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A nurse works in the intensive-care unit at a hospital in China’s Sichuan province during the COVID-19 pandemic.

THEINFECTION ENIGMA

Why do infections cause severe sickness in some people,
but give others barely a sniffle? By Diana Kwon

ichael Levin had just started

working as a paediatric infec-

tious-disease doctor in London

when he received an urgent call

from a hospital in Malta. It was

the early1980s, and ayoung boy

had been brought in with symp-

toms of a severe infection that

was spreading through his body, damaging

multiple organs and tissues. But his doctors
could find no trace of a pathogen.

The boy was flown to Levin’s hospital for

further tests. To the surprise of Levin and
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his colleagues, the culprit was a common
bacterium: Mycobacterium fortuitum, which
livesin water and soil, and is usually harmless.
“Everyone’s exposed to them, but almost no
one gets ill,” says Levin, who is now at Impe-
rial College London. Despite aggressive treat-
ment, the boy eventually passed away.

This case illustrates a question that has
plagued doctors for decades: why do some
peoplebecomeseverelyill frominfections that
leave others unscathed? Whatisitaboutsome
people’simmune systems that makes them
susceptible? And how might these variations

affect how doctors try to prevent or treat dis-
ease?

As it turned out, the boy from Malta had
a brother and a cousin who had also fallen
severelyill with mycobacteriainfections. After
years of searching, Levin and his colleagues
eventually identified what made these chil-
dren so sick: a genetic mutation affecting a
receptor for interferon-y, animmune molecule
with myriad functions, including regulating
inflammation'. Not long after that, agroupin
France discovered thatsimilar mutations were
responsible for rare cases of severe disease
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caused by another mycobacterial species —
this time, a weakened form used as a tuber-
culosis vaccine”.

Researchers have since amassed a broad
library of mutationsin hundreds of genes that
underlie ‘inborn errors of immunity’ (IEls) and
that make millions of people around the world
susceptible to a wide range of infectious dis-
eases and immune-linked ailments that many
people can simply shrug off.

It might seem obvious that differences in
each person’simmune system can affect how
wellthey fight off pathogens. But uncovering
the specific causes of this variation has ena-
bled researchers to find ways to treat — and
even prevent — severe infections that used
to seem like random cases of bad luck, says
Isabelle Meyts, an oncologist and immunol-
ogist who studies IEIs at the university KU
Leuvenin Belgium.

The discoveries have already begun to
change clinical practice, for instance allow-
ing doctors to genetically screen people for
relevant mutations or supplement missing
immune factors. And scientists are continu-
ing to piece together the many ways in which
genetic factors contribute to infectious dis-
eases — especially in life-threatening cases.
“What we’re realizing more and more is that
there are probably inherited factors that pre-
dict who’s going to have severe reactions,” says
Michael Abers, a physician-scientist studying
infectious disease at Montefiore Einstein in
New York City.

From germ to host

The germ theory of disease, popularized
by Louis Pasteur in the nineteenth century,
was revolutionary. The realization that
microorganisms, invisible to the naked eye,
could make peopleill spurred public-health
measures such as better hygiene, vaccines
and anti-microbial drugs, which drastically
improved outcomes for people withinfectious
diseases.

But even with these tools, there are still
people — particularly some childrenand older
people —whobecomesick and die frominfec-
tions that are typically preventable or treata-
ble, suggesting that there are limitations to
focusing mostly on pathogens in the fight
againstinfectious disease.

In the 1950s, some scientists were already
drawing attention to the importance of the
host, especially in cases in which ordinarily
harmless microbes caused disease. Research-
ershavesince discovered that one of the most
important determinants of infection suscep-
tibility might be a person’s genes.

Among the most famous demonstrations of
genetic mutationsdrivinginfection outcome
issevere combined immunodeficiency (SCID),
aninherited disease that leaves people with-
out a functioning immune system and that
is linked to mutations in more than a dozen

genes. If left untreated, it typically leads to
death before the age of two.

Fortunately, SCID is rare, occurring in an
estimated 1in 50,000 or so births. Butinher-
ited mutations that can cause problemsin the
immune system are much more common. Over
the past few decades, researchers have found
inbornerrors ofimmunity linked to more than
500 genes®. In addition to infectious-disease
susceptibility, these mutations areinvolvedin
otherimmune-system abnormalities, includ-
ing autoimmune diseases and allergies.

Some mutations dampentheimmune system
and diminishits ability to fight offinfections. But
otherscancause peopletobehyper-responsive
toinfection, which canlead to runaway immune
reactions that can turn deadly.

Although some Els can cause ageneralized
vulnerability to pathogens, most of them
put people at risk from specific microbes,
such as mycobacteria, avian influenza virus,
herpes simplex virus and the bacterium
Neisseria meningitidis.
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THERE ARE PROBABLY
INHERITED FACTORS
THAT PREDICT WHO'S
GOING TO HAVE SEVERE
REACTIONS.

“Eachinfection has a different set of mecha-
nisms,” says Steven Holland, physician-scientist
specializingininfectious disease at the National
Institutes of Health (NIH) in Bethesda, Mary-
land. “And unsurprisingly, there are different
genes that speak to” different infections. The
mutations known so far tend to cause severe
disease, although some have been linked to
recurrent milder infections.

Ontopofthat, therearegenesthatcanboosta
person’sability to fend off pathogens. For exam-
ple, amutation in the gene encoding CCRS5, a
receptor on the surface of white blood cells,
makes peopleresistanttoHIV (ref. 4) (although
itincreases therisk of severe infection with West
Nile virus). And mutationsin the geneencoding
FUT2,aproteinlocatedinthe mucosaofthegut,
helps peopleto fend offnorovirus, a highly con-
tagious gastrointestinal infection.

An expanding universe

In 2020, during the height of the COVID-19
pandemic, it was clear that some infected
people became severely ill, whereas others
got barely a sniffle. A massive consortium of
scientists, led by paediatrician andimmunolo-
gistJean-Laurent Casanova at the Rockefeller

University in New York City, discovered that
around 10% of people with severe COVID-19
harboured autoantibodies — rogue proteins
that turn against a person’s own body. These
autoantibodies attacked signalling molecules
that help to mobilize the immune response,
tamping down the immune defences®.

Casanova and his colleagues have since
found the same autoantibodies in a subset
of people who develop severe disease from
seasonalinfluenza, West Nile and many other
diseases, as well as in those who experience
rare adverse reactions to live vaccines, such
asthe yellow fever vaccine.

It’s not known exactly why and how auto-
antibodies develop. Some scientists, includ-
ing Casanova, suspect that they might be the
result of inherited or acquired mutations. He
and others have identified some mutations
that cangiveriseto these autoantibodies, such
as deficiencies in various interferon-related
genes. Whether such mutations can account
for the majority of severe cases of these
diseases remains to be seen.

Researchers are still working out the com-
plex ways in which genetics contributes to
infection outcome. Having amutation doesn’t
always make someone vulnerable: IEls can
behave unpredictably. Many people carry
immunodeficiency-related mutations with-
out ever experiencing their effects — a phe-
nomenon known as ‘incomplete penetrance’.
And although most IEIs with severe effects
become apparent in childhood, some might
liedormantfor decades. In unpublished work,
Meyts and her team identified a person who
has a mutation that is linked to inflammatory
disease, but whose symptoms emerged only
after aSARS-CoV-2infection.

Scientists are still working to identify which
factorsinfluence the severity of IEls.Ina 2025
study, Dusan Bogunovic, a paediatric immu-
nologist at Columbia University in New York
City, and his colleagues discovered that, in
about 4% of IEls, the disease-causing variant
canbe expressed differently in different cells®.
Theteamalso found evidence that this process
mightberegulated by epigenetic mechanisms,
which are influenced by environmental factors
—suggesting that, not only might the same IEls
manifest differently in different people, but
the effects of these mutations could change
over a person’s lifetime. Bogunovic’s team is
currently searching for the factors, such as
inflammation or certaininfections, that might
control this variable allele expression.

Treat and prevent

The library of gene mutations that affect
immunity is already being put to use. It’s
becoming increasingly common for doctors
to callforagenetic test when someone comes
inwithasevereinfection, especially in the pae-
diatricintensive-care unit. “There are so many
genes, and genetic sequencing has become
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so much more available and less expensive,
that it has almost become a first-line test
when a patient comes in,” says Jennifer Puck,
apaediatricimmunologist at the University of
California, San Francisco. “It'ssomething you
don’t want to miss.”

A genetic test can provide doctors with cru-
cialinformation abouthowtotreat thedisease.
If,forexample, aperson carries amutation that
makes them deficientin a particularimmune
molecule, that molecule canbe supplemented.
People with an overactive immune response,
such as those with autoantibodies, can be
treated with anti-inflammatory drugs. And
people with certainimmune deficiencies can
be given abone-marrow transplant to replace
faulty immune cells’. For long-lasting preven-
tion of severe disease, interventions such as
gene therapy are also on the rise®.

Ideally, physicians would take action before
aninfection has begun to spiral out of control.
In the past decade, newborn screening for
genetic mutations has become much more
available — and it now includes genes linked
to inborn immunodeficiencies. In the case of
SCID, for example, newborn screening has
enabled cliniciansto provide early treatment,
which has significantly improved outcomes.

But when it comes to expanding the muta-
tionsincluded in genetic screening, there are
some important questions to consider. In
many cases, the presence of an IEl does not
immediately mean that a person will have an
immunodeficiency — and, even whenit does,
many IEls cannot currently be corrected.

BN 9. SR N \ S

SARS-CoV-2 virus particles (yellow) infect a cell (blue).
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THERE SAD QUESrioN
THAT GENETICS
HAS A HUGE ROLE IN

INFECTIONS, BUTIT'S
NOT THE ONLY THING."

“Therearealotofethical issues and the whole
emotional dynamic of screening babies,” says
Puck.“Ifyoufind agene variantand youdon’t
know whether it’s going to cause disease or not
— what do families do with this information,
and how doesitupend their relationship with
their new baby?”

Puckis part of atask force thatis workingto
pinpoint which mutations to include as part
of the BEACONS project, a large-scale trial
of newborn genome screening in the United
States. “We really want to focus on genes
where, if there’s a mutation, there would be
something actionable within the first year of
life,” Puck says.

Making predictions

How far will the study of genetic underpin-
nings take us in pinpointing who will be at
greatest risk ofinfectious diseases? Some spe-
cialists, such as Casanovaand Meyts, hold the
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view that most cases of severe infections are
the result of deficiencies, often with agenetic
origin, that affect theimmune system and that
are either present at birth or acquiredin cells
over alifetime.In fact, Casanovahas proposed
the “full-blown host theory”: he argues that
microbes are merely an environmental trigger
for an underlying immunodeficiency, akin to
how a peanut can spark a peanut allergy. In
peoplewho die frominfection, he argues, the
roots ofillness existed in the body long before
the pathogen was ever encountered.

Others, however, point out that genetics
stillexplains only aminority of cases’and that
other factors', suchas a person’s medical his-
tory, the environment and the characteristics
of the infecting microbe, are also important.
“There’s no question that genetics has a huge
role in the outcome of infections, but it’s not
the only thing,” says Holland. Pathogens, too,
adapt their genomes to better infect their
hosts. “What makes infectious disease sointer-
esting is that you've got at least two genomes
thatare evolvingin parallel,” he adds.

Someresearchers, suchas Philipp Henneke,
a paediatricimmunologist at the University
of Freiburg in Germany, think that studying
earlyimmune development will help to reveal
what makes some people susceptible toinfec-
tious diseases later on. Henneke is involved
inthe Perinatal Development of Immune Cell
Topology (PILOT) project in Germany, which
aims to trace the development of the infant
immune system during pregnancy, birth and
in the first few weeks of life. The effortincludes
morethanadozenresearch projectsaimedat
teasing apart the contributions of everything
from circadian rhythmsto early-life infections.

Theultimate goalisto predict, using genet-
icsand other factors, how any one person will
respond to infection; right now, this is out of
reach.

“If you look at genetics, you may be able to
assign somerisk, but at the end of the day, we
don’t have certainty. We have probabilities,”
says Arturo Casadevall, a microbiologist and
immunologist at Johns Hopkins University in
Baltimore, Maryland. “As aninfectious-disease
doctor, I've seen an 18-year-old at the prime of
health comein and die from the flu. What was
different about that person? We don’t know.”

Diana Kwon is a journalist based in Berlin.
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