
power conversion efficiency (PCE) of the as-
fabricated perovskite solar cells with PREA
exhibits the largest enhancement, from 20.1
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to 23.0% (Fig. 4D). A smaller enhancement
of hole mobility, and thus J,. and FF, was
observed for PRMA, which we attributed to
the distorted intercalation of the ammonium
cations generating energy disorder in the lat-
tice. However, PRA actually led to a decrease
in PCE because of a reduced open-circuit
voltage that resulted from an unmatched energy
level with the hole-transporting layer (supple-
mentary text S3). Thus, rational control of the
intercalation distance regulated by the tether-
ing alkyl ammonium enabled electronic con-
tribution of A-site cations to the near-edge
band structure and, in turn, modified the
carrier Kinetics within devices. The insertion
of the ammonium head into the framework,
and thus the exposure of the hydrophobic
polycyclic aromatic tail, further increased the
stability of the devices. After 2000 hours of ex-
posure to continuous light under open-circuit
conditions, the device with PREA maintained
more than 85% of its original PCE, whereas
the reference device degraded to only 60% of
its initial PCE (supplementary text S6).
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NGS Cancer Panels
Oxford Gene Technology (OGT) has expanded
l:a its SureSeq range of NGS panels to facilitate the
K= interrogation of genes involved in breast and
ovarian cancer and myeloid disorders. The two
new panels include a comprehensive 70-gene myeloid panel and
a 7-gene breast and ovarian cancer panel that incorporates copy
number variation (CNV) detection. Facilitated by OGT's expert bait
design and complimentary Interpret NGS analysis software, the
SureSeq Pan-Myeloid panel includes genes such as CEBPA, JAK2,
CALR, and MPL, as well as covering regions containing hard-to-
detect structural variants such as FLT3-ITDs and KMT2A-PTDs. The
SureSeq Breast Cancer + CNV panel targets BRCAT, BRCA2, ATM,
TP53, CHEK2, PALB2, and PTEN, and can detect CNVs ranging from
single exons to full gene deletions and duplications in these genes
as well. For customers interested in a larger breast or ovarian
cancer panel, OGT offers customization through the SureSeq
myPanel range of preoptimized panel content, which can be added
to the Breast Cancer + CNV Panel.
Oxford Gene Technology
For info: +44-(0)-1865-856800
www.ogt.com/ngs_products

HiFi Sequencing

PacBio's Sequel lle System offers increased computational capacity
and on-instrument data processing for streamlined production of
highly accurate long reads—known as HiFi reads. Optimized for HiFi
reads, Sequel lle eliminates the need for postprocessing of sequence
data by users and delivers a 70% reduction in overall secondary
analysis time, depending on the application. It also reduces file-
transfer and data-storage needs by as much as 90%. The instrument
includes powerful new analysis tools, complete workflow integration
on the Amazon Web Services cloud, and a new genome-assembly
application for generating reference-quality de novo assemblies from
HiFi reads.

PacBio

For info: 877-920-7222

www.pacb.com

High Molecular Weight DNA Extraction

Monarch HMW DNA Extraction Kits provide rapid, reliable extraction
of high molecular weight (HMW) DNA from biological samples. These
kits utilize an optimized process that combines gentle cell lysis with a
tunable fragment-length generation, followed by precipitation of the
extracted DNA onto the surface of large glass beads. DNA size ranges
from 50 kb to 250 kb for the standard protocol and into the Mb
range for certain sample types when the lowest agitation speeds are
used. Purified DNA is recovered in high yield with excellent purity—
including nearly complete removal of RNA—and is ready for use in
downstream applications, including long-read sequencing.

New England BioLabs

For info: 800-NEB-LABS (800-632-5227)

www.neb.com

cDNA Library Preparation
KAPA HyperPrep Kits offer a streamlined complementary DNA
(cDNA) library preparation protocol that combines several enzymatic

new products: dna-rna analysis

steps and eliminates bead cleanups to significantly reduce library
preparation time and improve consistency. Their novel, single-

tube chemistry further improves library construction efficiency,
particularly for challenging samples such as formalin-fixed, paraffin-
embedded tissue and cell-free DNA. The kits offer a complete library
preparation solution with KAPA Adapters and KAPA HyperPure
Beads. RNA-sequencing (RNA-seq) is becoming the gold standard
for transcriptomics research, which provides valuable insights into
different gene-expression levels due to environmental conditions,
therapeutic intervention, developmental stage, or tumor state and
progression. Some researchers have found RNA-seq difficult to
adopt due to the wide variety of workflows and challenges in cDNA
library preparation. Roche’s KAPA RNA HyperPrep Kits cover multiple
different RNA-seq workflows, including ribosomal depletion and
messenger RNA capture.

Roche Sequencing

For info: 800-262-4911

sequencing.roche.com/en.html

Cas9 Proteins for CRISPR Genome Editing

System Biosciences’ products deliver highly controlled CRISPR/Cas9
activity through direct introduction—by transfection, electroporation,
or microinjection—of the Cas9 protein. Choose our EGFP-labeled Cas9
Protein (NLS-Cas9-EGFP) for easy visualization and screening of cells
that have had Cas9 successfully introduced. Or choose our unlabeled
option, Purified Cas9 Protein (NLS-Cas9-NLS), which is tagged with
two nuclear localization signals (NLS) for efficient targeting to the
nucleus. Highly concentrated and ready-to-use, purified Cas9 protein
acts immediately upon entering the nucleus and is rapidly cleared,
leading to fewer off-target events than delivery by messenger RNA or
DNA. Both NLS-Cas9-EGFP and NLS-Cas9-NLS are available bundled
into complete kits with a T7 guide RNA cloning and production vector
for your convenience.

System Biosciences

For info: 888-266-5066

systembio.com

SARS-CoV-2 Real-Time RT-PCR Assay

The PerkinElmer SARS-CoV-2 Real-Time RT-PCR assay is CE-IVD (in
vitro diagnostic) marked and intended for qualitative detection of
nucleic acid from the SARS-CoV-2 virus in human oropharyngeal
swab, nasopharyngeal swab, and saliva specimens from individuals
suspected of having COVID-19 or from asymptomatic carriers.

The assay target two specific genomic regions of SARS-CoV-2: the
nucleocapsid (N) gene and ORF1ab; so mutations in spike protein, as
seenin the B.1.1.7 and B.1.351 coronavirus lineages, do not impact
the safety and effectiveness of PerkinElmer’s assays. This test is

also for qualitative detection of nucleic acid from the SARS-CoV-2
virus in pooled specimens containing up to five individual specimens
(nasopharyngeal swabs and saliva) on the chemagic 360 instrument,
where each specimen is collected under observation or by a health
care provider using individual vials containing transport media.
Pooling is desirable because it allows labs to reduce costs and increase
throughput, but it requires a sensitive assay. Automation solutions are
available delivering plug-and-play pooling prior to viral RNA isolation.
PerkinElmer

For info: 800-762-4000

www.perkinelmer.com
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City University of Hong Kong is a dynamic, fast-growing university that is
pursuing excellence in research and professional education. As a publicly funded
institution, the University is committed to nurturing and developing students'
talents and creating applicable knowledge to support social and economic
advancement. The University has nine Colleges/Schools. As part of its pursuit of
excellence, the University aims to recruit outstanding scholars from all over the
world in various disciplines, including business, creative media, data science,

energy and environment, engineering, humanities and social sciences, law,
science, veterinary medicine and life sciences.

The University welcomes applications and nominations for
all faculty positions of Chair Professor, Professor, Associate
Professor and Assistant Professor. The remuneration package

will be highly competitive, commensurate with qualifications
and experience. Interested parties are invited to submit an
online application with current curriculum vitae to apply for
current openings at http://go.cityu.hk/hrojobus or by email
to “hrojob@cityu.edu.hk”

City University of Hong Kong is an equal opportunity employer and we are committed to the principle of diversity.
Personal data provided by applicants will be used for recruitment and other employment-related purposes.

Worldwide recognition ranking 48th, and 4th among top 50 universities under age 50 (QS survey 2021); 1st in the
World's Most International Universities (THE survey 2020); 1st in Engineering/Technology/Computer Sciences in Hong
Kong (ARWLU survey 2016); and 2nd Business School in Asia-Pacific region (UT Dallas survey 2017).
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ICYS Research Fellow at ICYS, NIMS, Japan

The International Center for Young Scientists (ICYS) of the National
Institute for Materials Science (NIMS) invites applications for ICYS
Research Fellow positions. ICYS will offer you the freedom to conduct
independent and self-directed research in various areas of materials sci-
ence with full access to NIMS advanced research facilities.

The common language at ICYS is English. Clerical and technical sup-
port in English will be given by the ICYS staff. An annual salary of
approximately 5.35 million yen is guaranteed, which may be increased
to a maximum of ~5.88 million yen depending on the performance of
the Research Fellow*. In addition, a research grant of 2 million yen per
year will be provided to each Research Fellow. The initial contract term
is two years, which may be extended for another year depending on
one’s performance.

All applicants must have obtained a PhD degree within the last ten years.
Applicants should submit an application form including a research pro-
posal during the ICYS term, CV Header, CV with a list of publications
and patents, a list of DOI of journal publications, and PDF files of three
significant publications, to the ICYS Recruitment Desk by March 31,
2021 JST. The format for the application form and CV header can be
downloaded from our website. The selection will be made on the basis
of originality and quality of the research proposal as well as the research
achievements. Please visit our website for more details.

* Approximately 23% of annual salary will be deducted as social
insurance premium, residence tax and income tax.

ICYS Recruitment Desk
National Institute for Materials Science
www.nims.go.jp/icys/recruitment/
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UNIVERSITY OF SOUTH CAROLINA
NON-TENURE TRACK
RESEARCH ASSISTANT PROFESSOR

The Department of Pathology, Microbiology and Immunology
at the University of South Carolina’s School of Medicine invites
applications for a non-tenure track Research Assistant Professor.
This position will be part of the phase-2 Center of Biomedical
Research Excellence (COBRE) focusing on Dietary Supplements
and Inflammation (CDSI). The successful candidate will study
effects of plant products and environmental pollutants on
autoimmune and inflammatory diseases including cancer addressing
the epigenetic mechanisms and microbial dysbiosis underlying
immune dysregulation.

Candidates must have a PhD in any area of Biomedical Sciences.
Preference will be given to candidates who have experience in
-omics technology. Salary commensurate with experience. Please
apply to the position by following this link https://uscjobs.sc.edu/
postings/93296.

The University of South Carolina does not discriminate in
educational or employment opportunities on the basis of race,
sex, gender, gender identity, transgender status, age, color, religion,
national origin, disability, sexual orientation, genetics, protected
veteran status, pregnancy, childbirth or related medical conditions.

TEXAS A&M UNIVERSITY
_ Biology

Head, Department of Biology
Texas A&M University

A national search is underway to identify outstanding candidates
for Head of the Department of Biology at Texas A&M University,
the fourth largest university in the nation with more than 50,000
students, a multibillion-dollar endowment ranked fourth among
public universities and a top 20 research enterprise.

The Department of Biology currently has 40 tenured/tenure-track
faculty, 14 academic professional track faculty, 39 staff, 1600
undergraduate majors and 90 graduate students. Further information
about the Department, its faculty and its facilities can be found at
https://www.bio.tamu.edu.

We seek candidates who have an internationally recognized
research program, demonstrated experience and commitment to
undergraduate and graduate teaching and scholarship, a broad
perspective of biology disciplines, and proven leadership skills.
The Head reports to the Dean of the College of Science and is
responsible for the Department’s administrative, budgetary and
personnel matters. The Head will be responsible for implementing
our strategic plan (https://www.bio.tamu.edu/strategic-plan/) to
raise five cutting-edge research areas within the biological sciences
at Texas A&M University to preeminence. The Head will also
promote high standards for continued growth, excellence and
innovation in undergraduate and graduate education. The position
requires a Ph.D. in Biology or related field and a record of
scholarship and teaching consistent with the level of professor at a
major research university.

Interested applicants should submit a detailed CV and statements of
research accomplishments, teaching perspective and administrative
philosophy online at http://apply.interfolio.com/82061. Review of
applications will begin February 1 and continue until the position is
filled. Any questions regarding this position may be directed to the
Chair of the Search Committee, Dr. Paul Hardin at headsearch@
biol.tamu.edu.

Bryan-College Station, home to Texas A&M University, is a vibrant,
dynamic, and rapidly growing community that offers cultural
diversity, arts and entertainment, job opportunities, and overall
quality of life. Located in the heart of the Houston-Dallas-Austin
triangle, the region offers the modern amenities of a big city with a
warm, small-town charm, and the community’s low cost of living is
advantageous to the student and general populations, making it an
ideal place to live.

Texas A&M University is committed to enriching the learning and
working environment for all visitors, students, faculty, and staff by
promoting a culture that embraces inclusion, diversity, equity, and
accountability. Diverse perspectives, talents, and identities are vital
to accomplishing our mission and living our core values.

Equal Opportunity/Affirmative Action/Veterans/Disability Employer
committed to diversity.

online @sciencecareers.org
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WORKING LIFE

By Nawar Naseer and Katherine Strelau

646

Tracing contacts, finding ourselves

n March 2020, we shut down our Ph.D. experiments and prepared for an indefinite period of
working from home. As we threw away our cell cultures and wound down our animal colonies,
we imagined the manuscripts we would finally draft, the papers we would read, and the bioinfor-
matic skills we would learn. However, our plans went astray a few days later when we received an
email from our program director with a subject line that read: “Interested in an ‘at home’ public
health project to help fight COVID-19?” The email set us down a path we never imagined—one that
taught us how the soft skills we’ve learned in graduate school can serve us in the real world. We also
learned the hard way that in order to take care of others, we must first take care of ourselves.

Our program director asked us to lead
a contact tracing team, charged with
tracking down people who'd tested
positive for COVID-19 in our city and
anyone they may have come in con-
tact with. At first we hesitated, un-
sure we were qualified. We were both
pursuing certificates in public health
alongside our microbiology doctorate
degrees, but we didn’t have any real-
world experience in public health or
epidemiology. We were comfortable
in a tissue culture hood; what did we
know about contact tracing?

We signed up anyway, itching to do
something, anything, to help in a time
of crisis. Knowing we would need
an army of people to serve as con-
tact tracers, we drafted a volunteer
application form and emailed it to
everyone at our university working in
public health, social work, and medi-
cine. Over the next 5 days, we screened and interviewed more
than 100 candidates, ultimately taking on 60 volunteers.

Then we built our operation from scratch. We dug into
the literature about contact tracing to identify best practices,
reached out to contact tracing teams across the nation for
guidance, and prepared instructional presentations for the
volunteers. Skills we'd gained through our Ph.D. training
proved surprisingly useful, such as the ability to research and
digest large amounts of information and communicate it to
others. Contact tracing was nothing like our Ph.D. projects,
but in some ways, we felt prepared to take it on.

Within 3 weeks, our team started to make phone calls to
people who may have come in contact with an infected indi-
vidual and our roles shifted toward providing guidance and
support. Every day, new scenarios arose that we hadn’t antici-
pated, keeping us on our toes.

Our most emotionally challenging day came on the same
April day the United States surpassed 1 million confirmed

“Skills we'd gained through
our Ph.D. training
proved surprisingly useful.”

COVID-19 cases. One of our volun-
teers called a contact, only to learn
they had already passed away from
the virus. It was a dark reminder of
what we were up against and the
importance of moving quickly.

The sense of urgency left little
time for anything else. We ate meals
quickly so we could keep up with
the onslaught of video calls. We
gave up rejuvenating activities, such
as yoga classes and relaxing baths.
Our sleep suffered and our mental
health plummeted. As weeks turned
into months, it became increasingly
difficult to think clearly, and we
started to make mistakes. One of
us even had a panic attack during
a meeting.

Eventually, we realized we’d for-
gotten about our own well-being; we
needed to keep ourselves emotion-
ally and physically healthy to help others. So we started
to reclaim our weekends, taking turns being on call so the
other person could unplug. We were still stressed at times,
but as our well-being improved, we found it easier to focus
on the critical work we were doing.

After 4 months, our labs began to reopen and we needed
to resume our bench science, so we handed our duties over
to others. We were devastated to walk away from the work,
but also immensely grateful for what we learned from the
experience. We're not sure where we’ll head next in our
careers—whether toward research or the front lines of
public health—but we now know we can pivot away from
bench science if we choose to. Our doctoral training has
equipped us with skills transferable to just about anything,
as long as we remember to take care of ourselves.

Nawar Naseer and Katherine Strelau are Ph.D. candidates at the University
of Pennsylvania. Send your career story to SciCareerEditor@aaas.org.
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