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Four game-changing
immunology tools

towatch

Researchers are getting a better look than ever at the
immune system. By Gemma Conroy

dvanced tools and techniques are giv-
ing researchers a detailed look at the
body’s defence system. From spotting
single cells in action to improving or
replacinganimal models, the methods
described below are helping immunologists
to push the boundaries of their work in 2025.

Mouse on the outside,
humanon theinside
THX mice

Since the first mouse models with human cells
andtissues were developed more than40 years
ago, they’ve become much better at mimick-
ingthe humanimmune system. But they’re still
nowhere near accurate enough.

One major issue is that mice have more
than 1,600 immune-response genes that
do not match their human equivalents. And
most ‘humanized’ mice (which have human
genes, cells or tissues) don’t mount enough
antibodies to fight infections, which is a
problem for researchers who study vaccines
and immune responses, says Paolo Casali, an
immunologist at the University of Texas Health
Science Center at San Antonio. “They are not
useful at all,” he says.

Ateamled by Casaliand his former graduate
student Daniel Chupp, now animmunologist
at Massachusetts biotechnology company
Invivyd, hasbeentryingtoovercomethishurdle
for decades, and their efforts are beginning
to pay off. In a paper published last year?, the
team introduced THX, a mouse model that
replicates the human immune system.

To create THX, mice are injected with
human stem cells that develop into immune
componentssuchaslymphnodes, antibodies
and T and B cells (types of white blood cells).
Whengivenan mRNA-based COVID-19 vaccine,
they mounted a strongimmune response —an
important trait for vaccine research.

THX mice have caught the eye of several
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research groups in the United States and
Europe. “I get e-mails almost every day,” says
Casali.Amongthose groupsis oneled by James
Voss, animmunologist at Scripps Researchin
LaJolla, California, who plans to use the mice
toadvance his work on targeted HIV therapies.
Voss and his team have used CRISPR gene-
editing to reprogram human B cells to produce
antibodies that canrecognize and block many
different strains of HIV. And although exist-
ing humanized mouse models have B cells,
they fail to mount a strong enough antibody
response, creating what Voss calls a “develop-
mental block”. THX mice overcome this limi-
tation, opening a new path for his research.

Once they reach the market, THX mice
are expected to be relatively cheap and less
labour-intensive to produce than other mouse
models. This is because they don’t require
complicated tissue engraftments, says Voss,
who hopes to start using them in the coming
months. “I'mvery excited. I think this willbe a
real game-changer.”

Move over, mice
Organ-on-chip and organoid systems

Some researchers are doing away with ani-
mal models altogether by creating miniature
versions of human organs and tissues. These
systems, which include organ-on-chip plat-
formsand organoid systems (cell cultures that
mimic organ functions), are providing snap-
shots of the human gut, liver, lung and other
organs in both sickness and health.

It’s a tantalizing prospect for drug develop-
ment, because these systems could provide
a more accurate model of human biology
than animal models, says Thomas Hartung, a
pharmacologist atJohns Hopkins University in
Baltimore, Maryland. He adds that many drugs
that have been approved over the past decade
arebased onhuman proteinsand antibodies. “It
makes no sense to test theminanimal models.”




A magnified image of a brain organoid with fluorescent labelling of various cell types.

Tiny organ models are also helping research-
ers to better understand how systems in the
body interact with each other and respond
to disease. Linda Griffith, a bioengineer at
the Massachusetts Institute of Technology in
Cambridge, and her colleagues have devel-
oped a model of the human gut to study how
the organ’s microbes interact withimmune
cells and regulate inflammation. They have
also created models for endometriosis and
pancreatic cancer.

Building systems like these — and trying to
reproduce them — is difficult, and not some-
thing that many labs are able to do, says Grif-
fith. She adds that scaling them up for mass
productionis also very complicated, because
itrequiresintensive quality-control measures.

Despite these hurdles, organ and tissue
microsystems are likely tobecome more com-
mon inlabs, atleast in the United States. In
July, the US National Institutes of Health (NIH)
announced thatit willnolonger offer new fund-
ingto projectsthatrely solely on animal mod-
els to study human disease. Instead, the NIH
will prioritize studies that use human-based
technologies, including organ-on-chip and
organoid systems.

The USFood and Drug Administration (FDA)
announced similar plansthis year to phase out
animal testing in favour of human cell cultures
and organoids for drug safety trials. The FDA’s
roadmap noted that animal models have been
poor predictors of drug success for many com-
mon diseases, from cancer to Alzheimer’s.
Some compounds that seemed safein animal
models havebeenlethalinhumans, according
totheregulator. “They’re telling us very clearly
thisiswhat the future looks like,” says Hartung.

Levelling up single-cell sequencing
SCRNA-seq

Few techniques have helped researchers to
unravel the mysteries of the immune system
quite like single-cell RNA-sequencing (scRNA-
seq) —amethodtodetermine whichgenesare
being transcribed into the RNA of individual
cells. Introduced inthelate 2000s, scRNA-seq
hasrapidly evolved over the past decade, and
has been used to map specificimmune cell
types and to pinpoint key differences in gene
activity that affect immune response. Now,
researchers are matching scRNA-seq with
other tools to give it different capabilities.

One method that pairs particularly well with
scRNA-seq is CITE-seq, which identifies both
RNA and proteins on the surfaces of individ-
ual cells simultaneously, says Sara Suliman, an
immunologist at the University of California,
San Francisco.
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This combined approach has been aboon
for research on naturalkiller (NK) cells (white
blood cells that destroy diseased cells), says
Eric Vivier,animmunologist at the Centre for
Immunology of Marseille-Luminy in France.
Lastyear, Vivier’steam published astudy? that
used scRNA-seq and CITE-seq touncover three
main types of NK cell based on the proteins
they produce in various tissues and cancers.
This helped the researchers to design better
cell‘engagers’—molecules that guide NK cells
toattack tumours. The team went on to build
anew engager that activates all three NK cell
types to target treatment-resistant forms of
non-Hodgkin’s lymphoma®.

Such efforts would not have been possible
using older technologies, such as bulk RNA
sequencing, which obscures the distinct sig-
natures of individual cells, says Vivier.

AnotherscRNA-seqadd-on, called single-cell
ATAC-seq, highlights which DNA regions are
open, accessible and potentially activein reg-
ulating gene expression, rather than simply
showing which genes are switched on. The
technique not only offers insights into cel-
lular function, but also allows researchers to
piece together what’s possible or primed to
happeninthe future.In August, ateamled by
researchers at the Tsinghua University School
of Medicine in Beijing described how they used
ATAC-seqto study acute myeloid leukaemia, a
rapidly progressing cancer of the blood and
bone marrow*. The work showed how faulty
generegulation in some leukaemia cells can
cause the disease to return after treatment.

Perturb-seq, meanwhile, is a technique
that combines scRNA-seq with CRISPR gene-
editing. This allows scientists to switch off or
modify genes across thousands of cells simul-
taneously, and to track how those changes
affect the cells. It’s been used to study cause-
and-effect relationships, such as how a small
genetic change might make someone more
vulnerable to infection orinflammation, says
Suliman. “That is where the powerful datais.”

Oneexample of Perturb-seqinactionisusing
it to switch off hundreds of genes one by one
in the lung cells of patients with COVID-19 to
observe the effects of the SARS-CoV-2 virus.
A 2023 paper’led by SaraSunshine, apostdoc
at the University of California, San Francisco,
describes using Perturb-seq to identify the
genes that the virus depends on to spread, as
wellas the genes thatdrive thebody’simmune
response — work that could inform future
COVID-19 treatments.

The enormous amount of data that these
add-on techniques process and produce has
created new challenges. Single-cell experi-
mentswithup to150 samples can cost between
US$70,000 and $80,000 to run, making them
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Different variants of the THX mouse model,
which replicates the human immune system.

outofreachformanylabs,says Suliman. Ensur-
ing that data sets from previous experiments
areavailableto the wider research community
would help labs save money, but this requires
huge amounts of storage.

On the other hand, bigger data sets do not
alwaysleadtobetterscience.Manyresearchers
haven’tbeentrained in bioinformatics and sta-
tistics, whichmeans they might not knowwhich
analyses are appropriate for the reams of data
that they have at their fingertips, says Suliman.
This cancreate reproducibility issues down the
line.“We need to pause abit and figure out what
infrastructureis needed to catch up,” she says.

Efforts are under way to consolidate and
streamline single-celldata.InMay, Yang Yang, a
bioinformatics researcher at Tianjin University
inChina, and his colleagues released apublicly
accessible database®called PerturbSeq.db. The
repository isamong the most comprehensive
ofitskind, bringing together almost 200 data

sets frommore than 75 single-cell sequencing
studies on dozens of tissue types.

Mapping cellular neighbourhoods
Single-cell sequencing

Many immunologists can’t live without single-
cell sequencing, but getting useful results
fromit canbe finicky, becauseitrequires cells
tobeisolated without damaging or destroying
them.Immune cells that circulate in the blood
and lymph are relatively easy to access, but
cells embedded within tissues, such as in the
brain, are technically very difficult to extract.

Enter spatial transcriptomics: a group of
techniquesusedtoanalyse the gene expression
of cells in whole tissues. Researchers use this
method to pinpoint where each cell is within
atissue, and to determine its function and
howitinteracts with other cells. Itis useful for
tracking how tumour cells spread and affect
the surrounding environment, says Fatimah
Al-Shahrour, a computational biologist who
focuses on cancer genomics at the Spanish
National Cancer Research Center in Madrid.

In a study published in 2024, Al-Shahrour’s
team used spatial-transcriptomics data from
breast-cancer patients to predict their sensitiv-
ity to more than 1,200 drugs’. They found that
sections of the tumoursresponded differently
tocertaintherapies, which could help to explain
why somebreast cancers are so challenging to
treat. They also found that some genetically
identical tumour cells responded differently
depending ontheirlocations. The teamis now
combining spatial transcriptomics with other
methodsto find new biomarkers (moleculesin
blood ortissues that show a disease is present)
thatcould guide cell-based treatments towards
the maintumoursin cancersthat have spread.

One limitation of spatial transcriptomics
isthat it allows researchers to analyse tissue
samples only on single slides, so it cannot
be used to observe how tissues change over
time. “It’s just a tissue in that moment,” says
Al-Shahrour. She and her group are combin-
ingartificial-intelligence systems with spatial
transcriptomicstotry to predict how atumour
mightevolve.

Gemma Conroy is a freelance science
journalist based in Mexico City.
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