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Summary
Background Inter-individual differences in response to immune checkpoint inhibitors (ICI) remain a major challenge
in cancer treatment. The composition of the gut microbiome has been associated with differential ICI outcome, but
the underlying molecular mechanisms remain unclear, and therapeutic modulation challenging.

Methods We established an in vivo model to treat C57Bl/6j mice with the type-I interferon (IFN-I)-modulating,
bacterial-derived metabolite desaminotyrosine (DAT) to improve ICI therapy. Broad spectrum antibiotics were
used to mimic gut microbial dysbiosis and associated ICI resistance. We utilized genetic mouse models to
address the role of host IFN-I in DAT-modulated antitumour immunity. Changes in gut microbiota were assessed
using 16S-rRNA sequencing analyses.

Findings We found that oral supplementation of mice with the microbial metabolite DAT delays tumour growth and
promotes ICI immunotherapy with anti-CTLA-4 or anti-PD-1. DAT-enhanced antitumour immunity was associated
with more activated T cells and natural killer cells in the tumour microenvironment and was dependent on host IFN-I
signalling. Consistent with this, DAT potently enhanced expansion of antigen-specific T cells following vaccination
with an IFN-I-inducing adjuvant. DAT supplementation in mice compensated for the negative effects of broad-
spectrum antibiotic-induced dysbiosis on anti-CTLA-4-mediated antitumour immunity. Oral administration of
DAT altered the gut microbial composition in mice with increased abundance of bacterial taxa that are associated
with beneficial response to ICI immunotherapy.

Interpretation We introduce the therapeutic use of an IFN-I-modulating bacterial-derived metabolite to overcome
resistance to ICI. This approach is a promising strategy particularly for patients with a history of broad-spectrum
antibiotic use and associated loss of gut microbial diversity.
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Research in context

Evidence before this study
Immunotherapy utilizing immune checkpoint inhibitors (ICI)
has been a transformative breakthrough in cancer treatment.
However, only a limited cohort of patients are responsive to
this therapeutic modality. Multiple preclinical and clinical
observation studies suggested that the composition of the
microbial population inhabiting an individual’s intestinal tract
—the gut microbiota—may play a pivotal role in regulating
the immune system, and thus the efficacy of cancer
immunotherapy. Disruption of the gut microbiota by use of
broad-spectrum antibiotics has been associated with poor
outcome to ICI cancer immunotherapy. How intestinal
bacteria are linked to systemic anti-cancer immune responses
is still a matter of active research. Certain metabolites that are
unique to bacterial metabolism but foreign to our eukaryotic
cells have recently gained attention as potential modulators
of the immune response during ICI therapy. However, while
some bacterial metabolites such as inosine can promote
tumour-reactive T cells, others such as short-chain fatty acids
can actively suppress cancer immunotherapy.

Added value of this study
Our study explores the translational potential of the type I
interferon-modulating bacterial metabolite desaminotyrosine
(DAT) to enhance ICI-mediated tumour immunosurveillance
and -therapy. We found that oral supplementation with DAT
can improve the response to immunotherapy with anti-CTLA-

4 or anti-PD-1 in murine models of malignant melanoma and
pancreatic adenocarcinoma. DAT supplementation in mice
compensated for the negative effects of broad-spectrum
antibiotic-induced dysbiosis on anti-CTLA-4-mediated
antitumour immunity. Oral administration of DAT altered the
gut microbial composition in mice with increased abundance
of bacterial taxa that are associated with beneficial response
to ICI immunotherapy.

Implications of all the available evidence
The available evidence indicates that the gut microbiota
exerts an influential role in shaping the response to cancer
immunotherapy, and bacterial-derived metabolites may
represent a mechanism how they impact on systemic
immunity. The findings from this study on the metabolite
DAT contribute to the growing body of evidence supporting
the notion that bacterial metabolites can beneficially
modulate the immune response to cancer and may even
mitigate adverse effects of therapy. Despite these promising
findings, further research is needed to determine the safety
and efficacy of utilizing bacterial metabolites to enhance ICI
immunotherapy in humans. In summary, this study
underscores the potential of utilizing the gut microbiota and
its metabolites as a means of improving the efficacy of cancer
immunotherapy, particularly for patients in need of antibiotic
treatment.
Introduction
Cancer immunotherapy has become an important tool
in cancer therapy with immune checkpoint inhibitors
(ICI) being commonly used in patients with a variety of
advanced cancer entities. The most prevalent ICI are
monoclonal antibodies (mAbs) targeting cytotoxic T
lymphocyte antigen-4 (CTLA-4), programmed cell death
protein-1 (PD-1), or programmed death-ligand 1 (PD-L1)
as negative regulators of the immune system.1,2 ICI—
first introduced for the treatment of malignant mela-
noma—have fundamentality changed the landscape of
cancer treatment. However, while many patients expe-
rience long-term tumour control, large interindividual
differences in immune-mediated tumour response
remain a major clinical challenge.1,3–5

Cancer immunosurveillance and antitumour im-
munity are dependent on type I interferons (IFN-I).6–8 At
the same time, chronic IFN-I signalling can promote
cancer therapy resistance,6,8 suggesting a delicate bal-
ance between pro- and anti-tumourigenic effects of IFN-
I. Apart from that, IFN-I are an immunologically broadly
active defence mechanism against microbial and viral
infections.9 Signs of tissue damage or the presence of
pathogens—collectively coined danger-associated mo-
lecular patterns (DAMPs)—can be sensed by host cells
via pattern recognition receptors (PRRs), which trigger
release of IFN-I and other pro-inflammatory factors.
Thus, IFN-I have crucial functions in inflammatory
diseases and cancer, in which they can inhibit tumour
progression and promote immunosurveillance.10 We
and others have recently shown that ICI treatment ef-
ficacy against malignant melanoma is completely abro-
gated in mice that are genetically deficient for IFN-I
signalling.11 In line with these findings, IFN-I gene
signatures in bulk tumour samples have been associated
with favourable clinical responses to ICI in melanoma
patients.12,13 However, the exact stimuli that contribute
to induce IFN-I signalling in this context remain to be
determined.

Recent mouse studies suggested that specific com-
ponents of the enteric commensal microbiota can have
distal effects on systemic immune responses through
modulation of IFN-I signalling.14,15 Hereby, microbial
metabolites such as desaminotyrosine (DAT) have been
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shown to protect from influenza or Sars-CoV-2 infection
through augmentation of IFN-I signalling.15,16 DAT is
produced by human and mouse enteric bacteria like
Flavonifractor plautii through the degradation of flavo-
noids.17,18 These findings are of particular interest to
onco-immunology research, as several reports have
proposed that the composition of gut and tumour
microbiota modulates tumour response to ICI19,20 and
that this partly relies on intact IFN-I signalling21,22 Germ-
free mice or animals treated with antibiotics (i.e., less
diverse gut microbiome) failed to respond to blockade of
either CTLA-4 or PD-1. Faecal microbial transplants
(FMT) from healthy individuals restored the positive
anti-tumour effect of ICI.23 Later studies showed that
resident gut bacteria can also affect ICI immunotherapy
in human cancer patients.23–25 Metagenomic studies
revealed functional differences in gut bacteria in re-
sponders, including enrichment of certain metabolic
pathways.26 Generally, antibiotic consumption–and thus
disruption of the gut microbiota with resulting
dysbiosis–was associated with poor response to ICI in
cancer patients.27

In addition, some bacteria of the gut microbiota
might be associated with a better response to ICI than
others.20,26–28 Although certain bacterial taxa such as
Faecalibacterium or Bacillota were associated with a
beneficial clinical response, they were more abundant in
the context of Ipilimumab-induced colitis, whereas
Bacteroidaceae was more prevalent in melanoma patients
resistant to ICI-induced colitis.25,29 Currently, no obvious
pattern among the phylogeny has emerged that would
correlate with bacterial species and how they influence
cancer therapeutic responses.

Mechanistically, some studies suggested that specific
microbiota can augment dendritic cell (DC) function
leading to enhanced cytotoxic T cell priming and their
accumulation in the tumour microenvironment.19,20

However, the molecular factors that drive DC and sub-
sequent T cell activation modulated by microbiota
remain to be determined. Immunotherapy-induced
decreased gut epithelial barrier function, translocation
of microbes from the gut lumen to the intestinal lamina
propria (where many immune cells reside) and associ-
ated inflammation have been implicated as a reason why
ICI therapy can be affected by the gut microbiome.19,30 A
current subject of debate is to which degree bacterial-
derived metabolites are able to alter antitumour effects
of ICI therapy. Systemic short-chain fatty acids (SCFAs)
such as butyrate and propionate have been associated
with resistance to anti-CTLA-4 therapy in a patient
cohort.31 In mouse models, butyrate prevented anti-
CTLA-4-induced maturation of DCs and accumulation
of tumour-specific T cells and memory CD4+ T cells in
the TME.31 In contrast, the microbial metabolite inosine
was shown to enhance the anti-tumour capacity of TH1
cells dependent on expression of the adenosine A2A

receptor.30
www.thelancet.com Vol 97 November, 2023
Based on the established role of IFN-I in initiating
anti-tumour immune responses, we here explore the
translational potential of the IFN-I-modulating bacterial
metabolite DAT to enhance ICI-mediated tumour
immunosurveillance and -therapy.
Methods
Animals and ethics
C57Bl/6j mice (RRID: IMSR_JAX:000664) were pur-
chased from Janvier-Labs. Mice genetically deficient for
the interferon-α receptor 1 (B6(Cg)-Ifnar1tm1.2Ees/J;
RRID: IMSR_JAX:028,288; here referred to as Ifnar1−/−)
have been described previously,32 and were bred in the
animal facility of the University Hospital Regensburg.
Mice were between 6 and 10 weeks old at the beginning
of the experiments and were kept under specific
pathogen-free (SPF) conditions in a controlled environ-
ment. Mice were maintained on a 12-h light–dark cycle,
with 12 h of light followed by 12 h of darkness, a con-
stant temperature of 24 ◦C and a humidity level of 55%–

65%. Ad libitum access to autoclaved standard laboratory
chow and (special treatment) water was guaranteed at
any time. Environmental enrichment, including nesting
material, houses, and chew toys, was provided to pro-
mote their welfare and well-being. The animals were
housed in the facility where the experiments took place
for at least one week prior to the start of an experiment
for acclimatisation. Mice were not co-housed to avoid
microbial transfer through coprophagy between groups.
Animal studies were approved by the local regulatory
agency (Regierung von Oberbayern, Munich, Germany,
ROB-55.2-2532.Vet_02-19-159).

Media and reagents
DMEM (Invitrogen) and RPMI-1640 (Invitrogen) were
supplemented with 10% (v/v) FCS (Gibco), 3 mM
L-glutamine, 100 U/ml penicillin and 100 μg/ml strep-
tomycin (Sigma–Aldrich). Double-stranded in vitro-tran-
scribed 3pRNA (sense, 5′- UCA AAC AGU CCU CGC
AUG CCU AUA GUG AGU CG -3′) was generated as
described.33 Complete RPMI contained 10% (v/v) FCS,
3 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml
streptomycin, 50 μM β-mercaptoethanol (Gibco), 1x non-
essential amino acids (Gibco), 1 mM sodium pyruvate
(Gibco). T cell media was prepared supplementing com-
plete RPMI with 1 mMHEPES (Gibco). Gavage solutions
were prepared with 17 mg/ml 3-(4-hydroxyphenyl)-pro-
pionic acid (DAT, 98%, Sigma–Aldrich) in 5% EtOH
(Carl Roth) in water. Drinking water was prepared
with 100 mM DAT, NaOH (Merck) for buffering and 2.5
mg/ml aspartame (Fragon) in tap water. The respective
solvents served as controls. Gavage solutions and drink-
ing water were filtered through 100 μm sterile filters and
were prepared fresh every 3–5 days. Broad-spectrum an-
tibiotics with 1 mg/ml ampicillin (Carl Roth), 1 mg/ml
neomycin (Carl Roth), 0.5 mg/ml vancomycin (Thermo
3
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Fisher), 1 mg/ml metronidazole (Fisher Scientific),
0.01 mg/ml amphotericin B (Merck) were administered
via the drinking water (ad libitum), which was additionally
supplemented with 2.5 mg/ml aspartame. Drinking wa-
ter supplemented with antibiotics was replaced every 2
days to maintain constant antibiotic activity. DAT
(100 mM) and broad-spectrum antibiotics were provided
in the same drinking water bottle.

Tumour cell lines
The full-length chicken ovalbumin expressing B16 mu-
rine melanoma cell line (here referred to as B16.OVA;
RRID: CVCL_WM78) was cultured in complete DMEM
medium (see media and reagents). Panc02 cells (RRID:
CVCL_D627) were cultured in RPMI medium (see
media and reagents). Cells were cultured at 37 ◦C and
5% CO2. Cells used for experiments were at early pas-
sages 5–10. Prior to in vivo experiments, the cells were
thawed one week in advance and passaged three times
to ensure optimal viability and consistency throughout
experiments. All cells were routinely tested for myco-
plasma. All cell lines have been validated using STR
analysis with 18 STR markers.

Tumour challenge und treatment
Mice were inoculated subcutaneously (s.c.) with
1.5 × 106 Panc02 cells or 2.4 × 105 B16.OVA cells in the
right flank on day 0. Supplementation with DAT was
initiated on day −7, 0 or 5 (as indicated) and was
continued until the end of the experiment. Drinking
water ± DAT was provided ad libitum. In some experi-
ments, oral gavage of 200 μl DAT solution was per-
formed once daily. When tumours were palpable anti-
CTLA-4 (clone 9H10), anti-PD-1 (clone RMP1-14) or
an appropriate isotype control (all BioXCell) were
injected intraperitoneally (i.p.) on days 7 (200 μg), 10
(100 μg) and 13 (100 μg) for the B16.OVA model. For
the Panc02 model, injections were performed on days 4
(200 μg), 7 (100 μg), and 10 (100 μg). For some experi-
ments a mixture of broad-spectrum antibiotics was
administered (see media and reagents), starting 4 days
prior to anti-CTLA-4 treatment until day 21. Drinking
bottles and watery DAT solutions were refreshed every 2
days. Antibiotic activity was assessed by cultivating
resuspended faecal pellets plated on blood agar plates
(BD) for 48 h under aerobic or anaerobic conditions at
37 ◦C. In some experiments blood was collected in
EDTA microvette tubes (Sarstedt), diluted in PBS, and
transferred into 96-well round bottom plates (Harten-
stein). After centrifugation (400×g, 5 min), cells were
resuspended in red blood cell lysis buffer (Invitrogen),
incubated for 5 min at RT, and PBS was added before
centrifugation (400×g, 5 min). This step was repeated
before cells were stained for flow cytometry. Mice were
euthanized when the maximum tumour diameter
exceeded 15 mm or other determination criteria were
met according to standard legal procedure and were
scored daily (responsible state office Regierung von
Oberbayern).

Preparation of cell suspensions from tumours and
tumour-draining lymph nodes
Mice were treated as described above and were sacri-
ficed 2 days after the last ICI treatment. Tumours as well
as inguinal tumour-draining lymph nodes were
removed using surgical scissors and forceps. Tumour
weight was measured directly after extraction. Tumours
and lymph nodes were minced and homogenized by
filtering through 100 μm and 70 μm nylon cell strainers
(BD Bioscience) with PBS on ice. The obtained single
cell suspensions were washed in PBS before staining for
flow cytometry.

Vaccination and lung pseudo-metastases model
A vaccine was prepared by mixing 10 μg 3pRNA lipo-
somes (pre-incubated for 15 min with in vivo-jetPEI
(Polyplus)) and 50 μg ovalbumin protein (Sigma) in 5%
glucose. Mice were injected s.c. with 20 μl vaccine mix
or the vehicle (in vivo-jetPEI in water with 5% glucose)
into the upper thigh. Blood collection was performed on
day 7 after vaccination, and the expansion of OVA-
specific T cells was analysed via flow cytometry. For
some experiments mice were challenged with injection
of 106 B16.OVA cells s.c. or 3 × 106 B16.OVA cells i.v. on
day 7 after vaccination. S.c. tumours were measured
daily. At day 14, mice were sacrificed, and their lungs
were flushed with 20 ml PBS through intracardial in-
jection, and then extracted. Superficial pulmonary
pseudo-metastases of each lung were counted to esti-
mate overall tumour load.

Neutrophil granulocyte influx
Neutrophil granulocyte influx as a surrogate marker for
the degree of intestinal inflammation was performed as
previously described.34 In brief, mice were sacrificed,
their distal third of the small intestine was removed and
flushed with cold PBS, opened, and cut into 1 cm pieces.
The intestinal pieces were washed with cold PBS and
then incubated in PBS supplemented with 10% FBS and
0.1 mM EDTA, and incubated for 20 min at 37 ◦C.
Tissues were washed and filtered through a 100 μm
strainer and transferred into complete RPMI. Next, in-
testines were incubated in complete RPMI supple-
mented with 200 U/ml collagenase II (Worthington)
and 0.05 mg/ml DNase (Sigma) for 60 min on a shaker
at 37 ◦C. Cells suspensions were filtered through a
100 μm strainer, washed with PBS and purified on a 20/
40/80% Percoll (Sigma) gradient (30 min, 25 ◦C,
3000 rpm, Eppendorf 5810R with A-4-81 rotor). Im-
mune cells were collected from the interphase and
washed with PBS before subsequent flow cytometry
analysis.
www.thelancet.com Vol 97 November, 2023
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In vitro T cell and DC assays
T cells were isolated from spleens of donor C57Bl/6j
mice. Spleens were minced through a 100 μm strainer
using cold PBS and were then centrifuged (all centri-
fugation steps for 5 min, 4 ◦C, 400×g). All following
steps were performed with cold reagents and on ice.
After discarding the supernatant cells were incubated
in 2 ml red blood cell lysis buffer (Invitrogen) per
spleen for 2 min, and PBS was added before filtering
through a 70 μm strainer and centrifugation. The cell
pellet was resuspended in PBS, filtered through a
40 μm strainer and centrifuged. After discarding the
supernatant, T cells were isolated with the Pan T Cell
Isolation Kit II, mouse (130-095-130, Miltenyi Biotec)
according to the manufacturers protocol. 5 × 105 T
cells/ml were seeded in a 48-well cell culture treated
flat bottom well in T cell media and supplemented with
30 IU/ml IL-2 (Clinigen) and 5 μl of Dynabeads™
Mouse T-Activator CD3/CD28 beads (Thermo Fisher).
DAT (neutralized solution) was added at concentra-
tions of 100 μM or 1 mM or cells were left untreated.
After 24 h incubation at 37 ◦C and 5% CO2, cells were
harvested and stained for subsequent flow cytometry
analysis. DCs were generated from bone marrow of
donor C57Bl6/J mice. Bone marrow was flushed out of
bone shafts with complete RPMI, filtered through a
100 μm strainer and centrifuged. After centrifugation,
the cell pellet was resuspended in 2 ml red blood cell
lysis buffer (Invitrogen). Complete RPMI was added,
and cells were centrifuged and washed once again.
5 × 106 cells were seeded in 10 ml complete RPMI
supplemented with 20 ng/ml GM-CSF in 10 cm cell
culture dishes, and were cultured for 7 days with
addition of 10 ml media after 3 days and media change
on day 6. 5 × 105 DCs/ml were then seeded in com-
plete RPMI in 48-well flat bottom plates. DCs were
either treated with DAT alone (100 μM or 1 mM) or
DAT in the presence of 100 ng/ml LPS, or were left
completely untreated. Both the vehicle controls were
treated with the respective amount of sterile water.
After 24 h incubation at 37 ◦C and 5% CO2, cells were
harvested and stained for subsequent flow cytometry
analysis.

Flow cytometry
Cell suspensions were stained in PBS. Fluorochrome-
coupled antibodies were purchased from eBioscience or
BioLegend (see Table S1). Data were acquired on a
FACSCanto II (BD Biosciences) and analysed using
FlowJo software (TreeStar). All staining protocols
included 20 min staining with a live/dead marker and
CD16/CD32 antibody (Biolegend) at 4 ◦C and surface
marker staining for 50 min at RT. For intracellular cyto-
kine staining the Foxp3 Transcription Factor Fixation/
Permeabilization Kit (eBioscience) was used. Tumour
model antigen OVA-specific T cells from the blood were
defined as alive CD3+, CD4− and SIINFEKL-H-2Kb+ using
www.thelancet.com Vol 97 November, 2023
iTAg MHC-I murine tetramers detecting SIINFEKL-
specific CD8+ T cells (MBL). In this context, negative
selection via CD4 was chosen, due to known interaction
of anti-CD8 (particularly clone 53–6.7) with murine
MHC-I tetramers. Neutrophils were defined as alive
CD45+, Ly6G+ and CD11b+. For tumour and tumour-
draining lymph node analysis, cells suspensions were
incubated for 3 h in RPMI containing 1x cell stimulation
cocktail plus protein transport inhibition (Thermo
Fisher). DCs were defined as CD45+, CD11c+, and MHC-
II+ cells. Activation in DCs was assessed by the MFI of
CD86 expression. NK cells were defined as CD45+, CD3−,
NK1.1+ cells. Cytotoxic T cells were defined as CD45+,
CD3+, CD4−, and CD8+ cells, and conventional T helper
cells were defined as CD45+, CD3+, CD8−, and CD4+

cells. Regulatory T cells were defined as CD45+, CD3+,
CD8−, CD4+, and FoxP3+ cells. Naïve T cells were iden-
tified as CD4+ or CD8+ T cells as CD62L+ and CD44−

cells, whereas effector memory T cells were defined as
CD62L− and CD44+ T cells. For respective T cell subsets,
frequencies of T-bet+, IFNγ+, or CD25+ cells were
analysed.

16S-rRNA gene amplicon sequencing
Murine faecal samples were collected at different time
points during the experiments and snap frozen in liquid
nitrogen. Samples were processed as previously
described with some changes.35 Briefly, after DNA
isolation, targeted 16S rRNA gene amplicons were
produced by fusing barcodes plus adapters using a 2-
strep PCR. Primers used have been previously
described: 341F 5′-CCT ACG GGN GGC WGC AG-3′
and 785R 5′-GAC TAC HVG GGT ATC TAA TCC-3’.36

For DNA isolation, the MaxWell RSC Faecal Micro-
biome DNA Kit (Promega) was used with bead beating.
For the latter, the FastPrep-24 (MP Biomedicals Ger-
many GmbH) was used, supplied with a CoolPrep
adapter (MP Biomedicals, cooled with dry ice); thrice for
20 s of beating at a speed of 6 m/s, each followed by a
30 s break for cooling. Cycle times for the first and the
second PCR had been adjusted for denaturation to 10 s,
for annealing to 20 s and for extension to 45 s. After
library preparation and equimolar pooling of the
amplicons, the samples were sequenced using a MiSeq
(Illumina) as described.32 For the DAT supplementation
data, a total of 60 samples with a read length of 301 bp
was analysed. For the responder/non-responder data a
total of 17 samples with a read length of 301 bp was
analysed. For the Abx dataset, a total of 80 samples with
a read length of 301 bp was analysed. Raw sequencing
data were analysed in a UPARSE-based pipeline clus-
tering sequences down to zOTUs (denoised operational
taxonomic units) with www.imngs2.org,37 which in-
cludes the TIC algorithm.38 Downstream analysis of
zOTU tables was conducted using Rhea with default
settings.39 Briefly, reads were normalized39 and spurious
taxa were removed.40
5
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Targeted metabolomic measurement
Approximately 20 mg of mouse faeces was weighed in a
2 ml bead beater tube (FastPrep-Tubes, Matrix D, MP
Biomedicals Germany GmbH) and resuspended with
1 ml of methanol. The samples were extracted with a
bead beater FastPep-24TM 5G (MP Biomedicals Ger-
many GmbH) supplied with a CoolPrepTM (MP Bio-
medicals Germany; cooled with dry ice) for 3 times,
each for 20 s of beating at a speed of 6 m/s and each
followed by a 30 s break. The 3-NPH method was used
for the quantitation of SCFAs, tryptophan derivates
(ICA) or DAT.41 Briefly, 40 μl of the faecal extract and
15 μl of isotopically labelled standards (ca 50 μM) were
mixed with 20 μl 120 mM EDC HCl-6% pyridine-solu-
tion and 20 μl of 200 mM 3-NPH HCL solution. After
30 min at 40 ◦C and shaking at 1000 rpm using an
Eppendorf Thermomix (Eppendorf), 900 μl acetonitrile/
water (50/50, v/v) was added. After centrifugation at
13,000 U/min for 2 min the clear supernatant was used
for analysis. The measurement was performed using a
QTRAP 5500 triple quadrupole mass spectrometer
(Sciex) coupled to an ExionLC AD (Sciex) ultrahigh
performance liquid chromatography system. The elec-
trospray voltage was set to −4500 V, curtain gas to 35 psi,
ion source gas 1 to 55 psi, ion source gas 2 to 65 psi and
the temperature to 500 ◦C. The MRM-parameters were
optimized using commercially available standards. The
chromatographic separation was performed on a
100 × 2.1 mm, 10 nm, 1.7 μm, Kinetex C18 column
(Phenomenex) column with 0.1% formic acid (eluent A)
and 0.1% formic acid in acetonitrile (eluent B) as elution
solvents. An injection volume of 1 μl and a flow rate of
0.4 ml/min was used. The gradient elution started at
23% B which was held for 3 min, afterward the con-
centration was increased to 30% B at 4 min, with
another increase to 40% B at 6.5 min, at 7 min 100% B
was used which was hold for 1 min and at 8.5 min, the
column was equilibrated to starting conditions. The
column oven was set to 40 ◦C and the autosampler to
15 ◦C. Data acquisition and instrumental control were
performed with Analyst 1.7 software (Sciex) and data
analysis with MultiQuant 3.0.3 (Sciex).

Immunohistochemistry
Mouse colon tissues were fixed in 10% neutral-buffered
formalin solution (Sigma) for 48 h, dehydrated under
standard conditions (Leica ASP300S) and embedded in
paraffin. Serial 2 μm-thin sections prepared with a rotary
microtome (HM355S, ThermoFisher Scientific) were
collected and subjected to histological and immunohis-
tochemical analysis. Immunohistochemistry was per-
formed using a Bond RXm system (Leica, all reagents
from Leica) with a primary antibody against cleaved
caspase-3 (Clone 5A1E, dilution 1:150, Cell Signaling;
RRID: AB_2070042). Briefly, slides were deparaffinized
using deparaffinization solution, pretreated with
Epitope retrieval solution 1 (corresponding to citrate
buffer pH6) for 20 min. The primary antibody was
incubated for 15 min at room temperature. Antibody
binding was detected with a polymer refine detection kit
without post primary reagent and visualized with DAB
as a dark brown precipitate. Counterstaining was con-
ducted with haematoxylin. Slides were cover slipped and
digitalized with an AT2 scanner system (Leica Bio-
systems), and the staining reaction was evaluated with
Imagescope (12.4.0.2018, Leica Biosystems).

Censoring
Follow-up of all tumour-bearing animals was generally
stopped at the predetermined end of in vivo experiments
(day 80 post tumour induction), as per local regulatory
standards. Reasons for censoring include no engraft-
ment of tumours in the control groups, tumours
reaching end point criteria before the first ICI therapy
time point (which could be attributed to the potential
injection of an excessive number of tumour cells caused
by cellular clustering), and tumours being too small for
TME analysis. Respective censoring proportions per
experiment are listed in Table S2. For survival analysis
the censoring proportion until day 80 (maximum
observation time) was calculated.

Confounding factors
Efforts were made to minimize potential confounding
factors. Housing conditions were maintained consistent
during all experiments. For experiments using mice
bred in-house (Ifnar1−/−), equal distribution of male and
female among treatment groups was guaranteed.
Generally, all mice included in experiments were within
the specific age range of six to ten weeks. Variations in
immune response and tumour heterogeneity were
mitigated through randomization (cages were randomly
assigned to treatment groups before tumour sizes were
known), an acclimation period, conducting experiments
with replicates, varying cage and treatment order, and
implementing proper control groups. Stress and pain
were reduced by appropriate handling by well trained
personnel, not disturbing the mice during the dark-cycle
and daily monitoring by the experimenter, animal care
takers, and veterinarians. The study was not blinded for
practical reasons as application and treatment were
more consistent with just one operator, which also
reduced the stress for the animals.

Statistical analysis
The respective sample sizes were determined based on
internal pilot studies, other projects, and previous
research. For the B16 tumour model, a group size of at
least 5 mice per group was demonstrated to be feasible
for detecting differences in tumour growth after ther-
apy.11 Effects of DAT were observed in another internal
project with similar group sizes. Additionally, ethical
guidelines were considered, and efforts were made to
use the minimum number of animals to strike a balance
www.thelancet.com Vol 97 November, 2023
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between obtaining statistically valid results and reducing
the overall number of animals used. The sample size for
further downstream analyses was adjusted to accom-
modate resource constraints. All graphs for which
parametric tests could be employed are presented as
mean with 95% confidence interval (CI). Table S3 gives
an overview of the differences of mean with 95% CI for
all biologically relevant comparisons for all experimental
groups in all graphs. All data for which non-parametric
tests were employed are depicted as median with its
corresponding CI at a requested confidence level of
95%. Confidence intervals of the median have been
computed as previously described.42 Data was assessed
for normality via visual inspection using a QQ plot and
for homoscedasticity by applying the Brown–Forsythe
test in addition to visual inspection of plotted values.
Data for which only pairwise comparisons were per-
formed always generally fulfilled normality criteria in
our study, so an unpaired parametric t-test was applied
in all cases. If data exhibited normal distribution but
showed differences in the standard deviation (SD), an
unpaired parametric t-test with Welch’s correction was
employed. Three or more different groups were ana-
lysed using ANOVA with Tukey’s multiple comparison
test. In cases where specific pre-selected pairs were
analysed, Bonferroni’s multiple comparison test was
employed. When the data did not meet the ANOVA
criteria, a Kruskal–Wallis test with Dunn’s post-hoc test
was utilized. Tumour growth curves were analysed with
the two-way ANOVA with Tukey’s post-hoc test, the
alternative hypothesis being that the tumour volume in
the DAT treated group is different (smaller) compared
to the control groups over time. The reported p-values in
the graphs refer to the latest possible time point (day) for
conducting the test, depending on the groups included.
Additionally, as a summary measure the area under
curve (AUC) for tumour volume growth was calculated,
standardised, and compared as previously described.43

Overall survival was analysed using the Log-rank
(Mantel–Cox) test. The survival experiments were initi-
ated at day 0 and the survival was monitored until day
80. The event of interest was monitored from day 0 on
but was more likely to start at around day 10. All sta-
tistical calculations were performed using Prism
(GraphPad Software).

Role of funders
The funders had no role in study design, data collection,
data analysis, interpretation, or writing of the manuscript.
Results
Treatment with bacterial-derived metabolite DAT
delays tumour growth and enhances anti-CTLA-4
immunotherapy
To assess a potential effect of the microbial metabolite
DAT on tumour immunosurveillance and -therapy,
www.thelancet.com Vol 97 November, 2023
C57Bl/6J mice were provided with DAT via the drinking
water ad libitum as described previously.15 If not stated
otherwise, supplementation with DAT was initiated on
the day of subcutaneous tumour inoculation with the
syngeneic melanoma cell line B16 expressing the model
antigen ovalbumin (B16.OVA) (Fig. 1A). We observed a
statistically not significant trend for delayed tumour
growth in animals supplemented with DAT with
reduced mean tumour volume on day 7 (Fig. S1A).
Notably, 50% of DAT-treated mice had not developed a
palpable tumour on day 7 (Fig. 1B). Visible tumours in
these mice appeared 2–3 days later. Further on, tumours
in mice receiving DAT supplementation but no addi-
tional treatment were growing almost as fast as tumours
in the vehicle-treated control group (Fig. 1C). Accord-
ingly, sole DAT supplementation did not prolong long-
term survival in melanoma-bearing mice (Fig. 1D).
However, a significant additive effect could be observed
when combining DAT supplementation and anti-CTLA-
4 immunotherapy, with markedly improved tumour
control and improved survival compared to any single
treatment group (Fig. 1C and D). Endogenous levels of
DAT in murine stool samples collected from mice un-
dergoing anti-CTLA-4 immunotherapy without addi-
tional supplementation were at the technical detection
level of targeted metabolomics via mass spectrometry.
Nonetheless, mice that later proved to be non-
responders to anti-CTLA-4 retrospectively showed a
statistically not significant trend for low endogenous
DAT levels in stools samples obtained during immu-
notherapeutic treatment (Fig. S1B). In summary, our
findings demonstrate that supplementation of the mi-
crobial metabolite DAT can enhance the efficacy of anti-
CTLA-4 cancer immunotherapy.

DAT supplementation alters the tumour
microenvironment and enhances anti-CTLA-4-
mediated T cell activation
To investigate effects of DAT on the tumour microen-
vironment (TME), mice were treated as described above
(Fig. 1A), and tumour tissue was analysed on day 15.
Supplementation with DAT enhanced anti-CTLA-4-
induced T cell activation, with increased frequency
(mean difference 14.06%, 95% CI 0.60–27.53) and ac-
tivity of IFNγ-producing CD4 T cells (Fig. 1E–G,
Table S3). In contrast, DAT supplementation alone did
not significantly impact on T cell activation in the TME.
Similarly, in CD8+ cytotoxic T cells, the activation level
was enhanced by DAT and anti-CTLA-4 combination
treatment (mean difference to anti-CTLA-4 mono-
therapy of 16.29%, 95% CI 0.17–32.41) (Fig. 1H and I,
Fig. S1C, Table S3). As expected, anti-CTLA-4 ICI
immunotherapy strongly modulated the TME, but we
did not observe any additional effects by DAT supple-
mentation regarding expansion and activation of OVA
antigen-specific T cells (Fig. S1C and D), frequency of
Foxp3+ regulatory T cells (Tregs, Fig. S1E) and T cell
7
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memory phenotype (Fig. S1F–I). Also, the frequency
and maturation of conventional CD11c+ MHC-II+ DCs
in the TME as important antigen-presenting cells during
T cell priming were not altered by oral DAT supple-
mentation (Fig. S1J and K). Interestingly, the combina-
torial treatment with anti-CTLA-4 and DAT increased
the frequencies of activated, IFNγ-producing natural
killer (NK) cells in the tumour (Fig. 1J). Taken together,
these data show that DAT supplementation by itself
does not significantly impact on the TME, but together
with anti-CTLA-4 therapy DAT can potently enhance T
and NK cell activation.

DAT directly enhances T cell and DC activation
in vitro
To confirm whether these findings were mediated by
direct effects of DAT on immune cells, we exposed T
cells or DCs to varying concentrations of DAT in vitro. In
the presence of a T-cell receptor (TCR) stimulus and
costimulatory signals in the form of CD3/CD28-coated
beads and recombinant IL-2, DAT effectively enhanced
T cell activation (Fig. 2). DAT exposure increased the
percentage of TCR-stimulated CD8+ T cells expressing
the pro-inflammatory cytokine IFNγ (mean difference
between 1 mM DAT and untreated T cell 5.46%, 95% CI
0.21–10.70) and the early activation marker CD25
(Fig. 2A and B, Table S3). In the absence of TCR
stimulation, DAT did not impact on CD8+ T cell acti-
vation (Fig. S2A and B). In CD4+ T cells, exposure to
DAT enhanced the frequency of cells expressing the
Th1-favouring transcription factor T-bet (Fig. 2C), but
not of IFNγ+ or CD25+ CD4 T cells (Fig. S2C and D). In
DCs, engagement of DAT induced maturation with
enhanced surface expression of the co-stimulatory
molecules CD80 or CD86 only when DCs were simul-
taneously exposed to lipopolysaccharides (LPS), a
component of the outer membrane of gram-negative
bacteria and molecular pattern activating Toll-like re-
ceptor (TLR)4 (Fig. 2D and E). These data demonstrate
that DAT can indeed directly promote activation of both
T cells and DCs, but that this may require additional
signals such as TCR engagement or microbial co-
stimulatory signals in DCs.
inoculation (day 0) until the end of the experiment. Anti-CTLA-4 or isoty
(100 μg), and 13 (100 μg). Tumours were extracted on day 15. (B) Perce
onset from n = 6 independent experiments [p-values correspond to an un
n = 3–6 independent experiments [p-values correspond to a two-way AN
survival of n = 3 independent experiments [p-values correspond to a Log-
were extracted for analysis of immune cells in the tumour microenvironm
scatter plots of the frequency of IFNγ+ CD4+ cells, (G) mean fluorescen
‘Ctrl + isotype’ group, (H) frequency of IFNγ+ CD8+ cells, (I) MFI of IFNγ ex
frequency of IFNγ+ natural killer (NK) cells in the TME [p-values correspond
test]. All graphs show mean with 95% confidence interval (CI). For an an
Fig. S8.
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The additive effect of DAT and ICI immunotherapy
is time- and application-dependent
We next evaluated whether the timing of DAT admin-
istration could have impact on ICI immunotherapy in
murine melanoma. We therefore initiated DAT
administration via the drinking water on day 5 after
tumour inoculation (referred to as “late” treatment;
Fig. 3A). Compared to “early” DAT supplementation
from day 0 on, late DAT administration from day 5 on
resulted in a similar non-significant trend of delayed
early tumour growth (Fig. 3B). Yet, combining the late
DAT treatment with anti-CTLA-4 did not achieve the
same beneficial effects on long-term tumour control and
associated animal survival as the “early” DAT treatment
(Fig. 3C). We then investigated if a lower dose of DAT
(3.4 mg/mouse/day) but with controlled application via
oral gavage starting on day 0 could also promote a
therapeutic anti-tumour response (Fig. 3D). We found
the oral gavage DAT regimen to be less therapeutically
active in combination with anti-CTLA-4, with only non-
significant mean tumour growth delay but some sur-
vival benefit for melanoma-bearing mice (Fig. 3E–G). To
address whether the immunomodulatory effect of DAT
was limited to the highly immunogenic B16.OVA ma-
lignant melanoma model, DAT supplementation via
oral gavage was conducted in a subcutaneous model of
murine pancreatic adenocarcinoma and was combined
with anti-PD-1 treatment. Even administered at low
doses (3.4 mg/mouse/day), we observed improved
tumour control associated with significantly prolonged
survival in mice treated in the DAT and anti-PD-1
combination group (Fig. S3A and B). Taken together,
these data demonstrate that oral DAT supplementation
increases the efficacy of both anti-CTLA-4 or anti-PD-1
ICI immunotherapy of different cancer entities in a
time- and application-dependent manner.

DAT enhances antigen-specific priming and
expansion of cytotoxic T cells in vivo
Even though our analysis of the TME demonstrated an
increased abundance of activated IFNγ-producing T
cells in response to DAT supplementation during anti-
CTLA-4 immunotherapy, our data did not allow to
pe control antibodies were administered i.p. on days 7 (200 μg), 10
ntage of mice without a palpable tumour on day 7 before treatment
paired t-test with Welch’s correction]. (C) Mean tumour growth from
OVA with Tukey’s multiple comparison test on day 14]. (D) Overall
rank (Mantel–Cox) test]. In n = 4 independent experiments, tumours
ent (TME) via flow cytometry (E) Representative dot plots and (F)
ce intensity (MFI) of IFNγ expression in CD4+ cells normalized to
pression in CD8+ cells normalized to ‘control + isotype’ group, and (J)
to the respective one-way ANOVA with Tukey’s multiple comparison
alysis of area under the curve (AUC) of tumour volume growth see
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95% CI.
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differentiate whether DAT impacts on T-cell priming
and/or effector function. Hence, we evaluated the po-
tential of DAT to modulate T-cell priming in a controlled
vaccination approach in the absence of tumour growth,
using purified OVA protein and the RIG-I ligand
3pRNA44 as adjuvant in naïve mice. DAT application via
the drinking water was initiated at day 0, and mice were
vaccinated at day 7 with OVA and 3pRNA s.c (Fig. 4A).
In line with our previous data, sole DAT supplementa-
tion was not sufficient to increase the OVA protein ef-
fect, but significantly enhanced the expansion of
circulating OVA antigen-specific T cells in combination
with the 3pRNA adjuvant (Fig. 4B). Vaccinated mice
were then challenged with a bimodal (subcutaneous and
intravenous) B16.OVA tumour cell inoculation
(Fig. 4C). Mice immunized with the combinatorial
vaccine incorporating 3pRNA adjuvant and oral DAT
subsequently showed significantly better subcutaneous
(Fig. 4D) and systemic tumour control with reduced
numbers of pulmonary pseudo-metastases (Fig. 4E,
Fig. S4). These data demonstrate that DAT treatment
enhances antigen-specific priming and expansion of
cytotoxic T cells with potent anti-tumour activity.

Host-IFN-I signalling is required for the additive
effect of DAT and anti-CTLA-4 immunotherapy
Given its known function as an IFN-modulator,15 we
next investigated the role of host cell-intrinsic IFN-I
signalling for DAT-mediated enhanced anti-tumour
immunity. As described previously,11 mice with ge-
netic deficiency for the common IFN-α receptor 1
(Ifnar1−/−)15 showed a generally poor response to anti-
CTLA-4 ICI treatment (Fig. 5). Oral supplementation
of DAT in Ifnar1−/− mice did not impact on early
tumour control as we did not observe any DAT-
mediated tumour growth delay (Fig. 5A and B).
Furthermore, the combinatorial effect of DAT and anti-
CTLA-4 was completely abrogated in Ifnar1−/− mice with
rapid tumour growth and poor survival (Fig. 5C and D).
Oral supplementation with DAT did not rescue the
deleterious effects of defective host IFN-I signalling on
the therapeutic effect of anti-CTLA-4. Accordingly, when
analysing the TME in Ifnar1−/− mice, we did not observe
increased abundance of activated T and NK cells or
other immune cells in response to anti-CTLA-4 neither
as monotherapy nor in combination with oral DAT
supplementation (Fig. 5E–H, Fig. S5). These data
demonstrate that DAT-mediated enhancement of anti-
CTLA-4 immunotherapy is critically dependent on
functional host IFN-I signalling. However, these data do
not distinguish whether DAT actively modulates IFN-I
signalling or impacts on immunomodulatory functions
downstream of IFNaR1 in host (immune) cells.

DAT compensates for the adverse effects that result
from antibiotic treatment during anti-CTLA-4
immunotherapy
A major clinical challenge in the therapy with ICI are
previous treatments with broad-spectrum antibiotics,
associated gut dysbiosis and often deleterious effects on
immunotherapy.45–48 To evaluate whether oral DAT
supplementation may ameliorate the negative effects of
gut dysbiosis, mice were treated with a mixture of broad-
spectrum antibiotics (Abx) consisting of ampicillin,
neomycin, vancomycin, metronidazole, and the anti-
fungal compound amphotericin B prior to B16.OVA
tumour cell inoculation and subsequent treatment.
Indeed, Abx-treated mice showed severe changes in
their intestinal microbiota with poor bacterial growth
both under standard aerobic as well as anaerobic culture
conditions of plated stool samples (Fig. S6A). Comple-
mentary 16S-rRNA analysis confirmed that the bacterial
gut microbiome was largely depleted following broad-
spectrum Abx treatment in mice. This bacterial deple-
tion was not prevented by concurrent oral DAT sup-
plementation (Fig. S6B). Consistent with previous
reports,19 anti-CTLA-4 treatment failed to improve
tumour growth control or host survival in Abx-treated
www.thelancet.com Vol 97 November, 2023
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mice when compared to isotype control mock treatment
(Fig. 6A and B, Fig. S6C and D). Despite largely depleted
intestinal bacteria, oral supplementation of DAT led to a
partial recovery of anti-CTLA-4 efficacy with moderately
improved mean tumour control and markedly pro-
longed survival of Abx-exposed mice undergoing
combinatorial treatment with DAT and anti-CTLA-4
(Fig. 6A and B, Fig. S6C and D). Control groups
without Abx treatment were run in parallel to confirm
the effectiveness of the anti-CTLA-4 treatment and the
additive DAT effect and are displayed in additional
graphs for clarity (Fig. S6C and D). DAT supplementa-
tion allowed for the anti-CTLA-4-induced expansion of
circulating OVA tumour antigen-specific T cells, even in
Abx-treated mice (Fig. 6C). Taken together, these data
demonstrate that oral supplementation with DAT
cannot prevent intestinal dysbiosis after broad-spectrum
antibiotic treatment, but can ameliorate its deleterious
effects on the anti-tumour efficacy of anti-CTLA-4 ICI
immunotherapy.

Oral DAT supplementation alters the microbial
composition of the gut in mice
In multiple studies, certain bacterial taxa were found to
be enriched in responder versus non-responder
patients.20,23,24,29 Bacterial-derived metabolites were sug-
gested to act as potential mediators of varying anti-
tumour immune responses.30,31 We thus addressed
whether the beneficial immunomodulatory effects of
oral DAT application were solely mediated by compen-
sating insufficient endogenous DAT levels and/or
actively modulated the composition of the gut micro-
biota. Therefore, mice were supplemented with DAT via
the drinking water for 7 days, and 16S-rRNA from faecal
samples was analysed using next generation sequencing
(NGS). We found that the effective richness and the
Shannon effective diversity were significantly decreased
in DAT treated mice, meaning that the number of
species and their relative abundances were lower in
stool samples of DAT-treated mice (Fig. 7A and B). For
beta-diversity of stool microbiota, we found a significant
difference in similarity between DAT-treated and naive
mice (Fig. 7C). Next, we analysed potential changes in
taxonomic composition. Application of DAT in mice
altered the composition of their intestinal microbiota at
the class level. The relative abundance of Bacteroidia was
significantly higher following DAT application, and the
relative abundance of Clostridia—the taxonomic class of
the known DAT producer Flavonifractor plautii
(NCBI:txid292800)49—decreased (Fig. 7D). On order
and DAT was provided by daily oral gavage beginning on the day of tu
volume on day 7 before onset of treatment with anti-CTLA-4 [p-values co
time from n = 3 independent experiments [p-values correspond to a two
Overall survival of tumour-bearing animals [p-values correspond to a Log
integrated analysis of AUC of tumour volume growth see Fig. S8.
level, we found that the relative abundances of Bacter-
oidales and Burkholderiales were increased and the relative
abundance of Lachnospirales was decreased following
DAT supplementation (Fig. 7E). Burkholderiales were the
only bacterial taxon retrospectively found to be enriched
before treatment onset in anti-CTLA-4 responder versus
non-responder melanoma-bearing mice in the absence of
DAT supplementation (Fig. 7F). For this purpose, we
analysed 16S-rRNA in stool samples of mice before
tumour inoculation and onset of treatment with anti-
CTLA-4, and retrospectively categorized these mice into
responder versus non-responder to ICI therapy. The re-
sults were also narrowed down to family level. The rela-
tive abundance of Tannerellaceae was increased whilst the
abundances of Lachnospiraceae and Oscillospiraceae were
decreased following DAT supplementation (Fig. 7G).
Nonetheless, these differences in class, order or family
level are too broad to imply contribution by specific
bacterial genera or species to ICB-related outcomes.
When looking at genus level, we were able to identify
only few defined genera, none of which were altered by
oral DAT supplementation (data not shown). In sum-
mary, oral DAT supplementation may change the gut
microbial composition in mice towards a beneficial
response to ICI immunotherapy.

DAT supplementation does not aggravate immune-
related adverse events during anti-CTLA-4
treatment
A major clinical limitation of ICI are immune-related
adverse events (irAEs). With any combinatorial
approach, concern for such over-stimulated and errant
immune responses are apparent. A common irAE with
significant morbidity in cancer patients undergoing
ICI is colitis.50 Generally, murine models are poorly
sensitive to irAEs. Accordingly, in our experimental
mice, we did not observe any obvious clinical signs of
ICI-induced colitis, such as (bloody) diarrhoea or
weight loss. Previous reports described a subclinical
form of colitis in mice undergoing anti-CTLA-4
immunotherapy.19 We were able to reproduce these
observations with increased cleavage of caspase-3 in
large intestinal tissue sections from mice undergoing
anti-CTLA-4 treatment as a sign of therapy-induced
apoptosis of intestinal cells (Fig. S7A and B). As
these findings were not statistically significant, we
additionally used our established assay of neutrophil
influx into the gut lamina propria as a very sensitive
surrogate marker for epithelial damage, loss of barrier
function and intestinal inflammation.34 We could
mour cell inoculation until the end of the experiment. (E) Tumour
rrespond to an unpaired t-test]. (F) Continuous tumour growth over
-way ANOVA with Tukey’s multiple comparison test on day 12]. (G)
-rank (Mantel–Cox) test]. All graphs show mean with 95% CI. For an
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indeed recapitulate the previously published finding19

that anti-CTLA-4 treatment results in gut epithelial
damage and subclinical colonic inflammation, here
associated with massive neutrophil influx (mean dif-
ference of 1.11%, 95% CI 0.22–2.00); Fig. S7C,
Table S3). Interestingly, oral supplementation with
www.thelancet.com Vol 97 November, 2023
DAT ameliorated anti-CTLA-4-mediated gut damage
and subsequent subclinical tissue inflammation
(Fig. S7A–C). Taken together, these data suggest that
oral supplementation of DAT in combination with ICI
does not aggravate irAEs such as colitis, but in contrast
may reduce colonic inflammation.
13
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control antibodies as described for Fig. 1. (A) Mean tumour volume on day 7 before onset of ICI treatment from n = 6 independent experiments
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Articles
Discussion
The gut microbiome can modulate the response to ICI
cancer immunotherapy, and bacterial-derived metabo-
lites have emerged as one missing link between sys-
temic host immunity and microbes at the epithelial
interface. We here show that the bacterial metabolite
DAT can enhance checkpoint inhibitor-mediated anti-
tumour T-cell immunity. Oral supplementation of DAT
www.thelancet.com Vol 97 November, 2023
not only resulted in more activated cytotoxic T and NK
cells in the TME during immunotherapy, but also pro-
moted priming and expansion of tumour antigen-
specific CD4 and CD8 T cells. However, the exact
cellular subsets that respond to DAT and mediate its
immunomodulatory function remain to be determined.
At this time, it is also unclear whether supplemented
DAT primarily acts in the intestinal tract on the
15
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interaction of luminal gut microbiota, the epithelial
barrier and local immune cells to fine-tune systemic
immunity, or directly on cells in the TME. As shown
previously, both endogenous (produced from gut
microbiota) or administered DAT can enter the blood
circulation and reach distant organ sites.15 In a murine
model of viral infection, the same study suggested that
tissue-resident phagocytes mediate the immunomodu-
latory DAT effect. Even though, we did not observe
DAT-mediated maturation of DCs as an important type
of phagocytes in the TME, we demonstrated that DAT in
combination with concurrent (microbial) co-stimulatory
signals was principally capable of stimulating DC
maturation in vitro. Generally, the transient effects of
DAT monotherapy on early tumour growth and its ad-
ditive effect with anti-CTLA-4 or anti-PD-1 immuno-
therapy on anti-tumour T cell immunity implicate
multilayered immunomodulatory DAT effects.

Several studies have suggested direct impact of bac-
terial metabolites on the function of T cells. The
www.thelancet.com Vol 97 November, 2023
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metabolite inosine has been described to augment
immunotherapy with checkpoint inhibition (particularly
anti-CTLA-4) via activation of the adenosine receptor
A2A on T cells.30 Very recently, the microbial tryptophan
catabolite indole-3-aldehyde (I3A) has been shown to
promote immune checkpoint inhibitor treatment in
murine melanoma via engagement of the aryl hydro-
carbon receptor (AhR) on T cells.51 Interestingly, in this
model, I3A derived from tumour-resident bacteria.
However, the immunomodulatory effects of bacterial
metabolites seem to be highly context-dependent and
may thus appear contradictory. In contrast to the above-
mentioned study, in a murine model of pancreatic
ductal adenocarcinoma, engagement of AhR in tumour-
associated macrophages by microbiota-derived indoles
suppressed T-cell anti-tumour immunity.52 While direct
stimulatory effects on T cells via epigenetic reprogram-
ming have been described for the SCFA butyrate,53 its
systemic administration was found to limit the anti-
tumour effect of CTLA-4 blockade in mice via impaired
DC maturation and subsequent T-cell priming.31 We
found that DAT was capable of directly enhancing acti-
vation and differentiation of T cells undergoing TCR
stimulation. Along these lines, the immune-promoting
effects of oral DAT supplementation were robustly
observed in two different tumour models, with different
checkpoint inhibitors, and also following Abx treatment.
Generally, the response to bacterial metabolites can be
influenced by various host factors, including genetics,
immune status, and the existing microbial community
in the gut and also in the tumour tissue.21,22 These fac-
tors can impact the expression of receptors or signalling
pathways involved in metabolite recognition and
response, leading to differences in the immune
response.54,55 Furthermore, different (tumour) tissues
and organs have distinct immune microenvironments
with different cellular composition and local cytokine
milieu and thus the response to bacterial metabolites
may vary.56,57

Our data suggest that DAT can directly act on im-
mune cells including T cells and DCs, but the exact
molecular mechanisms how DAT is detected in
mammalian hosts remain unclear. DAT has been sug-
gested to modulate and enhance IFN-I signalling, pri-
marily by augmenting the positive feedback loop of
IFNAR1 via STAT1.15 Accordingly, we found that DAT
potently enhanced T-cell priming in response to a
known IFN-I-inducer but failed to do so as mono-
therapy. In line with our previous findings,11 IFNAR1-
deficient mice showed a severe defect of anti-CTLA-4-
mediated anti-tumour immunity, which could not be
circumvented by oral DAT supplementation. This again
suggests that DAT enhances anti-tumour immunity via
IFN-I signalling, and that DAT could be one of the
microbial mediators that is required to help sustain
basal IFN-I production in this context. Along these lines,
previous reports identified intestinal microbiota to
www.thelancet.com Vol 97 November, 2023
maintain constitutive host IFN-I expression via nucleic-
acid sensing PRRs such as cGAS/STING or RIG-I,
thereby allowing for anti-viral and anti-tumour immu-
nity.21,58 The fact that DAT augmented anti-tumour im-
munity also in Abx-treated mice with severely reduced
gut microbiota, suggests that microbial-derived metab-
olites may at least in part compensate the missing
microbiota signals required to trigger basal IFN-I sig-
nalling. However, the immunostimulatory effects of
DAT seem to require some level of co-stimulation of an
intact (beneficial) microbiome, as i) in vitro maturation
of DCs by DAT required co-exposure to LPS, and ii)
DAT supplementation in Abx-treated mice did not reach
the same additive efficacy with anti-CTLA-4 as in non-
Abx groups. This is different to previous studies, in
which the immunotherapy-promoting effects of inosine
were totally dependent on inflammatory stimuli of the
gut microbiota or exogenously added DAMPs to activate
TLR9, and in their absence could even revert to
immuno-suppressive function.30 At this stage, it is un-
clear which molecular co-stimulatory components (of
the gut microbiome) contribute to antitumor efficacy of
DAT. We and others have previously shown that tumour
cell-derived nucleic acids can trigger cGAS/STING or
RIG-I signalling for potent IFN-I production.11,59,60 In our
current study, in vitro transcribed RNA as an artificial
RIG-I ligand and “microbial mimicry” did indeed
exhibit a strong additive effect with oral DAT supple-
mentation to induced expansion of tumour antigen-
specific T cells.

The interaction between immune-modulating cancer
treatments and the host microbiota is dynamic and
often bidirectional. Checkpoint inhibition with anti-
CTLA-4 antibodies relies on the gut microbiota, but
vice versa also modulates intestinal microbial composi-
tion in both mice and men.19 We here found that oral
supplementation of mice with DAT also altered their
intestinal microbiota, associated with a reduced bacterial
richness and diversity. While high α-diversity is often
considered as an indicator for a healthy gut microbiota,
several meta-analyses could not find an association be-
tween gut microbial diversity and patient response to
immunotherapy with checkpoint inhibitors.28,61,62 DAT
supplementation resulted in reduced abundance of
Clostridia, a class of obligate anaerobes in which several
member species such as Flavonifractor plautii (Clos-
tridium orbiscindens) have been shown to be producers of
DAT.15 However, the role of endogenously produced
DAT derived from the prevalent gut microbiota (in
comparison to therapeutically supplemented DAT) re-
mains unclear. Even though our data suggested a
possible association between endogenous DAT levels in
the stool and subsequent response to anti-CTLA-4
immunotherapy, this has to be interpreted with
caution as the DAT levels in murine stools samples were
at the detection limit of our mass spectrometry
approach. Furthermore, due to ambiguous results, the
17
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predictive value for the abundance of certain bacterial
species and their metabolites regarding clinical re-
sponses still requires further experimental validation.
For example, SCFA-producing bacteria have been linked
to favourable responses to checkpoint inhibitor ther-
apy,63 while high blood butyrate and propionate levels
were associated with resistance to CTLA-4 blockade in
mice and patients.31

In our study, oral DAT supplementation resulted in
increased abundance of Bacteroidales and Burkholder-
iales, the latter being the only bacterial class found to be
enriched in anti-CTLA-4 responders. This is in line with
previous studies, that linked bacterial species belonging
to these classes to anti-CTLA-4-induced anti-tumour
immunity.19 However, DAT-mediated changes of the
gut microbiota in our study were only obvious at the
order level. Meta-analysis from patients under ICI
treatment have revealed commonalities among the
bacteria identified not only at the level of individual
species but also in larger taxonomical branches (on the
level of family or higher).28,63 Generally, at this point, it
remains unclear whether DAT-induced changes in host
gut microbial composition impact on DAT-modulated
anti-tumour immunity (in addition to its direct effects
on CD8 T-cell and DC function), or are just a coinci-
dental effect. Furthermore, modulation of microbial
communities by exogenous supplementation seems to
be dynamic and context-dependent. The intestinal mi-
crobial composition of mice with gut dysbiosis due to a
constant high-fat diet was not significantly altered by
oral DAT supplementation.64 However, in these mice,
DAT treatment could attenuate chemically-induced
colonic inflammation in an IFN-I-dependent manner,
by replenishing endogenous DAT levels. Our data, that
oral DAT supplementation could augment anti-CTLA-4-
induced anti-tumour immunity during broad-spectrum
antibiotic treatment without preventing Abx-induced
intestinal bacterial depletion, hint to a possible similar
mechanism.

Although oral DAT supplementation potently
augmented anti-CTLA-4-induced anti-tumour T-cell
immunity, we did not observe aggravated irAEs but
rather reduced subclinical colitis. The microbial trypto-
phan catabolite indole-3-carboxaldehyde (3-IAld) has
previously shown to ameliorate chemically-induced co-
litis in mice.65 Both engagement of the AhR and mod-
ulation of the gut microbiota contributed to improved
epithelial barrier function and immune homeostasis in
the gut. In a model of chemically-induced colitis in mice
with metabolic syndrome, oral supplementation with
DAT similarly protected epithelia barrier integrity and
attenuated mucosal inflammation.64 Others have shown
that certain microbiota-targeting interventions can un-
couple anti-tumour efficacy from toxicity effects.19 Here,
administration of Bacteroides and Burkolderia species in
mice resulted in improved anti-CTLA-4 efficacy but
reduced histopathological signs of colitis. The exact
mechanisms how DAT supplementation seems to
dissociate therapy efficacy from irAEs remains to be
determined. At this stage, it is unclear as to what extent
sex, gender, or diversity account for this study. Never-
theless, where possible, we have included equal ratios of
female and male mice. We have monitored our data
regularly to consider sex as a biological variable.

In summary, our results identify the IFN-I-
modulating bacterial metabolite DAT to efficiently pro-
mote anti-tumour T-cell immunity. Given its low cyto-
toxicity, high tolerability, and oral bioavailability, DAT is
a promising candidate as a new microbial-based thera-
peutic to improve the efficacy of cancer immunotherapy
with checkpoint inhibitors, particularly in patients with
prior antibiotic treatment. Nonetheless, a comprehen-
sive and functional assessment of the beneficial or ad-
versary effects of specific microbial consortia and their
associated metabolites on the immune and anti-tumour
responses elicited by immune checkpoint inhibitors will
be necessary before defined metabolite-producing con-
sortia or metabolite mixtures can be envisioned as new
personalized microbial-based anticancer therapeutics.
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