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The microbiome is a key regulator of host homeostasis and immune activity, in
part through the production of metabolites. These microbiota-derived meta-

bolites can modulate both the innate and adaptive immune system, as well as
directly target tumour cells, thereby regulating anti-tumour immunity and
response to immunotherapy. Here, we describe the current mechanistic
knowledge on how these metabolites exert their effects and outline the
methodologies used to detect and assess these metabolites. Finally, we sum-
marize microbiota-targeted therapies capable of improving microbial func-
tionality to ultimately enhance immunotherapy responses and improve

patient survival.

Cancer treatment outcomes have improved greatly since the advent of
immunotherapy. In particular, immune checkpoint blockade (ICB) has
shown great promise across a wide variety of cancer types'. The most
assessed ICB therapies target programmed cell death protein 1 (PD1),
programmed death ligand-1 (PD-L1), and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4). However, response rates are still lim-
ited, with 45-60% in melanoma and 15-30% in other solid tumours®.
This highlights the need to further understand factors influencing ICB
responsiveness, thereby aiming to optimise treatment efficacy.

One newly identified modulator of response to immunotherapy is
the microbiome, which has recently been included as one of the hall-
marks of cancer’. The microbiome is a complex community of
microorganisms, including bacteria, viruses, and fungi, that reside in
the body and live in a mutualistic relationship with the host. A first hint
for a role of the microbiome in ICB response came from studies
showing that antibiotic treatment prior to or during ICB treatment
results in a worsened response*’. Additionally, transplanting faeces
from ICB-responding and non-responding patients to mice repro-
duced the corresponding treatment response patterns®. Subsequently,
several studies demonstrated that the composition of the microbiome
was significantly different between ICB responders and non-
responders®®. Furthermore, microbiome-targeting therapies, such as
faecal microbiota transfer (FMT) and probiotics, have shown promise

inimproving ICB responses’ . However, the mechanisms by which the
microbiome, as well as microbiome-targeting therapies, including
FMT, modulate ICB response are still largely unknown. Additionally,
bacterial strains considered to be important for response are incon-
sistent across studies’, which is not surprising given that the compo-
sition of the microbiome varies greatly even across healthy
individuals'®". Therefore, it is crucial to further understand how the
microbiome modulates anti-tumour immunity, as this will enable the
development of new microbiota-targeting strategies that can com-
plement ICB and support clinical translation.

In contrast to microbiome composition, microbial functional
capacity (i.e. its metabolic output) remains highly stable across
individuals®. Importantly, the microbiome can produce a diverse
range of metabolites which function as nutrient sources for the host,
but also as signalling molecules capable of inducing downstream
effects, including modulating the immune system'®. These immuno-
modulatory functions of microbiota-derived metabolites could there-
fore provide an interesting mechanistic link between the microbiome
and its influence on ICB outcome. Indeed, several studies have now
identified microbiota-derived metabolites that can influence anti-
tumour immunity and thereby affect ICB efficacy. This highlights the
need to look beyond single species associations and investigate the
impact of microbial metabolic activity on immunotherapy outcomes.
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Here, we provide a comprehensive overview of microbiota-
derived metabolites that have been shown to modulate anti-tumour
immunity and response to immunotherapy. We focus on their effects
on different compartments of the immune system and describe the
mechanisms through which they exert their function. Additionally, we
discuss methodologies and model systems used in these studies and
outline their challenges, as well as opportunities to guide future
research. Finally, we address the translational potential of this research
through examining potential microbiota-derived interventions, which
ultimately can be used to boost the therapeutic response to
immunotherapies.

The microbiome and the immune system

The microbiome forms a dynamic ecosystem, spanning a broad
spectrum of taxonomic classifications, starting from the phylum down
to the species level, and the abundance of the various species varies
greatly across individuals. Although these taxonomic classifications
are helpful for mapping microbial diversity, microbes within the same
taxonomic group can exert different functional capacities. This
emphasises that analyses based solely on microbial composition may
overlook critical aspects of microbiome function. Additionally, in
contrast to the variation in community composition, the functional
capacity of the microbiome is highly conserved across individuals'®",
highlighting the importance of metabolic activity of the microbiome.
The number of microbial genes exceeds that of the human genome by
approximately 100-fold, with over 19,000 metabolite gene clusters
identified across microbial genomes®. This enables the production of
a wide range of metabolites, a broad overview of which is provided in
Table 1, with details on different mechanisms of production outlined in

Box 1. Many of these metabolites can interact either directly or indir-
ectly with the host immune system, thereby playing a key role in
shaping human immune responses.

In the context of cancer, microbes in the gut can produce meta-
bolites, which can act on immune cells locally in the gut, or at distant
sites, such as the tumour. This microbiota-mediated immune mod-
ulation may result in altered anti-tumour immunity and therefore
affect response to ICB. Additionally, microbes also reside in the
tumour, where they might be able to produce metabolites and sub-
sequently alter the immune context within the tumour. Below, we
provide an overview (summarised in Table 2) of how microbiota-
derived metabolites impact response to immunotherapy, focusing on
their effects on different compartments of the immune system and
their suggested mechanisms.

Innate immunity

The innate immune system, which consists of cells such as macro-
phages and natural killer (NK) cells, is the first line of defence against
invading pathogens, initiating an immediate immune response. It is
therefore unsurprising that microbiota-derived metabolites can
directly impact the phenotype and function of these cells (Fig. 1). In the
context of immunotherapy, microbiota-derived metabolites, such as
indoles” and trimethylamine N-oxide (TMAO)%, have been shown to
affect anti-tumour immunity through their influence on tumour-
associated macrophages (TAMs). For example, Mirji et al. studied the
role of the gut microbiome in pancreatic ductal adenocarcinoma
(PDAC) growth by treating mice with antibiotics, which resulted in a
significant increase in tumour burden. To investigate the underlying
mechanism, the authors performed untargeted LC-MS/MS

Table 1| Overview of metabolite production by the gut microbiome

Class Metabolites Origin Microbe production method
Short-chain fatty Butyrate, propionate, pentanoate, formate Produced by microbial fermentation of diet- Diet-microbiota

acids (SCFAs) ary fibres and complex carbohydrates.

Indoles and tryptophan Indole-3-acetic acid (IAA), Indole-3-aldehyde  Derived from dietary tryptophan, metabo- Diet-microbiota

metabolites (13A), Indole-lactic acid (ILA), Indole-3- lised by gut bacteria. Cross-feeding

propionic acid (IPA)

Trimethylamine
derivatives

Trimethylamine N-oxide (TMAO)

Derived from TMA, which is generated by gut
microbes from dietary choline, carnitine, or
phosphatidylcholine.

Microbiota-host

Amino acids

L-Serine, L-Arginine.

Derived from dietary protein and host bio-
synthesis but may be modulated by microbial
uptake and metabolism.

Diet-microbiota

Amino acid derivatives

Urocanic acid (UCA), Phenylacetylgluta-
mine (PAGIn)

Derived from amino acid metabolism by gut
microbes (histidine and phenylalanine, for
UCA and PAGIn, respectively).

UCA = host-microbiota
PAGIn = microbiota-host

Secondary bile acids

Ursodeoxycholic acid (UDCA), 3-oxo-A4,6-
lithocholic acid

Generated from primary bile acids by micro-
bial deconjugation and transformation.

Host-microbiota

Nucleoside derivatives

Inosine

Derived from the breakdown of purine
nucleosides.

Host-microbiota
De novo microbial synthesis
Cross-feeding

Polyunsaturated
fatty acids

Docosahexaenoic acid (DHA)

Derived from the diet but may be modified or
influenced by microbial metabolism.

Diet-microbiota

Coenzymes and vitamins

Coenzyme A (CoA), Pantothenate (vitamin
B5), Riboflavin derivatives (5-OP-RU).

De novo microbial synthesis

De novo microbial synthesis

TCA cycle metabolite

Succinic acid

Intermediate in the TCA cycle derived from
succinyl-CoA.

Diet-microbiota

Other microbial-derived
bioactive compounds

Urolithin A (UA), Trigonelline, Phyto-
sphingosine, (E)-4-hydroxy-3-methyl-but-2-
enyl pyrophosphate (HMBPP)

Other microbial-derived bioactive com-
pounds have effects on the host.

UA = Diet-microbiota

Trigonelline = diet/host-microbiota,
however, is largely plant-derived.
Phytosphingosine = De novo micro-
bial synthesis

HMBPP = De novo microbial synthesis

SCFAs short chain fatty acids, IAA indole-3-acetic acid, I3A indole-3-aldehyde, ILA indole-lactic acid, IPA indole-3-propionic acid, TMAO trimethylamine N-oxide, TMA trimethylamine, UCA urocanic
acid, PAGIn phenylacetylglutamine, DHA docosahexaenoic acid, CoA coenzyme A, 5-OP-RU 5-(2-oxopropylideneamino)-6-p-ribitylaminouracil, UA urolithin A, HMBPP (E)-4-hydroxy-3-methyl-but-2-

enyl pyrophosphate.
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BOX 1

Directions of microbiota-derived metabolite production

Microbiota-derived metabolites are diverse in their nature and func-
tion, and the mechanisms through which they are produced rely on an
intricate network of interactions. These interactions depend not only
on a dynamic exchange between the diet, the host, and the micro-
biome, but also on cross-feeding relationships between microbes
themselves. Here, we provide an overview of the types of interactions
that may occur during microbial metabolite production.
Diet-microbiota: dietary intake can greatly influence the composi-
tion of the microbiome, as well as the metabolites produced. Dietary
components, such as carbohydrates, can act as substrates for these
microbiota-derived metabolites. For instance, SCFAs, including buty-
rate, acetate, and propionate, are produced through bacterial fer-
mentation of dietary fibres. Dietary fibre is broken down by bacteria to
form simple sugars, which are metabolised, for example, through
glycolysis, to produce pyruvate and acetyl-CoA'®. The production of
butyrate then relies on the microbial enzymes butyryl CoA:acetate CoA
transferase and butyryl kinase, while the production of propionate
occurs through the succinate, acrylate or propanediol pathways.
Acetate, the most abundant SCFA, is produced through acetyl-CoA by
or through the Wood-Ljungdahl pathway. Additional SCFAs include
formate and pentanoate. Further examples of diet-derived microbial
metabolites include urolithin A (UA), derived from the breakdown of

ellagitannins"®; indoles, derived from the catabolism of tryptophan

through the action of the enzyme tryptophanase''; and succinic acid, a
central intermediate of carbohydrate fermentation.

Host-microbiota: in other cases, metabolite production requires an
initial transformation by the host. This is demonstrated by the
sequential host-mediated processing of cholesterol to primary bile
acids, followed by secondary bile acid production by the microbiota.
These primary bile acids, such as cholic acid, are synthesised in the
liver from cholesterol through the action of enzymes including cho-
lesterol 7a-hydroxylase and further conjugated with glycine or
taurine'. Primary bile acids are then released into the intestine and
transformed to secondary bile acids (deoxycholic acid, lithocholic acid
(LCA) and UDCA) by enzymes such as bile salt hydrolases and hydro-
xysteroid dehydrogenases from the intestinal microbiota'™.

Microbiota-host: in some circumstances, sequential processing of
substrates first by microbes and then by the host is required. A well-
characterised example of this is TMAO. Diet-derived choline and
L-carnitine are first converted to trimethylamine (TMA) by the gut
microbiota through genes such as CutC/D"™ and the gbu operon™.
Further transport to and oxidation in the liver by flavin-containing
monooxygenases is then required to generate TMAO. The metabolite
PAGIn is a further example of this type of interaction, whereby phe-
nylalanine is first converted to phenylacetic acid by microbes. Phe-

nylacetic acid is then conjugated with glutamine in the liver™.

metabolomics on serum from these PDAC-bearing mice and observed
a depletion of TMAO (microbiota-host, Box 1) upon antibiotic
treatment®. They subsequently showed that this metabolite can skew
TAMs and dendritic cells (DCs) towards an immunostimulatory phe-
notype by activating a type | interferon (IFN) response, which in turn
drives CD8 T cell activation and enhances anti-PD1 and anti-TIM3
efficacy in a PDAC mouse model. Finally, increased abundance of
bacteria capable of producing this metabolite and expression of CutC,
the enzyme required for its production, was associated with improved
responses in patients treated with anti-PD1. In contrast to this
metabolite-induced macrophage activation, Hezaveh et al. identified a
role for the microbiome, in particular Lactobacillus murinus and Lac-
tobacillus reuteri, in worsening ICB response through inducing

De novo production. Metabolites may also be directly generated by
microbes using simple precursors. Examples of metabolites produced
de novo include pantothenate, or riboflavin derivatives such as 5-OP-
RU and HMBPP. Pantothenate can be derived from the diet or produced
de novo by bacteria through the action of enzymes such as pan-
tothenate synthetase'™. Riboflavin derivatives are produced through
the riboflavin synthesis pathway, with 5-OP-RU being formed through
the condensation of 5-A-RU and methylglyoxal. HMBPP is produced as
an intermediate in the non-mevalonate (MEP) pathway, a bacterial-
specific pathway.

Microbe-microbe cross-feeding: generation of microbiota-derived
metabolites can also occur in a stepwise fashion, relying on the cross-
feeding interactions between bacteria. This is exemplified by the cross-
feeding interaction between Lactobacillus johnsonii and Clostridium
sporogenes to produce the downstream tryptophan metabolite indole-
3-propionic acid (IPA). Firstly, tryptophan is converted to indole-3-
lactic acid (ILA) by L. johnsonii. ILA is then further converted to IPA by C.
sporogenes®®. This interaction underscores the collaboration which
can occur between microbes to facilitate metabolite production.

Drug-microbe interactions: drugs used during the treatment of
diseases can have a direct impact on microbiome composition and
thereby the types of metabolites produced. In some instances, drugs
themselves can be directly converted to new metabolites by the
microbiome'”. For example, in vitro treatment of a faecal-derived
bacterial community with trifluridine, an anti-cancer drug, resulted in
the deglycosylation of trifluridine to the inactive form
trifluorothymine'”. In other cases, drug treatment may induce shifts in
the microbiome, which directly impacts metabolite production. For
example, following the cessation of antibiotic administration, a bloom
in Enterocloster species can occur resulting in large shifts in bile acid
production. An additional example of this is the tyrosine kinase
inhibitor (TKI) induced increase in Muribaculum gordoncarteri abun-
dance, leading to increased urocanic acid (UCA) production®®.

Considering these interactions and their combined effects is crucial
when defining the relevance of the microbiome in microbiome-
immune system interactions. A complex network of interactions is
required for the generation of different microbiota-derived metabo-
lites, both between the diet, the host, and its microbiota, as well as
among microbes within the microbiome. Careful interpretation of
where these metabolites are derived from is therefore essential to
prevent oversimplification of the role of the microbiome in ICB
response and to enable the development of effective strategies for
microbiota-targeting treatments.

immunosuppressive TAMs in PDAC-bearing mice”. The authors
observed hampered anti-tumour immunity upon aryl hydrocarbon
receptor (AhR) activity in TAMs, which was improved after treatment
with Lactobacillus-targeted antibiotics. Mechanistically, metabolomics
on bacterial supernatant, as well as faeces of mice receiving these
bacteria via oral gavage, revealed tryptophan-derived indoles (diet-
microbiota, cross-feeding, Box 1), including indole-3-acetic acid (IAA)
and indole-lactic acid (ILA), to be capable of activating AhR expressed
on TAMs, thereby generating an immunosuppressive phenotype that
hampered CD8 T cell activity. Accordingly, removal of tryptophan
from the diet of PDAC-bearing mice led to decreased AhR activity on
TAMs and increased the number of activated CD8 T cells in the
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Fig. 1| Microbial metabolites shape innate and innate-like anti-tumour
immunity. Microbiota-derived metabolites modulate both the innate-like

(NKT cells, y5 T cells and MAIT cells [dark blue]) and innate (macrophages, DCs, and
NK cells [light blue]) immune system, thereby impacting anti-tumour immunity.
Mechanistically, secondary bile acids inhibit CXCL16 production by liver sinusoidal
endothelial cells, which hinders NKT cell trafficking to the tumour. HMBPP binds to
and induces a conformational change in BTN3A1/2/3 on both tumour and y5 T cells,
leading to V62 y8 T cells activation through interaction with the TCR. Presentation
of 5-OP-RU on MR1 on CD4 T cells binds to the MAIT TCR, thereby activating
MAIT cells, which in turn inhibit CD4 T cell proliferation. Depletion of L-serine by E.
rectale promotes activation of NK cells via the MAPK pathway. The SCFAs butyrate
and propionate reduce response to anti-CTLA-4 through downregulation of CD80/
86 on DCs, which prevents co-stimulation of T cells. TMAO induces a type |

and cytotoxicity
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interferon-dependent immunostimulatory phenotype in macrophages, which leads
to CD8 T cell activation. Indoles, including IAA, bind to the AhR on macrophages to
induce an immunosuppressive phenotype. Mouse studies are depicted by a mouse
icon, while the association of the metabolite with immunotherapy outcome in
human clinical studies is depicted by a human icon. BA, bile acid. NKT, natural killer
T cell. HMBPP, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate. TCR, T cell
receptor. BTN3A, butyrophilin subfamily 3 member A. 5-OP-RU, 5-(2-oxopropyli-
deneamino)-6-d-ribitylaminouracil. MR1, major histocompatibility complex class
I-related protein. MAIT, mucosal-associated invariant T cell. E. rectale, Eubacterium
rectale. MAPK mitogen-activated protein kinase, DC dendritic cell, AhR aryl
hydrocarbon receptor, GrzmB granzyme B, TMAO trimethylamine-N-oxide. Cre-
ated in BioRender. Voest, E. (2026) https://BioRender.com/jpq4s68.

tumour. Finally, in patients with pancreatic cancer, lower levels of AHR
expression were associated with improved overall survival

Although understudied, DCs can also be modulated by
microbiota-derived metabolites. Initial evidence came from a study by
Nastasi et al., which showed that treating healthy-donor-derived DCs
with the SCFAs (diet-microbiota, Box 1) butyrate and propionate

in vitro reduced the production of pro-inflammatory cytokines and
induced an anti-inflammatory profile in these cells®. Later, this was
confirmed by Coutzac et al., who demonstrated that higher serum
levels of butyrate and propionate were associated with poor response
to anti-CTLA-4 therapy in patients with metastatic melanoma®. In a
mouse model of three distinct cancer types, the authors demonstrated
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that anti-CTLA-4-mediated DC maturation was decreased upon the
addition of butyrate in the drinking water, as evidenced by lower
CD80/CD86 expression on these cells. This resulted in reduced co-
stimulatory CD28 signalling, which led to a diminished adaptive
immune response, hampering the efficacy of anti-CTLA-4.

Despite few studies directly linking microbiota-derived metabo-
lites to NK cell activity in relation to immunotherapy response, direct
effects of microbial metabolites on NK cells were reported. An example
of this is the SCFA butyrate, which was shown to increase proliferation
of a human immortalised NK cell line, enhance its anti-tumour cyto-
toxic capacity, and reduce anti-inflammatory IL-10 production®. This is
in contrast with the previously described immunosuppressive effect of
butyrate on DCs. However, these effects of butyrate on NK cell activity
were only tested in vitro, in the absence of a tumour, which may
explain the observed discrepancies. Additionally, Liu et al. demon-
strated in a tumour-bearing mouse model that Eubacterium rectale,
which is enriched in patients with melanoma responding to anti-PD1,
can enhance anti-PD1 efficacy by improving NK cell function and
infiltration®. In these tumour-bearing mice, E. rectale was shown to
consume and hence deplete 1-serine, as reflected by lower serum and
faeces concentrations. This decrease in L-serine, which normally sup-
presses the mitogen-activated protein kinase (MAPK) pathway, led to
activation of FOS/FOSL2 signalling in NK cells, thereby boosting their
activity and improving anti-PD1 efficacy in mice. Furthermore, key
enzymes in L-serine metabolism were also negatively associated with
CD4, CD8 and y& T cell infiltration in the tumour of anti-PD1-treated
patients with melanoma, which further suggests a link between L-serine
and anti-tumour immunity. However, other studies have shown both
in vitro and in vivo that the impact of L-serine depletion on cancer cell
proliferation is highly dependent on the genetic landscape of the
tumour®*%, highlighting a context-dependency that may similarly
shape its effect on the immune system. Additionally, given that L-serine
is a non-essential amino acid and usually readily available through
dietary intake, further studies in human patients will be essential to
confirm the translational relevance of these observations.

Altogether, these studies demonstrate the ability of the micro-
biome to influence innate immune cell activity, thereby shaping anti-
tumour immunity and modulating response to ICB (Fig. 1). However,
despite the central role of innate immune system in sensing microbes,
only few microbiota-derived metabolites, including the widely studied
SCFAs and tryptophan derivatives, have been shown to affect these
cells in the context of immunotherapy. Moreover, the contribution of
other innate immune cells, such as neutrophils and eosinophils, to
metabolite-immune crosstalk remains largely unexplored, despite
their established roles in anti-tumour immunity*. Advancing this
field will require large clinical data sets linking microbial functionality
to ICB response to select candidate metabolites, followed by func-
tional assays to validate their immunomodulatory effect. Finally, these
studies show that metabolites, such as butyrate, can exert both
immunostimulatory and immunosuppressive effects, depending on
the tumour or immune cell type examined and the model system used,
further highlighting the complexity of metabolite-mediated immune
regulation.

Innate-like immunity

Innate-like immune cells are bridging the innate and adaptive immune
system and include cells such as innate lymphoid cells (ILCs) and
innate-like T cells. Some of these innate-like T cells, including mucosal-
associated invariant T (MAIT) cells, y5 T cells, and NKT cells, are known
to recognise bacterial-derived products, thereby playing an important
role in pathogenic defence®>*. Moreover, these innate-like T cells have
emerged as critical players in anti-tumour immunity, as recently
reviewed by Ruf et al. *. For example, (E)-4-hydroxy-3-methyl-but-2-
enyl pyrophosphate (HMBPP; de novo production, Box 1), an inter-
mediate in the 2-C-methyl-p-erythritol-4-phosphate (MEP) pathway in

bacteria, is a potent activator of Vy9V82T cells*®, which is a subset of y&
T cells capable of direct tumour cell killing and presentation of tumour
antigens to CD8 T cells”. Indeed, we recently showed a significant
association between microbial MEP pathway abundance in the gut
through faecal metagenomics and response to ICB in patients with
different types of cancer’®. Supernatant of bacteria capable of produ-
cing HMBPP promoted V82 T cell-mediated killing of patient-derived
tumour organoids. Moreover, another subset of innate-like T cells,
MAIT cells, can recognise and be strongly activated by bacterial
metabolites derived from riboflavin synthesis, such as 5-OP-RU (de
novo production, Box 1), when presented by the major histocompat-
ibility complex-related 1 (MR1) molecule**°. In the context of immu-
notherapy, we recently found that patients with mismatch repair-
deficient (MMRd) cancers who were resistant to ICB showed an
enrichment of riboflavin synthesis pathways in their gut microbiome,
as determined by metagenomics, along with increased levels of
MAIT cells in the tumour?®, This detrimental effect of riboflavin on ICB
response was further confirmed by metabolomics on faecal samples of
these patients, which showed that high riboflavin levels were linked to
worse survival in patients with high levels of MAIT cells in the tumour.
Furthermore, Li et al. demonstrated an association between the acti-
vation of MAIT cells and tumour-infiltrating bacteria in human color-
ectal cancer (CRC)*. In vitro treatment of MAIT cells with both live
bacteria and supernatant from the CRC-associated bacterium Fuso-
bacterium nucleatum potently activated MAIT cells via the MR1 mole-
cule, suggesting that the mechanism of action is mediated by a
secreted factor. However, the specific metabolite exerting this effect
was not identified*’. Finally, NKT cells were found to protect against
tumour growth in the liver in both primary hepatocellular carcinoma
and liver metastasis mouse models, which was, however, impaired by a
defective conversion of primary bile acids to secondary bile acids
(host-microbiota, Box 1) by intestinal Clostridium species. Whereas
primary bile acids in the liver can increase CXCL16 expression by liver
sinusoidal endothelial cells, thereby inducing NKT cells recruitment
into the tumour and enhancing anti-tumour immunity, secondary bile
acids exert the opposite effect. Therefore, in mice with a high abun-
dance of bacteria mediating primary-to-secondary bile acid conver-
sion, elevated levels of secondary bile acids in the liver prevented
recruitment of NKT cells into the liver and thus promoted tumour
growth*,

Despite the known role of innate-like immune cells in sensing
microbiota-derived metabolites, few studies have explored the rele-
vance of these cells in the context of anti-tumour immunity (Fig. 1).
This lack of studies focusing on the innate-like immune compartment
may be partially explained by the many studies using mouse models to
both identify and assess microbiota-derived metabolites relevant to
immunotherapy (Table 2). However, it is important to consider that, in
general, mouse models do not adequately reflect these innate-like
immune subsets such as y8 T cells**** and MAIT cells*. Therefore,
integrated patient datasets and human model systems are needed to
provide insights into the complex interactions between metabolites
and innate-like immune cells.

Adaptive immunity

Even though innate immune cells form the first line of defence and are
the initial sensors of microbes, several microbiota-derived metabolites
have also been shown to directly affect adaptive immune cells.
Unsurprisingly, a large proportion of studies investigating the role of
microbiota-derived metabolites in immunotherapy success have
focused on the adaptive immune system, particularly CD8 T cells, as
these cells are crucial for response to ICB. Across studies, microbiota-
derived metabolites exert their effects on the adaptive immune system
through 5 different mechanisms: (1) transcriptional regulation, (2)
epigenetic regulation, (3) receptor-mediated signalling activation, (4)
regulation of mitochondrial function, and (5) post-transcriptional
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regulation. These mechanisms are summarised in the following para-
graphs and Fig. 2.

Transcriptional regulation

A number of metabolites, including formate®, indole-3-aldehyde
(I3A)", IPA*%, and bile acids*’ enhance anti-tumour immunity through
regulating the transcription of immune-related genes. In a melanoma
mouse model, Phelps et al. discovered in serum and caecal samples an
upregulation of formate production by the microbiome upon
exercise*®. Formate can be produced by the microbiome as a by-
product of anaerobic fermentation, one-carbon metabolism and pyr-
uvate metabolism (diet-microbiota, Box 1). Further investigation into
formate revealed that its administration stimulated anti-tumour
immunity and restricted tumour growth in melanoma, lymphoma,
and CRC mouse models. This effect was further enhanced in combi-
nation with anti-PD-L1. Mechanistically, formate activates the tran-
scription factor nuclear factor erythroid 2-related factor (Nrf2) in CD8
T cells, thereby promoting a cytotoxic Tcl-type of immune response.
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Additionally, serum levels of formate were higher in patients with
melanoma responsive to anti-PD1 and were associated with improved
progression-free survival. Another transcription factor influenced by a
microbiota-derived metabolite is the AhR, which binds I3A*". The
impact of this metabolite on immunotherapy response was demon-
strated by the fact that the probiotic L. reuteri could promote effector
T cell responses in a melanoma mouse model through production of
I3A in the tumour microenvironment (TME). Binding of I3A to AhR in
CD8 T cells induces phosphorylation of cAMP response element-
binding protein (CREB), resulting in increased proliferation, as well as
IFN-y and granzyme B production in these cells. This occurred speci-
fically within the TME, as L. reuteri present at other sites was not suf-
ficient to reduce tumour growth. Interestingly, increased levels of I13A
in the serum of patients with melanoma are associated with a favour-
able response to ICB. In line with this AhR-mediated CD8 T cell acti-
vation, the presence of Akkermansia spp. in the gut enhanced CAR T
cell efficacy against B cell lymphoma in mice through the production
of AhR-binding indoles. These indoles, including IPA, then entered the
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Fig. 2 | Microbiota-derived metabolites regulate adaptive immune activity.
Microbiota-derived metabolites modulate the adaptive immune system and affect
ICB response via different mechanisms. A The metabolites 3-oxo-A4,6-LCA, for-
mate, and I3A modulate immunotherapy response at the level of transcriptional
regulation. 3-oxo-A4,6-LCA binds to AR, thereby inducing a stem-like phenotype in
CD8 T cells (green). Formate binds to Nrf2, leading to phosphorylation of STAT1
and increased expression of IRF8, thereby promoting cytotoxic Tcl immunity. Tcl
immunity is further promoted by I3A binding of AhR, leading to phosphorylation of
CREB and changes in gene expression. The binding of indoles, e.g. IPA to AhR, also
boosts the cytotoxic capacity of CAR-T cells. B Butyrate, pentanoate and IPA
modulate immunotherapy response through epigenetic changes. Butyrate increa-
ses H3K27ac of the promoters of CD28 and PD1. Pentanoate inhibits class | HDACs
and induces phosphorylation of mTOR to increase TNFa and IFNy production by
CD8 T cells and improve their persistence. Additionally, butyrate also inhibits
HDAC 3/8 in CD8 T cells to upregulate Thx21, a negative regulator of PD1. IPA
induces H3K27ac of the super-enhancer of Tcf7, thereby inducing differentiation of
CD8 T cells to progenitor exhausted cells. C Receptor-mediated signalling via
butyrate, inosine and PAGIn modulates anti-tumour immunity. The binding of
butyrate to TLRS activates the NFkB signalling pathway, which increases the
effector potential of CD8 T cells. Inosine, through binding of A,4R, activates the
cAMP-PKA-pCREB pathway, thereby promoting CD4 (pink) Thl function. PAGIn
promotes CD8 T cell exhaustion and decreases infiltration of T cells into the

tumour. D Mitochondrial targeting through UA or pantothenate/CoA leads to
enhanced T cell function. UA induces mitophagy, thereby releasing PGAMS, which
modulates signalling pathways to induce stem-like memory T cells. Pantothenate or
CoA increase mitochondrial OXPHOS, leading to ROS and succinate production,
ultimately resulting in Tc22 differentiation, a cytotoxic effector T cell subset.

E UDCA, through binding of bile acid receptor TGRS, induced degradation of TGF(.
Treg activation and differentiation were therefore diminished, allowing improved
CD8 T cell function. In vivo validation is depicted by a mouse icon, while the
association of the metabolite with immunotherapy outcome in human clinical
studies is depicted by a human icon. I3A indole-3-aldehyde, AR androgen receptor,
Nrf2 nuclear factor erythroid 2-related factor 2, STATI signal transducer and acti-
vator of transcription 1, IRF8 interferon regulatory factor 8, AhR aryl hydrocarbon
receptor, CREB cAMP response element-binding protein, IPA indole-3-propionic
acid, HDAC histone deacetylase, mTOR mammalian target of rapamycin, PD1 pro-
grammed cell death protein 1, TLR4/5 toll-like receptor 4/5, A;AR adenosine A2A
receptor, cCAMP cyclic adenosine monophosphate, PKA protein kinase A, PAGIn
phenylacetylglutamine, PGAMS phosphoglycerate mutase family member 5, CoA
coenzyme A, OXPHOS oxidative phosphorylation, ROS reactive oxygen species,
HIF1a hypoxia-inducible factor 1-alpha, UDCA ursodeoxycholic acid, CHIP carboxyl
terminus of Hsc70-interacting protein, TGRS Takeda G protein-coupled receptor 5.
Created in BioRender. Voest, E. (2026) https://BioRender.com/gjw9wr8.

system and bound AhR on CAR T cells, thereby promoting their
homing to the bone marrow and improving its effector function.
Consistently, in patients with B-cell lymphoma receiving CAR T cells,
the presence of Akkermansia in the stool correlated with higher levels
of indoles in the plasma*. In a separate study, Jin et al. combined
computational and experimental screening to functionally profile the
poorly characterised microbiota-derived bile acids in human and
mouse faeces. This led to the identification of microbiota-derived bile
acids (host-microbiota, Box 1) that can modulate anti-tumour immu-
nity through antagonising the transcription factor androgen receptor
(AR) in CDS8 T cells*. Specifically, the bile acid 3-oxo-A4-LCA improves
anti-PD1 response in a bladder cancer mouse model by inducing an AR-
dependent shift in CD8 T cells to a stem-like phenotype. Additionally,
the presence of these specific bile acids was confirmed in both human
serum and faecal samples. In contrast, Varanasi et al. demonstrated a
role for the secondary bile acids LCA and isoalloLCA in hampering the
function of mouse and human CD8 T cells in vitro®®. However, this was
through a different mechanism relating to increased exhaustion and an
endoplasmic reticulum (ER) stress response. Expanding upon this, in a
mouse model of liver cancer, LCA-fed mice showed increased tumour
burden and lower CD4 and CD8 T cell infiltration. Collectively, these
studies show that microbiota-derived metabolites directly interact
with transcription factors to regulate gene expression of immune cells,
thereby modulating their immune activity.

Epigenetic regulation

Several microbiota-derived metabolites, including butyrate® >,
pentanoate®, and IPA** are capable of epigenetically altering immune
function through the modification of histone proteins or chromatin
structures. For example, two independent studies have shown that
butyrate improves response to adoptive cell therapy® and anti-PD1%
through the inhibition of histone deacetylases (HDACs). Specifically,
Luu et al. demonstrated that Megasphaera massiliensis-derived
SCFAs enhanced cytotoxic lymphocyte effector functions. Treatment
of human and murine CAR T cells with the SCFAs pentanoate and
butyrate inhibited class I HDACs and increased phosphorylation of
mammalian target of rapamycin (mTOR) in these CD8 T cells,
thereby improving their effector function both in vitro and in pan-
creatic cancer-bearing mice. Additionally, pentanoate increased the
expression of CD25 and IL-2 in CD8 T cells, enhancing their in vivo
persistence via autocrine signalling®. Similarly, Wang et al. showed
that intratumoral F. nucleatum-derived butyrate suppressed HDAC 3/

8in CD8 T cells in a mouse model of microsatellite stable (MSS) CRC,
thereby alleviating their exhaustion and improving their effector
function®?. This butyrate-mediated inhibition of HDAC 3/8 led to an
increase in H3K27 acetylation (H3K27ac) of the Tbx2I promoter,
which is a repressor of PD1 expression. As a result, CD8 T cells
showed reduced PD1 expression and improved effector functions.
Another study examining butyrate*, similarly identified modulation
of H3K27ac as a mechanism of modulating anti-tumour immunity by
this metabolite. Here, butyrate upregulated PD1 on healthy-donor-
derived CD8 and V62 T cells by inducing increased H3K27ac at the
promoters of Pdcdl and CD28. This increased expression of PD1 and
CD28 on CD8 T cells resulted in enhanced CD8 T cell activity, and
treatment with butyrate improved anti-PD1 responses in melanoma-
bearing mice®. This butyrate-mediated upregulation of PD1 on CD8
T cells contrasts with the results of Wang et al., who showed that
butyrate reduced PD1 expression on these cells. These conflicting
results may potentially be explained by differences in model systems
used (CRC-bearing mice vs human healthy-donor-derived CD8
T cells) and the dosing and concentration of butyrate (bacterial
supernatant vs purified metabolite). Nonetheless, both studies
report improved effector function of CD8 T cells upon treatment
with butyrate, as demonstrated by the increased production of IFN-y
and TNF-a in vivo. It should be noted, however, that butyrate func-
tions as a broad HDAC inhibitor and can act on multiple cell types,
potentially eliciting divergent effects. Finally, cross-feeding between
L. johnsonii and C. sporogenes (Box 1) in the gut increased serum
levels of IPA, which promoted H3K27ac at the super-enhancer region
of Tcf7, thereby driving CD8 T cell differentiation towards a pro-
genitor exhausted state. This was associated with improved efficacy
of anti-PD1 treatment in mice bearing MMRd CRC*".

Receptor-mediated signalling activation

Microbial metabolites can influence distinct immune signalling path-
ways essential for coordinating immune function. Molecules like, but
not limited to, inosine®, butyrate’, and phenylacetylglutamine
(PAGIn)*” have established immune signalling-modulating functions.
For example, Mager et al. showed in a mouse model of CRC that
intestinal Bifidobacterium pseudolongum elevated serum levels of
inosine, a metabolite which can be produced by bacteria pre-
dominantly through the purine salvage pathway. Inosine, in turn,
promoted Thl differentiation through binding to the adenosine 2A
receptor (A4R) on T cells, which leads to activation of the A;sR-cAMP-
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PKA-CREB pathway. This activation subsequently results in the pro-
duction of Thi-stimulating factors, including IL-12 receptor and IFN-y,
thereby boosting ICB response™. This beneficial effect of inosine on
anti-CTLA-4 response in mice requires co-stimulation by DCs, as in the
absence of DCs, increased tumour size and decreased CD4 and CD8 T
cell infiltration were observed. Additionally, Kang et al. showed that
Roseburia intestinalis-derived butyrate, as detected by metabolomics
on bacterial conditioned media and mice faeces, enhanced the
response to anti-PD1 treatment in a mouse model of MSS-CRC. Buty-
rate bound the toll-like receptor 5 (TLRS), which resulted in NF-kB
activation and enhanced CDS8 T cell function®. Additionally, through
performing a multi-omics analysis of the gut microbiome and meta-
bolome in a pan-cancer cohort of patients treated with ICB, Zhu et al.
found PAGIn (microbiota-host, Box 1) to be negatively correlated with
anti-PD1/PD-L1 efficacy. This metabolite promotes CD8 T cell exhaus-
tion and hampers their infiltration into the tumour in a CRC mouse
model”. Interestingly, PAGIn was previously shown to inhibit T cell
activity in vitro in mouse spleen cells by suppressing NF-kB and
TLR4 signalling®®. Taken together, although these metabolites target
different signalling pathways, they collectively demonstrate the
interaction of metabolites with T cell surface receptors. This interac-
tion results in the downstream activation or inhibition of key signalling
pathways and therefore influences immune activation and respon-
siveness to ICB.

Regulation of mitochondrial function

Emerging evidence has highlighted the capacity of microbiota-
derived metabolites to modulate mitochondria in T cells, which can
lead to altered immune metabolism and function. For example,
administration of the metabolite UA (diet-microbiota, Box 1), which
can be produced by gut commensals, suppresses tumour growth and
enhances adoptive cell therapy in CRC-bearing mice through indu-
cing Pinkl-dependent mitophagy in CD8 T cells. Mitophagy is the
specific degradation and removal of mitochondria, which in this case
led to the release of the mitochondrial protein phosphatase phos-
phoglycerate mutase family member 5 (PGAMS5) and depho-
sphorylation of B-catenin. This resulted in increased Wnt signalling
and the induction of stem-like memory T cells (Tscy) in vitro in both
human and murine T cells exposed to UA*. These Tscy cells can self-
renew and therefore overcome the exhausted T cell state commonly
observed in the TME, thereby improving the adoptive cell therapy
outcome. Additionally, St. Paul et al. showed that co-administration
of pantothenate (vitamin B5; de novo production, Box 1) with anti-
PD-L1 treatment reduced tumour growth in a mouse model of CRC®°.
Mechanistically, the authors showed in vitro that coenzyme A (CoA),
a breakdown product of pantothenate, can trigger increased oxida-
tive phosphorylation in T cells. This led to reactive oxygen species
(ROS)-induced activation of AhR and succinate-induced hypoxia-
inducible factor 1-a (HIF-1a) stabilisation in CD8 T cells. These
changes in T cell metabolism ultimately stimulate the differentiation
of CD8 T cells to a Tc22 phenotype capable of producing IL-2 and IL-
22, which was shown to boost anti-tumour immunity in vivo. More-
over, although demonstrated in a small patient cohort, elevated stool
levels of succinate were associated with enhanced CAR T cell effector
functions and improved persistence in patients with multiple mye-
loma. In vitro, exposure of CAR T cells to succinate increased their
respiratory capacity, consistent with a more memory-like T cell
profile, which may underlie the observed improvement in
persistence®. Altogether, these studies highlight the direct impact of
microbiota-derived metabolites on mitochondrial function and their
downstream effect on immune cell function and anti-tumour
immunity. However, as mitochondria are complex organelles
involved in many cellular processes, including metabolism, apopto-
sis, and signalling, it remains challenging to pinpoint the direct reg-
ulatory effects of microbiota-derived metabolites.

Post-translational regulation

Shen et al. demonstrated that administration of UDCA (host-micro-
biota, Box 1), a secondary bile acid produced by intestinal bacteria,
leads to the degradation of TGF-f through post-translational mod-
ification, thereby enhancing antitumor immunity in tumour-bearing
mice®’. UDCA binds to the bile acid receptor TGRS on the membrane of
CD4 T cells, which leads to increased levels of cyclic AMP (cAMP). This
cAMP can, in turn, activate protein kinase A (PKA), leading to phos-
phorylation of TGF-B, which promotes its binding to and ubiquitina-
tion by carboxyl terminus of the Hsc70-interacting protein (CHIP). This
ubiquitin-induced degradation of TGF- by UDCA results in diminished
regulatory T cell (Treg) activation and differentiation and therefore
boosts response to anti-PD1/PD-L1 in CRC, melanoma, and lung cancer
mouse models. Although this study shows the relevance of metabolite-
induced post-translational modification in immune cells, this area
remains largely underexplored. In the field of immune-oncology, most
studies to date have investigated transcriptional regulation in immune
cells and tumour cells, rather than post-transcriptional changes.
Nevertheless, techniques to identify these post-translational mod-
ifications, including mass-spectrometry, may help to uncover novel
pathways by which microbiota-derived metabolites influence anti-
tumour immunity.

Taken together, these studies highlight the multifaceted effects of
microbial metabolites on the adaptive immune system. Such effects
may arise through distinct mechanisms, or through a combination of
processes such as receptor-mediated signalling followed by post-
translational regulation, as is the case for UDCA®. Notably, it is clear
from the studies described that research has predominantly focused
on CD8 T cells, highlighting a gap in knowledge for how these meta-
bolites influence the function of CD4 T cells and B cells, which are also
important players in the anti-tumour immune response.

Direct effects on tumour cells

Beyond the impact of microbiome-derived metabolites on immune
cells, direct effects on tumour cells can also occur, whichin turn lead to
changes in the immune context of the tumour. These metabolites
exert their effects mainly through two mechanisms: (1) modulation of
tumour immunogenicity via MHC molecules and immune checkpoints,
and (2) regulation of immune cell recruitment (Fig. 3).

Modulation of tumour immunogenicity

Several metabolites, including inosine®, phytosphingosine®, L-
arginine®, docosahexaenoic acid (DHA)®, and trigonelline®, impact
MHC- or immune checkpoint expression. Inosine and phyto-
sphingosine improve antigen presentation through upregulation of
MHC class 1 on tumour cells, promoting their detectability by the
immune system. For example, Zhang et al. showed an enrichment of
inosine in the serum of patients with renal cell carcinoma and in
tumour-bearing mice that responded to anti-PD1 and anti-CTLA-4
treatment. In vitro, inosine directly inhibits ubiquitin-like modifier-
activating enzyme 6 (UBA6), which increases the expression of MHC-I
and other genes involved in antigen presentation, thereby enhancing
immune recognition®. Although this study did not directly describe a
role for the microbiome, inosine can be microbiome-derived and, in
turn, modulate Thi cells activity, as was demonstrated by Mager et al.
. Additionally, Ferrari et al. examined the effect of supernatant
derived from Lacticaseibacillus paracasei and Akkermansia mucini-
phila, bacterial species known to be associated with ICB response, on
HLA class I expression on human tumour cells in vitro®*. Through
profiling the supernatant by metabolomics, they demonstrate that
phytosphingosine in the L. paracasei supernatant potently increased
HLA class I expression. Phytosphingosine activates the MyD88-NF-kB
pathway, thereby inducing the expression of NOD-like receptor family
CARD domain containing 5 (NLRCS5), which is an MHC class I transac-
tivator. Combination of the bacterial supernatant with anti-PD1
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Fig. 3 | Direct effects of microbiota-derived metabolites on tumour immuno-
genicity. Recognition of tumour cells by the immune system can be impacted by
microbiota-derived metabolites in two ways: A regulation of immunogenicity or
B changes in immune cell recruitment. A Inosine and phytosphingosine achieve this
through the upregulation of MHC-1 on tumour cells. DHA and trigonelline block the
transcription of PD-L1, thereby decreasing its expression and removing the brakes
on T cells. B TMAO induces an immunogenic cell death in tumour cells via the
induction of GSDME-mediated pyroptosis, the products of which activate CD8

T cells. Succinic acid binds to SUCNRI1 on tumour cells, which decreases CXCL10
and CCLS production, thereby hindering the infiltration of T cells into the tumour.
UCA, through inhibition of IkBa on endothelial cells, lowers the concentration of

CXCL1, resulting in reduced MDSC-mediated immunosuppression. In vivo valida-
tion is depicted by a mouse icon, while the association of the metabolite with
immunotherapy outcome in human clinical studies is depicted by a human icon.
UBAG6 ubiquitin-like modifier-activating enzyme 6, MHC-I major histocompatibility
complex I, MyD88 myeloid differentiation primary response gene 88, NLRC5 NLR
family CARD domain containing 5, DHA docosahexaenoic acid, PD-L1 programmed
death-ligand 1, TMAO trimethylamine-N-oxide, GSDME gasdermin E, PERK protein
kinase R-like ER kinase, ER endoplasmic reticulum, SUCNRI succinate receptor 1,
EZH2 enhancer of zeste homologue 2, HIF-1a hypoxia-inducible factor 1-alpha, cGAS
cyclic GMP-AMP synthase, MDSC myeloid-derived suppressor cell. Created in
BioRender. Voest, E. (2026) https://BioRender.com/mpluute.

therapy significantly reduced tumour growth compared to vehicle
treatment in a mouse model of breast cancer and CRC. Moreover,
Zhang et al. investigated the combination therapy of anti-PD-L1 with
MEK inhibitors (MEKi) as they showed that MEKi increased MHC-I
expression on tumour cells via NLRC5, both in vitro on human CRC
cells and in CRC-bearing mice®. However, treatment with the MEKi
also induced alterations in the gut microbiome of these mice, which
diminished anti-PD-L1 efficacy. Specifically, the MEKi-induced shift in
the microbiome resulted in elevated intestinal Clostridiaceae-derived
arginase and thus decreased faecal, serum, and tumour levels of 1-
arginine, a metabolite essential for CD8 T cell function. Direct inhibi-
tion of arginase by the arginase inhibitor nor-NOHA boosted L-arginine
concentration, resulting in enhanced CD8 T cell activation and ICB
efficacy.

In addition to enhancing tumour immunogenicity via upregulat-
ing MHC expression, the metabolites DHA and trigonelline release
tumour cell-induced immune suppression through downregulating
PD-L1 expression on tumour cells. For example, administration of
ginger-derived exosome-like nanoparticles (GELNs) improves
response to anti-PD-L1 in melanoma mouse models through a Lach-
nospirascease-induced increase in the systemic concentration of DHA,
which suppressed PD-L1 expression on tumour cells®. Mechanistically,
the authors show in vitro that DHA binds the promoter region of PD-L1
in tumour cells, which blocks the recruitment of c-myc to this site,
thereby inhibiting PD-L1 expression. Additionally, levels of intestinal
DHA were elevated in patients with melanoma responsive to anti-PD-L1

treatment. Moreover, Blautia coccoides, which was found to be enri-
ched in the gut microbiome of patients with bladder cancer, increases
serum levels of trigonelline, which in turn enhances CD8 T cell anti-
tumour immunity in a mouse model of bladder cancer. This occurs
through its inhibition of B-catenin in tumour cells, leading to reduced
tumour proliferation and decreased PD-L1 expression®. However, it
should be noted that p-catenin is involved in numerous cellular pro-
cesses, and therefore further validation in humans will be essential.
Additionally, although trigonelline increased following the adminis-
tration of B. coccoides, trigonelline is primarily a diet-derived meta-
bolite, and the extent to which the microbiota contributes remains
unclear.

Taken together, these studies highlight the potential role for
microbiota-derived metabolites in boosting the immunogenicity of
tumour cells. They also demonstrate the capacity of gut-derived
metabolites to reach the tumour site and exert immunomodulatory
effects. Based on this, exploration of combination therapies simulta-
neously targeting the gut and tumour may evolve as a promising
strategy.

Regulation of immune cell recruitment and activation

Immune cell recruitment and activation are important factors for
immunotherapy response. Tumour cells play an important role in the
production of factors influencing immune cell recruitment and acti-
vation, including cytokines and chemokines. To date, several meta-
bolites have been associated with tumour-mediated immune cell
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recruitment and activation in relation to immunotherapy success.
These include UCA®, succinic acid®’, and TMAO’. UCA, a microbial
metabolite derived from the breakdown of histidine, mediates the
additive effect of tyrosine kinase inhibitors (TKIs) in combination with
anti-PD1 treatment in CRC mouse models®®. Performing untargeted
metabolomics on plasma and faeces from both mice and patients
treated with TKIs, the authors found an enrichment of UCA in the TKI-
treated group. Mechanistically, UCA, produced by Muribaculum,
directly acts on NF-kB inhibitor alpha (IkB) on tumour endothelial cells,
resulting in a decrease in the production of CXCLI. This reduced level
of CXCL1 leads to reduced myeloid-derived suppressor cell (MDSC)
recruitment and increased CD8 T cell activation. Importantly, UCA did
not show a direct effect on MDSCs or CD8 T cells, highlighting the
importance of tumour endothelial cells. Interestingly, the abundance
of Muribaculum gordoncarteri and UCA is associated with a favourable
response to ICB in patients with CRC. Additionally, F. nucleatum, which
associates with impaired immunotherapy efficacy in both patients with
CRC, as well as CRC-bearing mice, modulated immune cell recruitment
and impaired anti-tumour immunity through the production of suc-
cinic acid in a mouse model of CRC*. Metabolomic analyses of F.
nucleatum-derived supernatant, as well as serum and faecal samples
from two independent CRC patient cohorts, identified succinic acid as
a candidate metabolite modifying response to ICB. Succinic acid is
produced by both the host and the microbiota through the TCA cycle
(diet-microbiota, Box 1). The authors show in vitro that succinic acid
binds the succinate receptor 1 (SUCNR1) on human CRC cells, leading
to stabilisation of HIF-la and inducing increased expression of
enhancer of zeste homologue 2 (EZH2), an enzyme involved in gene
silencing. EZH2, in turn, binds the promoter of cyclic GMP-Amp syn-
thase (cGAS), thereby silencing its expression. This downregulation of
cGAS decreases the activation of stimulator of IFN response cGAMP
interactor (STING), which reduces the production of CCL5 and
CXCL10, factors that can induce migration of T cells to the tumour site,
thereby decreasing anti-PD1 response. Furthermore, Wang et al. found
a significant correlation between the level of the microbial metabolite
TMAO in the tumour and an immune-activated TME in patients with
triple-negative breast cancer (TNBC). Additionally, TMAO was able to
induce CD8 T cell anti-tumour immunity and boost response to anti-
PD1 in TNBC-bearing mice. In vitro, TMAO activated protein kinase
R-like endoplasmic reticulum kinase (PERK) and induced ER stress,
resulting in the induction of gasdermin E-mediated (GSDME) pyr-
optosis of murine tumour cells”. This pyroptosis is an immunogenic
form of cell death that leads to inflammation through the release of
cytokines such as IL-13 and IL-18", thereby promoting anti-tumour
immunity.

In summary, these studies demonstrate that microbiota-derived
metabolites can influence anti-tumour immunity, not only by directly
modulating the immune system, but also by affecting tumour cells.
Therefore, by focusing solely on immune cells, key metabolites that
influence immunotherapy response may be easily overlooked.

Integrated approaches for assessing microbial
functionality

Methodological considerations for profiling microbiome
function

Microbiome-host interactions are a relatively new field, and faecal-
derived metagenomics and metabolomics have emerged as powerful
tools to investigate it. Although both approaches are crucial to gain an
in-depth understanding of microbiome functionality in relation to
immunotherapy response, they are not interchangeable. Whole-
genome metagenomics is a robust strategy to functionally profile
the microbiome by investigating the functions encoded by the anno-
tated microbial genes. This method has several advantages, including
the chemical stability of DNA and the availability of well-established
protocols and reference databases. However, metagenomics can only

outline the functional capacity of the microbiome as it does not indi-
cate whether genes are indeed actively expressed’”. In contrast, gut
metabolomics provides a clear profile of the metabolites present, but
is still in its infancy and therefore has several challenges”. For example,
metabolomics is still lacking sufficient metabolite reference databases,
leaving many metabolites without annotation in untargeted analyses.
Additionally, metabolites are highly reactive, which can hinder their
accurate measurement, with variability in methodologies and instru-
ments further limiting data reproducibility. Furthermore, metabolites
may have several functionally different isomers that cannot be dis-
tinguished by mass-spectrometry. Moreover, metabolites can be pre-
sent at low, but functionally relevant concentrations, thereby not
being detected by mass-spectrometry. Finally, many metabolites are
not uniquely derived from the microbiome, complicating attribution
of their effects to microbial activity alone, and raising the possibility
that host metabolic pathways contribute indirectly. Considering these
challenges, other omics approaches, such as metatranscriptomics and
metaproteomics, could help identify which metabolic processes are
active by revealing which microbial enzymes are being expressed,
although these approaches are currently less commonly used’. These
data would complement metagenomic and metabolomic data, and
their integration would provide a broader view of the functional and
metabolic state of the microbiome.

Importantly, it is crucial to consider the sampling site (plasma vs
faeces) as these might provide different insights: whereas gut meta-
bolomics directly reflects microbiome activity and local metabolite
production, plasma metabolomics reflects systemic exposure. As a
result, high faecal levels do not necessarily translate to systemic
exposure, and plasma levels may reflect a mixture of microbial- and
host-derived metabolism. This distinction is important because
metabolites that act locally in the gut may not reach tumours or per-
ipheral immune cells, while metabolites detected in the plasma are
more directly linked to systemic immune modulation. Indeed, Sun
et al. reported a poor correlation between faecal and plasma meta-
bolomics in patients with CRC, further highlighting that these methods
capture distinct aspects of host-microbiome interactions”. Finally,
standardisation in sample collection, storage, experimental protocols,
data analysis, and data deposition in open-access repositories, toge-
ther with ongoing advances in technologies and reference databases,
will further support the generation of reproducible microbial func-
tional data. Several initiatives have been established to support this,
including STORMS’® (strengthening the organisation and reporting of
microbiome studies) and the Human Microbiome Action’”’, which
provide structured frameworks aimed at harmonising the design,
conduct, and reporting of microbiome research.

Integrative microbiome-host profiling

Combining microbiome-derived multi-omics data with approaches
that profile host tumour- and immune compositions, including WGS,
RNA-sequencing, and flow cytometry, will further advance the under-
standing of the impact of microbiota-derived metabolites on anti-
tumour immunity. In addition, techniques that model spatial organi-
sation of tumours, such as spatial transcriptomics, proteomics, and
metabolomics, or an integrative combination thereof”®, may further
help to elucidate interactions between the host, microbes, and their
derived metabolites’”. Through such integrative approaches, microbial
metabolite levels can be correlated with the frequency and activation
states of immune subsets, tumour characteristics, and clinical out-
come. This may guide the identification of candidate metabolites,
reveal the immune cell populations they influence, inform the selec-
tion of appropriate model systems for validations, and help disen-
tangle local gut effects from systemic or tumour-specific effects, all
within a clinically relevant patient setting. This integration can be
achieved by collecting stool, plasma, and tumour samples from the
same patients undergoing immunotherapy.
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Candidate metabolite validation and clinical translation

To date, many studies have relied on (germ-free) mouse models
(Table 2), both for the identification of metabolites of interest and for
the assessment of their effect. While this has been important for
showing causal effects of microbiota-derived metabolites on anti-
tumour immunity, translation of these results to humans has not
always been successful due to the differences in microbiome compo-
sition, immune subsets, and microbial metabolic capacity between
(germ-free) mice and humans®®*2, Additionally, differences in gastro-
intestinal tract anatomy, genetic backgrounds, as well as environ-
mental factors, including diet, housing conditions, pathogen
exposure, and exercise between mice and humans further complicates
translation®. In the context of ICB, mice do not receive prior treat-
ments, whereas patients, particularly in the metastatic setting, are
often heavily pre-treated. Moreover, treatment regimens used in pre-
clinical models frequently differ from real-world clinical practice,
including differences between adjuvant, neo-adjuvant, and metastatic
approaches, as well as between single-agent and combination
therapies.

Results obtained in these studies must therefore be validated in
models more representative of human biology, as well as in large
clinical datasets. Several models would be suitable for this, including
organoids®**°, microfluidic devices (also known as organ-on-chip)***’,
and the patient-derived tumour fragment (PDTF) platform®, These
approaches allow the assessment of the interaction between human
tumour and immune cells, either in a generated co-culture setting or
their native context within an ex vivo tumour fragment. Treating these
immune-tumour organoid co-cultures or PDTFs with bacterial super-
natant or pure metabolites may help reveal or validate immunomo-
dulatory effects in a human setting. For instance, bacteria producing
the metabolite HMBPP were shown to potently induce the activity and
anti-tumour cytotoxicity of V62 T cells, an immune subset that is
absent in mice®. Nevertheless, although these human models may
complement findings in murine models, they also have inherent lim-
itations, including their limited representation of the full complexity of
the TME, the inability to disentangle local gut effects from systemic or
tumour-intrinsic effects, and the restricted longevity of these cultures.

In addition to these differences between human and mouse stu-
dies, metabolites can have context-dependent effects that vary
according to host metabolism and genetics, tumour-intrinsic biology,
composition of the TME, (combinatorial) treatment strategies, meta-
bolite dosing, and divergent effects on distinct cellular populations.
One example of such context-dependency is the observation that
microbial-derived riboflavin in the gut was associated with poor ICB
response only in patients whose tumours contained high levels of
MAIT cells, whereas this effect was not observed in patients with low
levels of intratumoral MAIT cells®. These context-dependencies may
therefore contribute to discrepancies between studies, and careful
consideration of differences in tumour biology, immune cell type,
model systems, and treatment regimens is crucial when interpreting
results.

Together, the field will largely benefit from studies employing an
integrated approach whereby large, longitudinal, multi-omics clinical
data sets are leveraged to identify relevant microbial metabolites.
Generation of these datasets will aid hypothesis generation, which
requires validation in models representative of human anti-tumour
immunity. Additionally, given the potential context-dependent effects
of metabolites, findings obtained in a specific tumour type and with a
specific ICB therapy cannot be directly translated to other settings and
therefore require re-evaluation and validation.

Microbiota-based therapeutics for the enhance-
ment of immunotherapy

Implementation of integrated research models, as well as functional
validations will aid in the identification of metabolites which negatively

or positively impact anti-tumour immunity. Accordingly, modulation
of the levels of these specific metabolites and their downstream tar-
gets offers great potential to improve immunotherapy responses.
Proposed approaches for altering microbiota-produced metabolite
levels range from more broadly acting strategies, such as dietary
modifications and FMT, to more specific strategies, including the
administration of specific metabolites or bacteria producing them. An
overview of these metabolite-targeting approaches is depicted
in Fig. 4.

Interfering with the effect of microbial metabolites on anti-
tumour immunity can be achieved using different strategies, each with
its own advantages and limitations. These include: (1) modification of
substrate availability, (2) administration of bacteria producing meta-
bolites of interest, (3) removal of specific bacteria producing detri-
mental metabolites, and (4) direct interference with metabolite-
receptor interactions or the downstream signalling pathway they
activate. Firstly, metabolite production by bacteria is dependent on
the availability of the relevant substrates. Approaches that aim to
ensure availability of these substrates include dietary modifications or
the administration of specific food-derivatives termed prebiotics.
Studies focusing on dietary fibre consumption in ICB-treated mela-
noma patients identified an association between improved survival
and higher fibre consumption®*°°. However, these trials included low
numbers of patients and were largely observational. Therefore, future
studies would benefit from higher patient numbers and trial designs
based on diet intervention, an approach being employed by the DIET
trial”, the results of which have not yet been published. Prebiotics such
as ellagitannin®, inulin®>, and mannose®, have shown promise in
murine studies, yet larger clinical trials are required to determine the
effect in a human population. The benefits of these approaches include
ease of application, low cost, and fewer administrative hurdles. How-
ever, clear limitations also exist, including the reliance on the pre-
existing microbiome composition for substrate processing, as well as
potential off target effects, whereby a single substrate can be the
precursor for multiple metabolites.

Alternatively, bacteria or bacterial communities can be adminis-
tered to shift the metabolic capacity of the microbiome. Such
approaches include FMT, probiotics, bacterial consortia, and engi-
neered bacteria. FMT has shown promise in improving ICB responses
in clinical trials*2. However, caution should be taken when inter-
preting these trial results due to low patient numbers, non-randomised
trial designs and the possibility that restarting ICB may itself elicit a
response”. Additionally, FMT has several disadvantages, including the
lack of knowledge on the optimal composition for FMT, the risk of
pathogen transfer, the lack of reproducibility, and the still poorly
understood mechanism of action. The field is therefore shifting focus
to the development of more defined bacterial products with distinct
functions and metabolite production. The typical probiotic strategy
involves the administration of live bacteria selected for their known
associations  with  health, often with little mechanistic
understanding'*". Alternatively, bacterial consortia are a more opti-
mised form of probiotics, consisting of groups of bacteria selected to
grow well as a community and to synergistically perform a specific
function. In this sense, bacterial consortia have notable benefits over
the traditional probiotics: (1) they are designed based on a specified
function, and (2) consortia species, due to in vitro training and com-
munity stability, have a greater likelihood of engraftment. While a
promising approach, limited clinical data currently exist on the effi-
cacy of bacterial consortia in the oncology field, and therefore the
coming years will be critical for determining their therapeutic poten-
tial. Finally, in the interest of enhancing specific metabolite produc-
tion, synthetically engineered bacteria can be employed. To date, the
majority of studies that aimed to boost ICB efficacy have modified the
non-pathogenic Escherichia coli strain Nissle 1917, for example, to
convert waste products to L-arginine in the TME’®, or to produce IAA to
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Fig. 4 | Modulating the microbiome to enhance immunotherapy efficacy. Sev-
eral strategies can be applied to influence microbiota-derived metabolite produc-
tion and its effects on immunotherapy. Three main approaches for this involve (1)
diet-based modulation, which alters substrate availability, (2) bacteria-based stra-
tegies, which shift the metabolic capacity of the microbiome through the targeted
introduction or removal of specific species and (3) mechanism-based targeting,

which modulates known receptors or pathways involved in metabolite effects to
achieve the desired outcome. Taken together, these strategies work to restore a
disrupted microbiome and support anti-tumour immunity. Diet and microbial
interventions adjust metabolite production, while mechanism-based targeting
modulates the downstream effects of these metabolites. Created in BioRender.
Toner, C. (2026) https://BioRender.com/6ip7g07.

promote T cell infiltration in the tumour”. Advantages of this
approach include the stability and continuity of metabolite produc-
tion. However, these theoretical advantages may also be considered
high-risk disadvantages due to the long-lasting introduction of
genetically modified organisms. Therefore, careful attention to the
risks should be paid here.

A further distinct method involves the targeted removal of bac-
teria known to produce metabolites negatively impacting ICB
response. For this, lytic bacteriophages (phages) can be employed to
specifically lyse and kill a bacterial species of interest. This approach
benefits from its specificity, self-amplifying nature, and proposed
safety due to the narrow host range of phages. However, owing to
advances in genomics analyses, recent studies have suggested that
phages are not as specific as previously believed”®®’, indicating the
need for further investigation into the possible consequences for
phage therapy. Despite this, clinical safety has been shown in clinical
trials for antimicrobial resistance'*>'”, and their use to modulate the
microbiome to enhance chemotherapy response'®*'® and anti-tumour
immunity’® has been shown to be effective in mouse models. Addi-
tionally, bacteriophage-based targeting has been demonstrated to
have downstream effects on the metabolome'®. Current limitations of
this strategy relate to feasibility and clinical hurdles. Gut microbes
warranting targeting are often anaerobic in nature and potentially
lowly abundant in phage isolation sources, factors which have limited

phage isolation for this purpose. Despite this, feasibility has improved
in recent years with the development of methodologies suitable for
bacteriophage isolation against anaerobic bacteria'®. However, with
the risk of resistance development, multiple phages targeting one
species are required for phage therapy, requiring more high-
throughput methods for isolation and testing. Moreover, regulatory
approval for phages, as opposed to drugs, requires a unique approach
due to their evolutionary capacity and host specificity. Altogether,
phages provide an interesting avenue for exploration, however, key
challenges should be addressed before this approach can be widely
applied.

Finally, mechanistic studies will provide knowledge not only on
key metabolites modulating immune cell function, but also on the
receptors and pathways involved. Strategies that activate or block
metabolite-bound receptors or interfere with the downstream path-
ways they induce open new doors for therapeutic development.
Approaches for this include the development of antibodies, agonists
and antagonists, or small molecules targeting these receptors and
pathways. For example, a recent study investigated the use of the
AB928/entrumadenant antagonist to block the adenosine A2, and A2y
receptors on CAR-T cells, thereby relieving adenosine-induced
immunosuppression'”’. This approach was found to be effective in a
mouse model of colon carcinoma, yet further investigation is required
to determine whether this is translatable to humans. Approaches such
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as these offer advantages as they offer greater precision, do not rely on
insight into microbial metabolite generation, and provide clearer
dosing strategies.

Concluding remarks

There is overwhelming evidence that the microbiome has a direct
influence on anti-tumour immunity, particularly through the produc-
tion of metabolites. Many metabolites have been identified to exert
immunomodulatory effects and thereby promote or hinder the effi-
cacy of ICB. Metabolites can act on different subsets of the immune
system or directly impact tumour cells. These novel insights have
advanced our understanding of the complex interaction between the
microbiome and the immune system and have paved the way for the
development of microbiota-targeting interventions to combine
with ICB.

Techniques to profile microbial functionality, including metage-
nomics and metabolomics, have significantly accelerated the identifi-
cation of metabolites influencing ICB efficacy. However, major
challenges still exist, and therefore, critical metabolites impacting anti-
tumour immunity remain to be uncovered. Improving the sensitivity of
mass-spectrometry, as well as enhancing reference databases for
metabolite identification, will be a major step forward. Currently,
integrating metagenomics and metabolomics with analyses of tumour-
immune characteristics in ICB-treated patients offers a promising and
unbiased approach to identify novel metabolites important for ICB
response.

After identifying metabolites of interest, it is crucial to validate
their immunomodulatory effects and decipher the mechanisms
through which they influence anti-tumour immune responses. How-
ever, it needs to be considered that several of these microbiota-
metabolites have been reported to induce contradictory immuno-
modulatory effects. For example, butyrate was reported to down-
regulate the expression of PD1 on CD8 + T cell in one study®, whereas
another study found that it induces PD1 expression®>. Additionally,
AhR engagement by indole metabolites in macrophages promoted
an immunosuppressive phenotype, that hampered CD8 T cell
activation”, while AhR engagement on CAR T cells enhanced their
effector function and improved persistence*®. Finally, succinate was
shown to bind to SUCNR1 on tumour cells and suppress factors that
facilitate T cell trafficking into to the tumour®, thereby reducing
anti-PD1 efficacy, whereas in vitro succinate treatment of CAR T cells
improved its effector function®. These contradictory effects may
reflect differences in tumour types, ICB treatment strategies (e.g.
single agent vs multi-agent, or adjuvant vs neoadjuvant approaches),
and/or model systems (e.g. mice vs human). Moreover, metabolites
can act on distinct cell populations and thereby exert divergent
effects, or they may exert effects only under specific conditions, for
example, depending on host genetics or the composition of the TME,
highlighting that metabolite-mediated immune modulation can be
highly context dependent. Together, this highlights the need to
validate the effects of microbiome-derived metabolites in larger
patient cohorts and in functional assays using carefully selected
model systems before translating these molecules to the clinic. Given
the substantial differences between mice and humans in both
microbiome composition and immune function, integration of
human datasets and model systems will be essential to facilitate
this translation.

Finally, most studies on metabolite-mediated immune modula-
tion have focused on the adaptive immune system, particularly CD8
T cells. However, the potential impact on other adaptive immune cell
subsets, including CD4 T cells and B cells, warrants further investiga-
tion. Additionally, in recent years, the importance of the innate and
innate-like immune systems in anti-tumour immunity has become
apparent. The key effector subsets driving immunotherapy response
may differ depending on cancer type, as evidenced by Zeverijn et al.,

who found innate immunity to be more important in microsatellite
instable (MSI) tumours compared to melanoma'®®. Due to the direct
link between these innate(-like) immune subsets and pathogen
defence, it is likely that changes in the microbiome will have an impact
on the functionality of these cells, which may in turn affect anti-tumour
immunity. Finally, other cells within the TME, including cancer-
associated fibroblasts and other stromal cells, may also be influ-
enced by microbiome-metabolites, a possibility that remains largely
underexplored. Therefore, human datasets and model systems are
crucial to uncover how diverse cell types contribute to microbiome-
driven immune modulation.

In summary, several important questions remain: (1) which
metabolites are most essential for anti-tumour immunity; (2) are we
identifying all relevant metabolites; (3) are these effects context
dependent; (4) how can we best utilise these microbial metabolites for
therapy; and (5) what are optimal combination strategies. Further-
more, despite the techniques currently available, microbiome research
remains challenging. Advancements in technologies, as well as build-
ing large multi-omics clinical datasets, should be a priority for the
future to drive the field forward. Ultimately, these approaches will help
the development of microbiota-targeting therapies that enhance anti-
tumour immunity, thereby improving the quality of life and survival of
patients.
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