helium) through nuclear fusion. The metals
are ejected into the surroundings through
stellar winds (outflows of gas from the star)
and supernova explosions, which can occur
at the end of a star’s life. The next generation
of stars forms from interstellar material that
is mixed with this ejected matter. The metal
content of stars cantherefore tell usindirectly
about their stellar predecessors®.

Thegravitational pull of the GCDs’ dark-mat-
ter halos caused gas to collapse into stars ear-
lier than in globular clusters, but the objects
were not massive enough to initiate further
inflows of gas. This meant that after the first
burstof star formation, there was not enough
fuelforasubsequent generation of starsin the
GCDs (Fig.1) — unlikein regular dwarf galaxies
that, in some cases, host continuous star for-
mation up to the present day.

The GCDs had lower abundances of metals
and formed, on average, earlier than did
the globular clusters in the simulation. The
authors predict that if GCDs are found, they
will also be older than the oldest dwarf galax-
iesand might containevidence of the earliest
population of stars, which would be composed
almost entirely of hydrogen and helium®. The
existence of such ‘metal-free’starsin the early
Universe is widely accepted, but they have
never been observed.

Although this study uses world-class com-
putational models, the results still leave open
questions. Current cosmological models can-
not reproduce some observed properties of
globular clusters, such as the stellar abun-
dances of light chemical elements, including
sodium and aluminium’®, Furthermore, the
simulations did notinclude globular clusters
thatformin galaxies of higher mass than dwarf
galaxies", which would be computationally
expensivetoincludeinthe model. Approaches
such as graphic- processing-unitacceleration
or machine-learning techniques could be
explored to speed up the calculations.

However, the authors suggest that it might
be possible to put their results to the test by
looking in our own ‘cosmic backyard’. They
point out that some of the Local Group dwarf
galaxies, as well as the Milky Way’s C-19 — a
very metal-deficient chain or ‘stream’ of
stars —mightbe GCDs. If thisisthe case, these
objects present an avenue for astronomers to
constrain the properties of dark matter and
study the nature of the first stars, giving scien-
tists abetter understanding of the fundamen-
tal processes that have shaped our Universe.
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Commonfeature found for
allergy-triggering proteins

Bart N. Lambrecht

Why do only certain molecules drive allergies? A feature now
identified among some allergy-causing proteins is their ability

toform poresin cells. See p.475

Everyone knows someone with anallergy, and
the chances are that you're allergic to some-
thingyourself. Allergies arise asaresult of the
immune system overreactingto allergens: oth-
erwise harmless substances such as dust mites,
pollen or certain foods'. Various substances
canact as allergens, and one of the enduring
puzzlesinallergy research is why only some of
the many proteins we encounter reliably trig-
gerallergic responses?. Onpage 475, Shiet al.?
address part of this mystery by identifying a
property shared by some allergens — the abil-
ity to form large pores in epithelial cells that
line airways. These pores enable calcium to

“This supportsthe
possibility that pore
formationis awidespread
mechanismthat triggers
allergies.”

enter and trigger therelease of molecules that
alert the immune system to danger and can
promote allergy*.

Allergicreactions often occur rapidly, with
redness, swelling and intense itching shortly
after exposure. These symptoms are driven
mainly by release of the molecule histamine
from immune cells called mast cells (Fig. 1).
These areactivated when allergensreact with
atype of antibody called immunoglobulin E,
whichbinds toareceptor on mast cells, caus-
ing the release of histamine’.

Although most allergic reactions are mild,
severe responses can be life-threatening, as
can occur with allergies to substances such
as peanuts. Chronic exposure to allergens can
lead toinflammatory diseases such as asthma
oreczema, whichimpair quality of life. Inthese

chronicconditions, histamine-blocking med-
ications are often insufficient for successful
treatment, because other immune cells, par-
ticularly eosinophils, contribute to sustained
inflammation’.

Allergic responses are associated with a
pathway known as type 2 inflammation®. This
is characterized by the presence of immuno-
globulinE, eosinophils and immune-signalling
molecules (cytokines) such as IL-4, IL-5 and
IL-13. Type 2 inflammation is thought to
have evolved to counter venoms and worm
(helminth) infections, but when this protec-
tive system is misdirected, allergies arise®. To
understand the root causes of these condi-
tions, researchers are seeking to define the
molecular triggers that drive type 2 inflam-
mation.

Despite decades of study, it remains unclear
what makes a protein an allergen. Allergens
and venoms encompass many unrelated pro-
tein families, and no unifying structural motif
has been found previously®. Some allergens
function as enzymes called proteases, which
degrade proteins essential for maintaining the
external barrier formed by epithelial cells in
the skin or lungs. Such damage aids allergen
entryand, crucially, stimulates epithelial cells
to release cytokines called alarmins’. These
cytokines drive immune signalling that pro-
motes the production of immunoglobulin E
and type 2 inflammation.

One well-characterized alarmin is IL-33,
which is normally stored inside cells and
released only whentissueis under stress®. 1L-33
lacks the usual protein segment that enables
molecules to be transported from a cell by
vesicle-mediated secretion, and its release
mechanismis along-standing enigma. Exten-
sive cell death could explain IL-33 leakage after
helminthinfections, but mostallergens donot
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News & views

From the archive

A persuasive first-hand encounter with
mosquitoes, and an effort to standardize
the printing of mathematical formulae.

100 years ago

A new phase in the control of the mosquito
problem was reached last week when
members of the Section of Zoology of the
British Association attended the opening of
the British Mosquito Control Institute which
has been founded and equipped by Mr. J. F.
Marshall ... at Hayling Island ... As a result of
the preventive work undertaken, which has
consisted largely of draining the inter-tidal
areas, Hayling Island, which formerly was
infested with ‘saltmarsh’ mosquitoes, has
now been practically cleared ... Sir Ronald
Ross, in opening the Institute, described
his own experiences at Hayling Island
some three years ago. He had, he admitted,
been sceptical as to the accusations made
against Ochlerotatus detritus, the salt-
water mosquito. Mr. Marshall, however,

had convinced him by taking him to a part
of his garden and inviting him to observe
the insects flying about in broad daylight.
In the course of his observations, Mr.
Marshall had proved his point by directing
his attention to the fact that three of the
insects were simultaneously extracting
blood from the back of his neck.

From Nature 12 September 1925

150 years ago

[T]he Committee on Mathematical
Printing was appointed to report on
mathematical notation and printing,

with the view of leading mathematicians
to prefer in optional cases such forms

as are more easily put into type, and of
promoting uniformity of notation ... The
report ... also attached diagrams showing
the mechanical operation of setting up
mathematical expressions in type, so
that when there were two forms equally
satisfactory from the mathematical point
of view, writers might choose the one
that would give the printer less trouble;
as everything that tended to cheapen
mathematical printing tended to the
spread of the science. With regard to
notation ... the matter should be discussed
by a larger committee.

From Nature 9 September 1875
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Low-dose Alternaria alternata

Small Large
aegerolysin @ O aegerolysin

4 Calcium

o ©
‘ © ,,/© o
Epithelial L
cell lining
the surface
of mouse
airways
Aegerolysin
pore ILC2 cell
Eosinophil

Type 2 immune
response

High-dose Alternaria alternata

Cell
death
° 00-0" 00-0-0 @(g@@ B0
Dendritic
cell IL-33 Water
A/Enhanced
response

T2 immune cell

/'¢|gE

Mast cell

P ® | . .
\\>. &, Histamines

v

Figure1|Pore-forming proteins cause allergies. It was unclear why only certain types of protein cause
allergies. Shi et al.® examined how the fungus Alternaria alternata triggers allergies in mouse airways. They
found that these allergies are induced by two proteins (one small and one large) called aegerolysins. These
form large transmembrane pores comprising many aergerolysin proteins. Where these pores formin the
cellmembrane is unknown. If the animals received a low dose of fungal extracts, calcium ions entered the
pores, and the epithelial cells lining the airways released immune-signalling molecules called cytokines
and chemokines. These attracted immune cells called dendritic cells (DCs), type 2 innate lymphoid (ILC2)
cellsand T helper 2 (T,;2) cells. These cells drove an allergic response called type 2 inflammation, mediated
by eosinophils and mast cells: immune cells that release the molecule histamine when a receptor binds
antibody-related immunoglobin E (IgE) proteins. If the animals received a high dose of fungal extracts, the
immune-signalling molecule IL-33 was released, which resulted in a more intense allergic response. Water

entered the pores, resulting in epithelial cell death.

cause such overt damage. This raises the ques-
tion of how IL-33 is released during allergies.

Shi et al. tackled this question using
allergen-containing extracts from a fungus
called Alternaria alternata. The authors tested
which components trigger IL-33 release and
calcium influx in epithelial cells, focusing
on the two key signals required for type 2
responses in vivo. They found that two pro-
teins were necessary. These are smalland large
forms of a fungal protein called aegerolysin,
which is part of a protein family known for
forming pores in cellmembranes.

Using biochemical experiments and
cryo-electron microscopy, the authors showed
thatthese aegerolysins assemble into poresin
the cellmembrane, each consisting of 36 small
subunits and 18 large ones. At high concentra-
tions of protein, the poresinduced inflamma-
tion, cell death mediated by water influx, and
leakage of IL-33 and other alarmins. At lower
concentrations, the pores triggered calcium
influx without killing cells, leading to inflam-
matory signalling (Fig.1). When mice inhaled
these proteins, they developed features that
are a hallmark of allergic asthma, including
immunoglobulin E production and inflam-
mation mediated by eosinophils. Crucially,

genetic disruption of either pore-forming
protein in A. alternata prevented the fungal
extracts from inducing type 2 immunity in
mice.

The authors extended their findings by
showing that unrelated pore-forming toxins,
from the fungus Aspergillus niger or the sea
anemone Actinia equina, also drive IL-33
release and allergic responses. Cleavage of
IL-33 by proteases can make it more active’.
However, the authors did notaddress whether
IL-33 is further activated after release and, if
so, how. Itis unclear whether pore formation
could initiate such activation, perhaps by
release of proteases.

These findings suggest that membrane
perforation might be acommon characteristic
that explains why structurally diverse proteins
act as allergens. Pore-forming proteins such
as gasdermins, which are normally present
in human cells, have been implicated in IL-33
release, type 2 inflammation and asthma®™°.
Thissupports the possibility that pore forma-
tionis awidespread mechanism that triggers
allergies®. Understanding the structural and
molecular determinants of pore formation,
and its immunological consequences, might
offer a pathtowards developing therapeutics



that could intervene at the earliest steps of
allergicreactions.
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Al expands the CRISPR-
proteinuniverse

Pascal Notin

A generative artificial-intelligence tool has designed
asynthetic CRISPR system that successfully edits human DNA
and sharply reduces off-target effects. See p.518

Despite emerging clinical successes, current
genome editors suffer from off-target effects
and can trigger unwanted responses from
the immune system, limiting their broader
therapeutic applications. On page 518, Ruffolo
etal.' present OpenCRISPR-1, the first Al-gen-
erated CRISPR-Cas protein to edit human
DNA successfully. The work demonstrates
how machine learning can be used to engi-
neer functional biological systems that extend
beyond those found in nature.

CRISPRis aprime example of serendipityin
modernbiology. What began withan observa-
tion? of unusual repeating DNA sequences in
thebacterium Escherichiacoliin1987led to the
discovery of asophisticated adaptiveimmune
system. Bacteria capture viral DNA fragments
as ‘spacers’ in repetitive genomic sequences
called CRISPR arrays. This creates a genetic
memory that directs CRISPR-associated (Cas)
proteins that cleave DNA to destroy matching
viruses on reinfection.

In 2012, Emmanuelle Charpentier and
Jennifer Doudna demonstrated that Cas9
from the bacterium Streptococcus pyogenes
(SpCas9) could be repurposed into a
programmable gene-editing tool®, with guide
RNAs that direct Cas9 to precise genomicloca-
tions (Fig.1a). Subsequent demonstrations of
functionality in human cells* opened the door
to therapeutic applications, culminating in
regulatory approvals for therapies, such as
Casgevy for treating sickle-cell disease’ (see
go.nature.com/45ngyfk).

However, for all its power, SpCas9 remains
awild tool rather than a tame one. It evolved
for bacterial defence, not for the precision

required in human therapeutic contexts.
SpCas9 can tolerate mismatches between
its guide RNA and DNA sequences, leading
to off-target cuts that pose serious safety
concerns®. As a protein from a common
pathogen, SpCas9 triggers pre-existing
immunity in most individuals, potentially
neutralizing the effects of therapies’. Its
large size makes it difficult to package
into convenient delivery systems, such as
adeno-associated virus vectors. Furthermore,
SpCas9 can make cuts only adjacent to short

“The authors’ approach
couldyield editors that
arelessvisible to the
immune system.”

DNA motifs called PAM sequences, which
limits the regions it can target to a subset of
genomicsites®.

These shortcomings are most acute for
in vivo editing, in which cells are modified
directly inside the body, unlike ex vivo
approaches in which cells are removed,
edited and returned to the individual. The
success of ex vivo therapies such as Casgevy
has intensified the search for better genome
editors for in vivo applications, which offer
greater scalability but demand near-perfect
specificity and aminimalimmunogenicity (the
ability to trigger immune responses).

Efforts to overcome these limitations have
used several engineering strategies. Rational
design uses knowledge about the structure

of Cas9 to make specific mutations, yielding
high-fidelity variants, such as SpCas9-HF1, that
trade on-targetactivity for reduced off-target
cleavage’. Directed evolution mimics natural
selection through the screening of vast mutant
libraries', but it remains labour-intensive
and explores fairly restricted regions of
sequence space around the starting protein.
Bioprospecting mines microbial biodiversity
for naturally superior enzymes, butany discov-
ered enzyme probably still carries the same
fundamental problems as SpCas9 in terms of
off-target effects and immunogenicity. The
dreamof abespoke editor — efficient, specific,
deliverable and non-immunogenic — has so
far remained elusive under conventional
approaches.

Ruffolo and colleagues pursue a fourth
paradigm: de novo design using generative
artificial intelligence (Al; Fig. 1b). Their
approach uses protein language models,
which are trained on large protein-sequence
databases!. Analogous to large language
models such as GPT, which learn patterns of
human language®, protein language models
process hundreds of millions of examples
to learn the implicit ‘grammar’ of protein
evolution — the complex statistical relation-
ships between amino acids that characterize
functional natural proteins.

The authorsrecognized that any Almodel’s
performance is fundamentally limited by the
quality and scale of its training data. Instead of
relying on existing databases, they undertook
aconsiderable data-mining effort to construct
the CRISPR-Cas Atlas, a resource built by
sifting through 26.2 trillion bases of assembled
microbial genomes. This effort yielded more
than1.2 million CRISPR ‘operons’ — functional
units that include Cas protein sequences,
CRISPR arrays, CRISPR-associated RNAs and
PAMs. It also resulted in a fourfold expansion
in the number of Cas9 sequences compared
with those recorded in the protein database
UniProt.

Ruffolo et al. next implemented a hier-
archical training strategy. A protein language
model called ProGen2 —which was pretrained
on hundreds of millions of protein sequences
from the databases UniRef and BFD —was fine-
tuned on the CRISPR-Cas Atlas to learn the
particular sequence constraints that underlie
the function of Cas9 proteins. The resulting
modelwas then used to generate arepertoire
of synthetic Cas-like proteins that were almost
five times more diverse than known variants
and included thousands of candidates unlike
any variants found in nature.

Are all of these proteins functional?
Probably not. Do these types of model-gen-
erated repertoire contain new sequences
with desirable qualities for target applica-
tions? To demonstrate that this is the case,
the researchers further fine-tuned their
model by training it exclusively on around
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