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Pancreatic ductal adenocarcinoma (PDAC) is expected to be the second most deadly
cancer by 2040, owing to the high incidence of metastatic disease and limited
responses to treatment2 Less than half of all patients respond to the primary
treatment for PDAC, chemotherapy®*, and genetic alterations alone cannot explain
this®. Diet is an environmental factor that can influence the response to therapies,
butitsrolein PDAC is unclear. Here, using shotgun metagenomic sequencing

and metabolomic screening, we show that the microbiota-derived tryptophan
metabolite indole-3-acetic acid (3-1AA) is enriched in patients who respond to
treatment. Faecal microbiota transplantation, short-term dietary manipulation of
tryptophan and oral 3-IAA administration increase the efficacy of chemotherapy in
humanized gnotobiotic mouse models of PDAC. Using a combination of loss- and
gain-of-function experiments, we show that the efficacy of 3-1AA and chemotherapy
is licensed by neutrophil-derived myeloperoxidase. Myeloperoxidase oxidizes 3-1AA,
whichin combination with chemotherapy induces a downregulation of the reactive
oxygen species (ROS)-degrading enzymes glutathione peroxidase 3 and glutathione
peroxidase 7. All of this results in the accumulation of ROS and the downregulation
of autophagy in cancer cells, which compromises their metabolic fitness and,
ultimately, their proliferation. In humans, we observed a significant correlation
between the levels of 3-IAA and the efficacy of therapy in two independent PDAC
cohorts. Insummary, we identify a microbiota-derived metabolite that has clinical
implicationsin the treatment of PDAC, and provide a motivation for considering
nutritional interventions during the treatment of patients with cancer.

Polychemotherapy, either with 5-fluorouracil (5-FU), irinotecan and
oxaliplatinin combination with folinic acid (FOLFIRINOX), or with gem-
citabine and nab-paclitaxel (GnP), is considered the standard of care
for patients suffering from metastatic PDAC (mPDAC)**. However, less
than half of all patients are responsive to the therapy, and patients who
donotrespond (NR patients) suffer from pain and eventually die within
weeks’. Genetic alterations in PDAC poorly explain the differences
between patients who respond to therapy (responder (R) patients)
and NR patients®®, which leaves environmental factors—including the
intestinal microbiota—as the potential mediators of chemotherapy
efficacy. Thereis, therefore, an urgent need toidentify environmental
factors that might explain the differences between R and NR patients
so that new concepts can be developed for future therapies.

The intestinal microbiota has been shown to induce a response to
immunotherapy in patients with melanoma, and canbe modulated by
dietary habits’ . In rare patients with localized PDAC who are long-term

survivors, bacteria can translocate from theintestineinto the tumour
and control anti-tumourimmune activation2, However, most patients
suffering from aggressive immunotherapy-resistant mPDAC are treated
with polychemotherapy, and it is at present unclear whether and how
the microbiota or dietary habits affect its efficacy’”.

3-IAAinduces aresponse to chemotherapy

We recruited 30 patients with mPDAC, of whom 23 did not receive
antibiotics and provided enough sample material to allow the intesti-
nal microbiota to be analysed before the beginning of chemotherapy
treatment (Fig. 1a and Extended Data Fig. 1a). The cohort of patients
was separated into R and NR patients mainly on the basis of radiologi-
cal response or, in cases in which the disease stabilized or computed
tomography (CT) scans were missing, on the basis of progression-free
survival (PFS) and a decrease of serum tumour markers (see Methods
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Fig.1/3-IAAinducesaresponse to FIRINOXin mouse models of PDAC.

a, Theintestinal microbiota of 23 patients with mPDAC was sequenced before
thestart of chemotherapy (chemo). GF, germ-free. b, Principal coordinate
analysis (PCoA), with Bray-Curtis dissimilarity matrix, of pre-treatment NR
(n=12) and R (n=10; one patient was excluded after the quality control)
microbiota. c, Gnotobiotic mice were colonized with five different R or NR
microbiota, KPC cancer cells were orthotopically injected and mice were
treated with FIRINOX or left untreated. Tumour weight is shown relative to the
mean tumour weight of the untreated group of each experiment at day 20 after
tumour cellinjection (n=9NR1-3;n=8R2;n=7RlandR3;n=5NR5,R4andR5;
n=4NR4;pooled fromnineindependent experiments).d,e, Volcano plots
showing differentially abundant metabolitesin the serumofthree Rand NR
patients (d) and inthe serum of gnotobiotic mice colonized with Ror NR
microbiota (n =3each, biological replicates) (e). NS, not significant.

for detailed criteria). R patients (n = 11) had a mean PFS of 40.9 weeks,
which was significantly higher than the PFS of 12.8 weeks for NR patients
(n=12), and the overall survival was 51.9 weeks for R and 26.4 weeks
for NR patients (Extended DataFig.1b,c). The microbiota of R patients
was distinct from the microbiota of NR patients (Fig. 1b and Extended
DataFig.1d-f). Tostudy a potential cause-effect relationship between
the microbiota and the response to chemotherapy, we transferred
microbiotafromthefirsttenrecruited Rand NR patients into gnotobi-
otic mice, followed by orthotopic injection of PdxI-Cre, LSL-KRAS®'?,
LSL-Trp53*721* (KPC) pancreatic cancer cells (Extended Data Fig. 2a-d).
Notably, four patients were treated with FOLFIRINOX and one patient
was treated with GnP in both groups (R and NR). Irrespective of the
original donor treatment, we observed smaller tumours in mice that
were colonized with the microbiota of R patients, but notin mice colo-
nized with the microbiota of NR patients, after chemotherapy treatment
(5-FU, irinotecan and oxaliplatin; FIRINOX) (Fig. 1c and Extended Data
Fig. 2e). Given the potential translocation of intestinal bacteria into

f,R-microbiota-colonized gnotobiotic mice were fed with theindicated
concentration of tryptophan, and the 3-1AA serum concentration at the fourth
day of dietaryinterventionis shown (n =5each).g, Left, tumour weight of
orthotopic KPC tumours (n =8, 5or 9) after FIRINOX treatment. Right,
correlationbetween 3-1AA serum concentration and tumour weight of five
randomly selected mice per dietary group from f(n =15). h, SPF mice were
orthotopically injected with KPC cells and treated with or without (+/-) 3-I1AA
and/or with or without FIRINOX, and tumour weight was assessed at day 20 of
theexperiment (n=>5or 6). Eachsymbol represents one mouse. One out of two
(f,g) orthree (h) independent experimentsis shown. Error barsindicate s.e.m.
Significant Pvalues areindicated and were determined by MANOVA (b), two-
tailed nested t-test (c), fold change analysis and two-tailed t-test (d,e), simple
linear regressionand Pearson’s r (g) and one-way ANOVA with Tukey’s post-hoc
test (f-h).

PDAC tumours", we next analysed the intratumoural bacteria by 16S
rRNA sequencing. We could only detect intratumoural bacteriain 2 out
of 12 tumours (Extended Data Fig. 2f), and thus hypothesized that the
response to chemotherapy isindirectly controlled through circulating
microbiota-derived metabolites.

To address this, we analysed serum from R and NR patients and
matching colonized gnotobiotic mice and performed a targeted
metabolomic screen using liquid chromatography coupled to mass
spectrometry. We found that the tryptophan metabolite 3-IAAwas the
most significantly enriched metabolite in R compared to NR patients
(Fig.1d). Inline with this, 3-IAA was also enriched in the serum of gno-
tobiotic mice that were colonized with R compared to NR microbiota
(Fig.1e and Extended Data Fig. 2g).

To characterize which gut bacteriain R patients could contribute to
increased production of 3-1AA, we analysed the abundance of common
3-1AA-producing bacterial strains'* in the microbiota of R compared to
NR patients. Out of the fifteen analysed 3-1AA producers, we found that
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Bacteroides fragilis and Bacteroides thetaiotaomicron were increased
in R patients and confirmed their capacity to produce 3-I1AA in vitro
(Extended Data Fig. 2h,i).

We next wondered whether we could alter the serum levels of 3-I1AA
in mice and thereby affect the efficacy of chemotherapy by modulat-
ing the dietary concentration of tryptophan, the precursor of 3-1AA
(ref. ). Because tryptophan canimpair the development of anti-tumour
immune responses and thus promote tumour growth'®?, we first tested
differentlengths of dietary intervention. Fourteen days of tryptophan
exposure promoted tumour growth, whereas a treatment period of
only four days was not sufficient (Extended DataFig. 2j,k). We therefore
decided to choose a four-to-five-day intervention for the rest of our
experiments to avoid the pro-tumorigenic effect'®”.

Second, we observed that four days of a high-tryptophan diet
was already sufficient to increase the concentration of 3-1AA in the
serum of gnotobiotic mice that were colonized with R microbiota
(Fig. 1f). Moreover, when this dietary intervention was combined
with FIRINOX, we observed a decreased tumour weight (Fig. 1g).
In addition, 3-IAA serum levels correlated inversely with tumour
weight (Fig.1g). Notably, these tryptophan-mediated effects—that s,
increased concentration of 3-1AA and decreased tumour weight—were
lostin NR-microbiota-colonized mice (Extended DataFig. 2l,m). These
data suggest that the effect of the tryptophan-high diet is mediated
by 3-1AA, but we cannot rule out additional mechanisms contribut-
ing to the observed increased response in this set of experiments.
Therefore, we directly supplemented 3-IAA in specific-pathogen-free
(SPF) mice and found that our intervention was sufficient to reach
the concentrations measured in mice that were colonized with
R microbiota, and to increase the efficacy of chemotherapy not
only in SPF but also in NR-colonized gnotobiotic mice (Fig. 1h and
Extended Data Fig. 3a-c). We also tested other microbiota-modulated
metabolites that have implications in different gastrointestinal can-
cers, such as the secondary bile acid deoxycholic acid (DCA) and the
primary bile acid glycocholic acid (GCA)*®". In addition, we chose
to test two other metabolites that were increased in R patients or
R-microbiota-colonized gnotobiotic mice—namely, the indole deri-
vate indole-3-propionicacid (IPA) and hippuric acid—in combination
with FIRINOX. None of these metabolites led to a similar efficacy to
that of 3-1AA (Extended Data Fig. 3d,e). Together, these dataindicate
that the microbiota-derived tryptophan metabolite 3-1AAisincreased
inthe serum of humans and mice that respond to chemotherapy, and
thatthelevels of 3-IAA can be modulated by dietary interventions with
tryptophan. Moreover, 3-IAArendered even chemotherapy-resistant
PDAC susceptible to the treatment.

The effect of 3-1AAis licensed by myeloperoxidase

Microbiota-derived metabolites, especially tryptophan metabolites,
have a crucial role in shaping innate and adaptive immunity”, which
in turn have an important role in determining the efficacy of chemo-
therapy and prognosis in PDAC"?°. Therefore, we decided to analyse
tumour-infiltrating immune cells in chemotherapy-naive or treated
R- or NR-microbiota-colonized gnotobiotic mice. We consistently
observed increased frequencies of CD8" T cells and decreased neu-
trophilsin R- compared to NR-microbiota-colonized mice after chemo-
therapy. We did not observe any changes in tumour-infiltratingimmune
cellswhen comparing untreated mice (Extended DataFig.4a,b). CD8"
T cells caninduce the regression of PDAC when activated by the intes-
tinal microbiota'*. However, depleting CD8" or both CD4*and CD8"
T cells through antibody treatments did not decrease the efficacy of
chemotherapy in R-microbiota-colonized mice that received either a
standard or a high-tryptophan diet (Extended Data Fig. 5a-d). Similarly,
depletion of CD4" and CD8'T cells did not lower the efficacy of 3-1AA
and FIRINOX in SPF mice (Extended Data Fig. 5e). Thus, the effect of
3-1AA does not seem to depend on the presence of T cells.
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Neutrophils are highly abundantin PDAC, and alow neutrophil count
(neutropenia) is associated witha good prognosisinmPDAC?. 3-1AA is
specifically toxicto cells with a high concentration of myeloperoxidase
(MPO), which is a hallmark of neutrophils®. Mechanistically, MPO can
oxidize 3-1AA, inducing toxic products such as 3-methylene-2-oxindole
(MOD)*?, Inline with this, we found that culturing bone-marrow-derived
neutrophils, but not T cells (neutrophils have higher levels of MPO than
Tcells), with3-IAA and FIRINOX led to reduced cell survival (Extended
Data Fig. 6a). Moreover, adding MPO to bone-marrow-derived neu-
trophil cultures or using immature neutrophils (pre-neutrophils)
that have higher levels of endogenous MPO (ref. ?* and Extended Data
Fig. 6b) increased the toxicity of 3-IAA and FIRINOX (Extended Data
Fig. 6¢,d). By contrast, IPA did not increase the efficacy of FIRINOX in
inducing neutrophil cell deathinvitro (Extended Data Fig. 6e). Further
characterization of the response of neutrophils to 3-IAA and FIRINOX
revealed that the treatmentinduced neutrophil degranulation, which
was measured as the release of MPO, and necrosis, but did not lead to
the formation of neutrophil extracellular traps (NETs) or apoptosis
(Extended Data Fig. 6f-h). Next, we wondered whether these results
were alsoreproduciblein vivo. The combination of 3-1AA and FIRINOX
reduced the frequency and number of neutrophils in the tumour and
spleen of SPF mice (Fig. 2a and Extended Data Fig. 6i). Notably, this was
not the case for 3-IAA treatment alone (Extended Data Fig. 6j).

Given the crucial role of neutrophil-derived MPO in the release
of toxic 3-1AA products, we wondered whether this could explain
the increased efficacy of 3-1AA and FIRINOX on tumour growth. To
address this question, we established bone marrow chimeras from
either wild-type or Mpo™ mice. As expected, treatment with FIRINOX
and 3-IAA resulted in the depletion of neutrophils and showed syner-
gistic efficacy in wild-type reconstituted mice (Fig. 2b). However, in
mice that were reconstituted with Mpo™ bone marrow, the addition of
3-1AAdid not resultin smaller tumours (Fig. 2b), suggesting that MPO
is essential for the efficacy of 3-1AA and FIRINOX. Further support-
ing the role of MPO, the 3-1AA oxidation product MOl was increased
in tumours from wild-type SPF mice after treatment with 3-1AA and
FIRINOX compared to that with FIRINOX alone (Extended Data Fig. 7a).
In addition, the levels of MOl were strongly reduced in tumours from
Mpo™ bone-marrow-reconstituted mice (Extended Data Fig. 7b).

Finally, considering the key role of the aryl hydrocarbon recep-
tor (AhR) as an intracellular receptor for 3-1AA and other indols?,
we wondered whether AAr”” bone-marrow-reconstituted mice are
resistant to 3-IAA and FIRINOX. The size of the tumours in Ahr”"
bone-marrow-reconstituted mice was reduced to the same extent as
that of tumours fromwild-type reconstituted mice after treatment with
3-IAAand FIRINOX (Fig.2c), arguing againstarole of the AhR in mediat-
ingtheefficacy of 3-IAA and FIRINOX treatment. Moreover, the AhR was
also dispensableincancer cells as Ahr-knockdown KPC cells responded
to 3-1AA and FIRINOX treatment in vivo (Extended Data Fig. 7¢).

These data show that the efficacy of 3-IAA and FIRINOX is licensed
by immune cell-derived MPO, but not by AhR signalling.

The effect of 3-1AA depends on ROS and autophagy

Oxidation of 3-1AA via MPO induces ROS in cultured neutrophils®
and ROS are major mediators of chemotherapy-induced cell death?.
Therefore, we hypothesized that the efficacy of 3-IAA and FIRINOX in
the presence of MPO is mediated by ROS. To address this, we cultured
mouse and human PDAC cells with increasing dosages of 3-1AA, 3-1AA
and neutrophils or 3-IAA and MPO with or without chemotherapy.
3-IAAdirectlyincreased ROS ina dose-dependent manner. The addition
of neutrophils or MPO further enhanced the accumulation of ROS in
cancer cells, and the addition of MPO reduced the viability of mouse
and human PDAC cell lines (Extended Data Fig. 7d-k). Notably, direct
addition of the 3-I1AA oxidation product MOl also increased the efficacy
of FIRINOX in mouse and human PDAC cells (Extended Data Fig. 7I,m).
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Fig.2|The efficacy of 3-1AA and FIRINOXislicensed by MPO. a, SPF mice
were orthotopically injected with KPC cells and treated with FIRINOX with or
without3-1AA, and tumours were analysed at day three after FIRINOX treatment
(n=8each).Immunesubsets of orthotopic tumours or respective spleens were
determined by flow cytometry. CD8" T cells (CD3*CD8"); CD4" T cells (CD3*CD4);
macrophages (CD11b*F4/80"); neutrophils (CD11b"Ly6G") are shown as relative
tototal livingimmune cells (CD45"). b, Tumour weight and counts ofimmune
subsets of orthotopic KPC tumours or respective spleens of irradiated and
wild-type (WT; n=4) or Mpo” (n=>5or 6) bone-marrow (BM)-reconstituted mice
treated and analysed asina. ¢, Irradiated and wild-type, Mpo™ or Ahr”
bone-marrow-reconstituted mice received KPC cells orthotopically and were
treated with FIRINOX or FIRINOX + 3-1AA for five days (n =5 each). Allmice
received afour-day dietaryintervention with a high-tryptophan diet. Tumour
weight was assessed at day seven after FIRINOX treatment. Each symbol
represents one mouse. Twoindependent experiments were pooled (a) or one
outoftwoindependentexperiments (b,c) isshown.Errorbarsindicates.e.m.
Significant Pvalues areindicated and were determined by two-tailed Mann-
Whitney test (a) or two-tailed t-test (b,c).

Furthermore, to test the effects of 3-IAA and FIRINOX treatment
on ROS induction in vivo, we treated SPF mice with either 3-IAA and
FIRINOX or FIRINOX alone. Inline with our invitro data, treatment with
3-1AA and FIRINOXinduced high oxidative stress, measured as ROS in
cancer cells by flow cytometry or as nitrotyrosine in whole-tumour his-
tology stains (Extended Data Fig. 7n,0). Further strengthening the link
between ROS production and the oxidation of 3-IAA, we observed much
lower levels of ROS after treatment with 3-IAA and FIRINOX in cancer
cells from Mpo™ compared to wild-type bone-marrow-reconstituted
mice, by flow cytometry (Extended Data Fig. 7p).

We then wondered which oxidative-stress-related pathways are
involved in the accumulation of ROS in 3-1AA- and FIRINOX-treated
tumours. To this end, we analysed the expression of known
ROS-producing or ROS-degrading enzymes in mRNA sequencing
data, comparing tumours from mice that were treated with 3-1AA and
FIRINOX to tumours from mice treated with FIRINOX alone (Extended
DataFig. 8a). We found that the ROS-degrading enzymes glutathione
peroxidase 3 (GPX3) and glutathione peroxidase 7 (GPX7) were down-
regulatedinvivo, and treatment with 3-IAA, FIRINOX and MPOled toa
similar downregulation of GPX3 and GPX7in KPC cells in vitro (Extended

DataFig.8b).Knockdown of Gpx3and Gpx7in cancer cells was sufficient
toincrease the accumulation of ROS after treatment with FIRINOX, and
increased the susceptibility of the cancer cells to FIRINOX to a similar
extentas3-IAA and FIRINOX (Extended DataFig. 8c,d). Of note, knock-
down of Gpx3was sufficient to establish susceptibility to FIRINOX invivo
(Extended DataFig. 8e). Finally, we could show that ROS accumulation
is essential for the efficacy of 3-IAA and FIRINOX, because treatment
withthe ROS scavenger N-acetylcysteine (NAC) abolished the efficacy of
FIRINOX in R-microbiota-colonized (that s, high-3-IAA) mice (Fig. 3a).
Next, we wondered what the molecular response to high levels of
ROS is. To address this, we performed a targeted protein screen and
mRNA sequencing on tumoursisolated from SPF mice that were treated
with 3-IAA and FIRINOX or FIRINOX alone (Fig. 3b). Autophagy was
one of the main pathways that was downregulated in tumoursisolated
from mice treated with 3-IAA and FIRINOX (Extended Data Fig. 8f,g and
Supplementary Tables 1-3). Notably, autophagy is an essential meta-
bolic program for PDAC to proliferate and thrive®. Next, we found
that the autophagy substrate LC3B was reduced and p62/SQSTM was
increasedin the tumoursisolated from SPF mice that were treated with
3-IAA and FIRINOX (Fig. 3c and Extended Data Fig. 8h). Inline with this,
tumours from R-microbiota-colonized mice (high 3-1AA) also showed
areduced abundance of LC3B and an increased abundance of p62/
SQSTM1 compared to tumours from NR-colonized mice (low 3-1AA)
(Extended DataFig. 8i,j). Changesin LC3B and p62/SQSTM were accom-
panied by adeclineintumour cell proliferation, measured as the expres-
sion of Ki67,inmice treated with 3-IAA and FIRINOX (Fig. 3c). However,
we did not observe achangeinthe number of apoptotic cells, as meas-
ured by cleaved caspase-3 (Extended Data Fig. 8k), aslate as three days
after treatment. To test whether downregulation of autophagy is an
essential downstream mechanism that explains the synergy of 3-IAAand
FIRINOX, or whether itis merely associated with the observed reduction
incancer cell proliferation, we set up gain- and loss-of-function experi-
mentsinvivo. First, we observed that treatment with the disaccharide
trehalose*® normalizes autophagic activity, as measured by a decreasing
GFP/RFPratioinautophagy reporter cells® (Fig. 3d and Extended Data
Fig.8l).Second, trehalose was sufficient to completely reverse the treat-
ment efficacy of 3-IAA and FIRINOX, similar to the ROS scavenger NAC
(Fig. 3e,f). Third, treatment with the autophagy blocker hydroxychlo-
roquine sensitized tumours from NR- microbiota-colonized mice (low
3-1AA) to FIRINOX treatment (Fig. 3g). Finally, inhibiting autophagy in
cancer cells through a doxycycline-inducible dominant-negative ATG4B
protein (mSt-ATG4B)? increased the susceptibility to FIRINOX treat-
ment in SPF mice in comparison to control cells (mSt) or mSt-ATG4B
cells without doxycycline treatment (Extended Data Fig. 8m).
Overall, these datasuggest that when 3-IAA and MPO are present dur-
ing FIRINOX treatment, the accumulation of ROS increases and the stress
adaptation of cancer cellsis impaired (that is, autophagy is downregu-
lated), ultimately inducing the reduced proliferation of tumour cells.

3-1AA has therapeutic potential

To further investigate potential therapeutic implications of 3-1AA,
we tested the effect of repetitive applications of 3-1AA and FIRINOX
on mouse survival, treatment of other cancer entities and the effi-
cacy of 3-1AA with a different chemotherapy combination, namely
GnP. Up to three cycles of 3-IAA and FIRINOX together—but neither
alone—significantly increased the duration of survival with orthotopic
PDAC (Fig. 4a).Notably, 3-IAA was also synergistic with FIRINOX in the
treatment of subcutaneous colorectal (MC38) or lung (LLC) tumours
(Extended Data Fig. 9a,b) and also synergized with GnP in orthotopic
PDAC (Extended Data Fig. 9¢). These findings highlight the potential
general role of 3-1AAin cancer treatment.

Finally, we wanted to assess the relevance of our findings in humans.
We observed higher rates of neutropenia in patients who responded
to chemotherapy, consistent with our mouse data and the known
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statistics for positive cells per field (n = Seach) (right). Scale bars, 50 pm.

d,e, The GFP-LC3B-RFPreporter cell line Hy19636_GLRM was injected into SPF
mice and mice were treated as indicated (n = 5each). The graphs show the GFP/
RFPratioatday one (d) and tumour weight at day three (e) after FIRINOX

association between neutropenia and PDAC prognosis? (Extended
DataFig. 9d). Notably, the levels of neutrophil decrease after chemo-
therapy, but not lymphocyte or monocyte decrease, correlated with
3-IAA serum concentrations, as expected from their different levels of
MPO (Fig. 4b-d). Furthermore, we observed a significant correlation
of the 3-1AA serum concentration and PFS or overall survival in our
observation cohort (Hamburg cohort; Extended Data Table 1), which
was absent for the secondary bile acid DCA (Fig. 4f,g and Extended
DataFig.9e). We validated these findings inasecond cohort of patients
with mPDAC from the Ludwig-Maximilians-University (LMU) Hospital
(Munich cohort; Extended Data Table1) (Fig. 4h,i). Reflecting the miss-
ing value of other clinically assessable markers to predict achemother-
apyresponseapriori, neither patient-specific (age, gender and weight)
nor tumour-specific (tumour size and tumour marker) variables were
significantly associated with PFS (Fig. 4e and Extended Data Fig. 9f).

Discussion

In summary, our results identify the microbiota-derived metabolite
3-IAAasakey amplifier of the response to chemotherapy in PDAC. When
3-1AA and MPO are present in high concentrations during FIRINOX
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treatment. Representative merged immunofluorescenceimages or indicated
areas with amagnification of 3x are shown; scale bars, 10 pm. f, KPC cancer
cellswere orthotopically injected into R-microbiota-colonized mice and the
indicated treatment was applied as shownin the scheme (n =4 or 5). Tumour
weightisshown at day 18 of the experiment. g, Tumour weight of orthotopic
KPC tumours from gnotobiotic mice colonized with NR microbiotais shown
nine days after theindicated treatment (n =4 or5). CQ, hydroxychloroquine.
One experiment (c) or one out of two independent experiments (a,d,e-g) is
shown.Eachsymbolrepresentsone mouse. Error barsindicates.e.m.
Significant Pvalues areindicated and were determined by one-way ANOVA
followed by Dunnett’s (a,c,f) or Tukey’s (d,e) post-hoc test or Kruskal-Wallis
test followed by Dunn’s post-hoc test (g).

treatment, the accumulation of ROS increases and the stress adapta-
tionof cancer cellsisimpaired, which ultimately resultsin the reduced
proliferation of PDAC cells. Despite the limited number of patients
analysed (Hamburg cohortn =23, of whom21 had available serum sam-
ples; Munich cohortn =24), we observed arobust correlationbetween
3-IAAserum concentrations measured during chemotherapy (Hamburg
cohort) or even before the start of chemotherapy (Munich cohort) and
PFS or overall survival.

These dataset the early premise to initiate clinical trials that aim to
raise the serum concentration of 3-1AA during chemotherapy treatment
throughdirect treatment or dietary intervention, and ultimately even
increase the survival of NR patients with PDAC. Increasing the 3-1AA
substrate tryptophan through a specific diet could be easily achieved;
however, this approach is affected by the composition of the micro-
biota, assuggested by the finding that 3-IAA serum concentrations only
increased in R-microbiota-colonized mice after dietary intervention.
Therefore, when it becomes possible to produce 3-1AA under good
manufacturing practice standard conditions, direct treatment with
3-IAAwould beideal, especially considering its capacity to bypass the
presence of an undesired microbiota, as shown by our experiments in
mice colonized with aNR microbiota.
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Fig.4|3-1AAisclinically relevantin PDAC. a, SPF mice were orthotopically
injected with Hy19636 cells, treated as indicated and their overall survival is
depictedintheKaplan-Meier estimator (untreated n=12; FIRINOX n =14; 3-1AA
n=9;3-I1AA+FIRINOX n=10).b-d, The 3-IAA serum concentration of patients
from the Hamburg cohort was measured by chemiluminescence immune
assay (CLIA) and correlated with the ratio of blood neutrophil (b), lymphocyte
(c) ormonocyte (d) counts at the time point of lowest overall leukocyte count
(within the first three months of chemotherapy) and counts before start of
chemotherapy. e, Tumour size as measured in CT scans was correlated with PFS
inpatients fromthe Hamburg cohort. f,g, 3-IAA serum concentration after two

Before planning future clinical trials, itisimportant to consider that,
inthe absence of chemotherapy, indoles or other tryptophan metabo-
lites can impair the development of anti-tumour immune responses
through the AhR in PDAC. However, our data show that four to five
days of 3-1AA treatment without chemotherapy is not sufficient to
affect the growth of the tumour, and only reduces the growth of the
tumours viaan AhR-independent mechanism whenitis combined with
chemotherapy. Nevertheless, more observational studies are needed
before proceeding with any interventional ones.

Alternatively, faecal microbiota transplantation, which is being
tested for the treatment of patients with cancer®’, may be sufficient
to increase the serum concentrations of 3-IAA and, accordingly, the
response to chemotherapy, as shown in our gnotobiotic mice experi-
ments using the stool of ten different human donors. Our study
suggests that B. fragilis and B. thetaiotaomicron are enriched in the
microbiota of R patients and are able to produce 3-1AA. However, larger
studies are needed toreveal whether these bacteriaareindeed respon-
sible for the production of 3-1AA productionin R patients, considering
the vast number of taxonomically distinct bacterial species that are
able to produce 3-1AA (refs.™%). Such studies are of interest to narrow
the selection of donors for potential future studies of faecal microbiota
transplantation.

In parallel to the effect of tumour size through treatment with 3-1AA
and FIRINOX, we also observed a depletion of neutrophils in mouse
models of PDAC. In patients with PDAC, we observed a positive cor-
relation between the depletion of neutrophils during chemotherapy
and the serum concentration of 3-I1AA in the Hamburg cohort. These
data suggest that, as in mice, 3-1AA can also contribute to the devel-
opment of neutropenia in humans. However, given that other fac-
tors can lead to neutropenia, such as an altered chemotherapeutic
metabolism, blocked excretion of chemotherapeutics or differing
chemotherapeutic dosages®, studies that focus on this particular

to three chemotherapy cycles of patients from the Hamburg cohort was
correlated with PFS (f) or overall survival (g). One patient was excluded fromf,
because the patient’s cancer did not progress before the event of death.
Patients represented withopencircles are still alive and therefore excluded
fromthe correlative analysisin g. h,i, The 3-IAA serum concentration before
thestart of treatment of patients from the Munich cohort was correlated with
PFS (h) or overall survival (i). Each symbol represents one patient. Two
independent experiments were pooled (a). Meanand 95% confidence intervals.
Pvalues areindicated and were determined by log-rank Mantel-Cox test (a) or
simplelinear regressionand Pearson’s r (b-i).

aspect are needed to firmly conclude whether there is a causative
link between 3-1AA and neutropenia in humans. Furthermore, as
neutrophil levels are a key predictor of survival in many cancer types,
investigations of the described mechanism in other cancers may
be warranted®?*,

Our findings have the potential to be transformative for the treat-
ment of PDAC and other cancer types such as colorectal cancer, espe-
cially for patients who are treated with FIRINOX-based regimens. In
addition, our findings will trigger the development of studies that
address the effects of microbiota-derived metabolites on the ROS-
autophagy axis in response to chemotherapeutic treatments.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-05728-y.

Nevala-Plagemann, C., Hidalgo, M. & Garrido-Laguna, |. From state-of-the-art treatments
to novel therapies for advanced-stage pancreatic cancer. Nat. Rev. Clin. Oncol. 17,
108-123 (2020).

2. Rahib, L., Wehner, M. R., Matrisian, L. M. & Nead, K. T. Estimated projection of US cancer
incidence and death to 2040. JAMA Netw. Open 4, 214708 (2021).

3. Von Hoff, D. D. et al. Increased survival in pancreatic cancer with nab-paclitaxel plus
gemcitabine. N. Engl. J. Med. 369, 1691-1703 (2013).

4.  Conroy, T. et al. FOLFIRINOX or gemcitabine as adjuvant therapy for pancreatic cancer.
N. Engl. J. Med. 379, 2395-2406 (2018).

5. Raghavan, S. et al. Microenvironment drives cell state, plasticity, and drug response in
pancreatic cancer. Cell 184, 6119-6137 (2021).

6. Aung, K. L. et al. Genomics-driven precision medicine for advanced pancreatic cancer:
early results from the COMPASS trial. Clin. Cancer Res. 24,1344-1354 (2018).

7. McQuade, J. L., Daniel, C. R., Helmink, B. A. & Wargo, J. A. Modulating the microbiome to

improve therapeutic response in cancer. Lancet Oncol. 20, e77-e91(2019).

Nature | Vol 615 | 2 March 2023 | 173


https://doi.org/10.1038/s41586-023-05728-y

Article

8.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Davar, D. et al. Fecal microbiota transplant overcomes resistance to anti-PD-1therapy in
melanoma patients. Science 371, 595-602 (2021).

Baruch, E. N. et al. Fecal microbiota transplant promotes response in immunotherapy-
refractory melanoma patients. Science 371, 602-609 (2021).

Spencer, C. N. et al. Dietary fiber and probiotics influence the gut microbiome and
melanoma immunotherapy response. Science 374, 1632-1640 (2021).

Riguelme, E. et al. Tumor microbiome diversity and composition influence pancreatic
cancer outcomes. Cell 178, 795-806 (2019).

Balachandran, V. P. et al. Identification of unique neoantigen qualities in long-term
survivors of pancreatic cancer. Nature 551, 512-516 (2017).

Thomas, R. M. & Jobin, C. Microbiota in pancreatic health and disease: the next frontier in
microbiome research. Nat. Rev. Gastroenterol. Hepatol. 17, 53-64 (2020).

Russell, W. R. et al. Major phenylpropanoid-derived metabolites in the human gut can
arise from microbial fermentation of protein. Mol. Nutr. Food Res. 57, 523-535 (2013).
Kaur, H., Bose, C. & Mande, S. S. Tryptophan metabolism by gut microbiome and gut-
brain-Axis: an in silico analysis. Front. Neurosci. 13,1365 (2019).

Hezaveh, K. et al. Tryptophan-derived microbial metabolites activate the aryl
hydrocarbon receptor in tumor-associated macrophages to suppress anti-tumor
immunity. Immunity 55, 324-340 (2022).

Opitz, C. A. et al. The therapeutic potential of targeting tryptophan catabolism in cancer.
Br. J. Cancer 122, 30-44 (2020).

Gal, E. et al. Bile accelerates carcinogenic processes in pancreatic ductal
adenocarcinoma cells through the overexpression of MUCA4. Sci. Rep. 10, 22088 (2020).
Yoshimoto, S. et al. Obesity-induced gut microbial metabolite promotes liver cancer
through senescence secretome. Nature 499, 97-101(2013).

Reyes, C. M. et al. Neoadjuvant therapy remodels the pancreatic cancer
microenvironment via depletion of protumorigenic immune cells. Clin. Cancer Res. 26,
220-231(2020).

Pushalkar, S. et al. The pancreatic cancer microbiome promotes oncogenesis by
induction of innate and adaptive immune suppression. Cancer Discov. 8, 403-416 (2018).
Roviello, G. et al. Association between neutropenia and survival to nab-paclitaxel and
gemcitabine in patients with metastatic pancreatic cancer. Sci. Rep. 10, 19281(2020).
De Melo, M. P,, Curi, T. C. P, Miyasaka, C. K., Palanch, A. C. & Curi, R. Effect of indole acetic
acid on oxygen metabolism in cultured rat neutrophil. Gen. Pharmacol. 31, 573-578 (1998).
Folkes, L. K., Dennis, M. F., Stratford, M. R. L., Candeias, L. P. & Wardman, P.
Peroxidase-catalyzed effects of indole-3-acetic acid and analogues on lipid membranes,
DNA, and mammalian cells in vitro. Biochem. Pharmacol. 57, 375-382 (1999).

Folkes, L. K., Rossiter, S. & Wardman, P. Reactivity toward thiols and cytotoxicity of
3-methylene-2-oxindoles, cytotoxins from indole-3-acetic acids, on activation by
peroxidases. Chem. Res. Toxicol. 15, 877-882 (2002).

Kim, M. H. et al. A late-lineage murine neutrophil precursor population exhibits dynamic
changes during demand-adapted granulopoiesis. Sci. Rep. 7, 39084 (2017).

Stockinger, B., Di Meglio, P., Gialitakis, M. & Duarte, J. H. The aryl hydrocarbon receptor:
multitasking in the immune system. Annu. Rev. Immunol. 32, 403-432 (2014).

Perillo, B. et al. ROS in cancer therapy: the bright side of the moon. Exp. Mol. Med. 52,
192-203 (2020).

Yang, A. et al. Autophagy sustains pancreatic cancer growth through both cell-autonomous
and nonautonomous mechanisms. Cancer Discov. 8, 276-287 (2018).

DeBosch, B. J. et al. Trehalose inhibits solute carrier 2A (SLC2A) proteins to induce
autophagy and prevent hepatic steatosis. Sci. Signal. 9, ra21(2016).

Yamamoto, K. et al. Autophagy promotes immune evasion of pancreatic cancer by
degrading MHC-1. Nature 581, 100-105 (2020).

Svedberg, A. et al. Genetic association of gemcitabine/carboplatin-induced leukopenia
and neutropenia in non-small cell lung cancer patients using whole-exome sequencing.
Lung Cancer 147, 106-114 (2020).

174 | Nature | Vol 615 | 2 March 2023

33. Rossini, D. et al. Clinical impact of neutropenia and febrile neutropenia in metastatic
colorectal cancer patients treated with FOLFOXIRI/bevacizumab: a pooled analysis of
TRIBE and TRIBE2 studies by GONO. ESMO Open 6, 100293 (2021).

34. Gargiulo, P. et al. Chemotherapy-induced neutropenia and treatment efficacy in
advanced non-small-cell lung cancer: a pooled analysis of 6 randomized trials. BMC
Cancer 21, 549 (2021).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

"ll. Department of Medicine, University Medical Center Hamburg-Eppendorf, Hamburg,
Germany. *Mildred Scheel Cancer Career Center HaTriCS4, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany. *Department of General, Visceral and Thoracic
Surgery, University Medical Center Hamburg-Eppendorf, Hamburg, Germany. “Research
Group Microbial Immune Regulation, Helmholtz Centre for Infection Research, Braunschweig,
Germany. °I. Department of Medicine, University Medical Center Hamburg- Eppendorf,
Hamburg, Germany. ®Hamburg Center for Translational Immunology (HCTI), Hamburg,
Germany. ’lll. Department of Medicine, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany. ®Department of Clinical Medicine, Aarhus University, Aarhus, Denmark.
°Institute of Clinical Chemistry and Laboratory Medicine, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany. °Newborn Screening and Metabolic Laboratory,
Department of Pediatrics, University Medical Center Hamburg-Eppendorf, Hamburg, Germany.
"Research Department Cell and Gene Therapy, Department of Stem Cell Transplantation,
University Medical Center Hamburg-Eppendorf, Hamburg, Germany. ?Bridge Institute of
Experimental Tumor Therapy, West German Cancer Center, University Hospital Essen,
University Duisburg-Essen, Essen, Germany. *Division of Solid Tumor Translational Oncology,
German Cancer Consortium (DKTK Partner Site Essen) and German Cancer Research Center
(DKFZ), Heidelberg, Germany. “Irish Centre for Vascular Biology, School of Pharmacy and
Biomolecular Sciences, Royal College of Surgeons in Ireland, Dublin, Ireland. ®Center for
Thrombosis and Hemostasis (CTH), Johannes Gutenberg University Medical Center, Mainz,
Germany. ®Department of Internal Medicine IlI, Ludwig-Maximilians-University (LMU) Hospital,
Munich, Germany. "Hannover Medical School (MHH), Hannover, Germany. *Hematology-
Oncology Practice Hamburg (HOPE), University Cancer Center Hamburg, Hamburg, Germany.
“Department of Radiation Oncology, Perlmutter Cancer Center, New York University
Grossman School of Medicine, New York, NY, USA. *°These authors jointly supervised this
work: Samuel Huber, Nicola Gagliani. *e-mail: j.tintelnot@uke.de; n.gagliani@uke.de


http://creativecommons.org/licenses/by/4.0/
mailto:j.tintelnot@uke.de
mailto:n.gagliani@uke.de

Methods

Patients and human material

Patients who had been diagnosed with mPDAC and scheduled for treat-
ment with GnP or FOLFIRINOX were recruited to the study (n=30).
Informed consent was obtained from all patients as approved by the eth-
icscommission Hamburg (Ethikkommission der ArztekammerHamburg,
Germany). Patientswhoreceived antibioticsduringthefirst three months
oftreatment, did not deliver pre-treatment stool, did not start chemo-
therapy or suffered from COVID-19 were excluded from the analyses
(n=7).Stool was collected before the start of chemotherapy using a
home sampling kit (OMNIgene, Gut OMR-200) for shotgun metagen-
omic sequencing. One sample was excluded after sequencing owing
tooverloading of the sample tube that led to unsuccessful fixation and
limited representation of the microbiota. Therefore, the final cohort for
microbiotaanalysis contained 22 patients. The classification of Rand NR
patients was primarily based on tumour shrinkage of at least 25%, which
iscalculated as a decrease of the primary tumour and largest metastasis
in CT scans comparing the time point before treatmentinitiation to the
time point that revealed the best response during first-line treatment
as assessed by the local radiologist (20 to 30% of changes are usually
considered significant in CT response evaluation®). In cases of disease
stabilization or missing CT scans, the criteria of a PFS of over 140 days
(median PFS of real-world FOLFIRINOX and GnP cohorts*®) oradecline
of atleast40% in serum tumour markers (prognostic cut-offin palliative
PDAC treatment®) were considered. Stool for functional experiments
was collectedin tubes without any additive, transported directly to the
laboratory, subsequently diluted in 20% glycerol (Teknova, G1723), ali-
quoted and frozen at-80 °C. To preserve most of the donor microbiota
for functional experiments, the maximum allowed turnaround time
fromtoilet to freezer was 4 h. Blood was drawn at cycle three or four of
chemotherapy treatment, mixed 1to1with phosphate-buffered saline
(PBS) and plasma was isolated using gradient centrifugation. Serum
material of the Munich cohort was taken before the start of chemo-
therapy and processed accordingto local standards. Informed consent
was obtained from all patients as approved by the ethics commission
Munich (project number: 284-10).

Animal models

All mice used in this study were of a C57BL/6 background. All mice
were used in accordance with the institutional review board ‘Behorde
fiir Soziales, Familie, Gesundheit und Verbraucherschutz’ (Hamburg,
Germany). Mice were kept under SPF or germ-free conditions, with an
ambient temperature of 20 £ 2 °C, humidity of 55 + 10% and a dark-light
cycleof12 h. Age- and sex-matched littermates between 4 and 16 weeks
oldwere used for the most part. Mpo” bone marrow used to establish
bone marrow chimeras was provided by S. Baldus and M. Mollenhauer.
Ahr”bone marrow used to establish bone marrow chimeras was pro-
vided by C. Esser.

For colonization of human microbiota, stool was thawed, washed
with brain heart infusion broth (BHI) and diluted in BHI. Two hundred
microlitres of the suspension was gavaged once orally to gnotobiotic
mice housed inisocages. Two to four weeks later, tumour experiments
were initiated.

Sample sizes were calculated on the basis of small pilot experiments
and mice were randomized before the beginning of treatment. The per-
sontreating the mice was not blinded because of the complex treatment
schedules. For models of orthotopic PDAC, 5 x 10*-10 x 10*KPC, 2 x 10°
Hy19636,1 x 10° mSt-ATG4B/mSt or 1 x 10°knockdown KPC (AhR, GPX,
scramble control) cells were injected orthotopically in al:1 mixture of
PBS and Matrigel (Corning, 356231). Tumour weight was assessed at day
20 after tumour cell injection unless otherwise indicated. For subcu-
taneous tumour growth, 2.5 x 10° LLC-GFP or 1 x 10° MC38 cells were
subcutaneously injected into the flank. Subcutaneous tumour growth
was measured every other day using a caliper. Tumour weight was

assessed at day 17 after tumour cell injection. The maximum allowed
diameter of subcutaneous tumours for active experimental mice was
1.5 cm and limits were not exceeded.

Forbone marrow chimeras, recipient mice were irradiated with 9.6 Gy
(BioBEAM 2000) 24 h before bone marrow transfer. One day later,
1x10°-4 x10° bone marrow cells isolated from wild-type, Ahr” or
Mpo™ mice were transferred by intravenous injection. Three to four
weeks after transfer, cancer cells were orthotopically injected and
treated as described below. Successful engraftment was validated by
quantitative PCR (QPCR) on tumour-infiltrating immune cells.

Treatment with chemotherapy was initiated intraperitoneally (i.p.)
atthe indicated time point (usually day 11 after cancer cell injection).
Oxaliplatin (Accord) 5 mg kg™, irinotecan (Accord) 20 mg kg and 5-FU
(Medac) 50 mg kg were used for FIRINOX treatment as described in
other studies®®*®, Folinic acid was not used and gemcitabine (Hexal)
120 mg kg™ and nab-paclitaxel (Celgene) 30 mg kg™ were used for GnP
treatment. Depletion of T cells was achieved by treatment with200 pg
anti-CD8 antibody clone 53-6.7 (BioXcell, BEOOO4) alone or in combi-
nation with200 pg anti-CD4 antibody clone GK1.5 (BioXcell, BEOOO3)
every third dayi.p., beginning one day before chemotherapy treatment.
Control mice were treated with the respectiveisotype control clone 2A3
(BioXcell, BEO089) at similar concentrations and intervals. Autophagy
induction was achieved using two i.p. injections of trehalose (Sigma,
T9449) at a concentration of 3 g kg™ one day before and on the day of
chemotherapy treatment. Similarly, 60 mg kg™ chloroquine (Sigma,
C6628) dissolved in PBS was injected i.p. one day before and on the
day of chemotherapy treatment.

Treatment with 3-1AA (500 mg kg™) was applied by oral gavage using
indole-acetic-acid sodiumsalt (Sigma, 15148) dissolved in PBS every day
for five consecutive days (two days before chemotherapy until two days
after chemotherapy), unless otherwise indicated. Indole-3-propionic
acid (3-IPA; Sigma, 57400), GCA (Sigma, G2878), hippuric acid (Sigma,
112003) and DCA (Sigma, 30960) were dissolved in1M NaOH in PBS
and pH-adjusted to 7.4 using 1 M HCI. The solution was gavaged for
five consecutive days orally at a concentration of 500 mg kg™ (3-1PA,
hippuricacid) or 250 mg kg™ each (GCAand DCA). NAC (Sigma, a7250)
was applied for five days in the drinking water ad libitum at a concen-
trationof1gl™.

Dietary tryptophan modulation wasinitiated three days before chem-
otherapy until one day after treatment. In one experiment, tryptophan
modulationwas applied for atotal of 14 days. Standard diet (2.3 g kg™
tryptophan; Altromin, 1320) was changed to either synthetic crystalline
AAtryptophan-free (0 g kg™; SSNIFF, $9336-E701) diet or crystalline AA
tryptophan-high (12 g kg™; SSNIFF, S5714-E711) diet. Subsequently, the
diet was changed back to the standard diet.

Dietary doxycycline (Sigma, D9891) was administered at a dosage of
625 mg kg through the diet starting at day five or eight after cancer
cellinjection for atotal of up to seven consecutive days. Subsequently,
the diet was changed back to the standard diet.

For measurement of serum metabolites, blood was drawn at the end
ofthe experiment or at the indicated time point. Blood was allowed to
clot for 30 min and was centrifugated (1,000g) for 10 min thereafter.
Serum was diluted and used as described in the specific section.

DNA extraction and shotgun metagenomics

For DNA extraction, samples were isolated with the ZymoBIOMICS 96
MagBead DNA kit (Zymo Research, D4302) and purified with Zymo DNA
Clean and Concentrator-5 (Zymo Research, D4004). Libraries were
prepared with the NEBnext Ultra Il DNA Library Prep Kit for [llumina
(New England Biolabs, E7645) with 150 ng of total DNA, size selection
0of400-500 bp and 4x PCR cycles.

For shotgun metagenomics, Illumina library preparation was
performed using the NEBNext Ultra Il FS DNA Library Prep Kit (New
England Biolabs, E7805). The library preparation was performed
according to the manufacturer’s instructions. The size selection



Article

was performed using AMPure XP beads (Beckman Coulter, A63882)
and adaptor enrichment was performed using seven cycles of PCR
using the NEBNext Multiplex oligos (New England Biolabs, E7335)
from Illumina and then subjected to Illumina NovaSeq (2 x 150 bp)
sequencing.

For bioinformatic analysis, raw reads were trimmed for low quality
and filtered against the phix174 and human hgl9 genome with bbduk
(ref. *°). For taxonomic species profiling, all libraries were mapped
against the Unified Human Gastrointestinal Genome collection
(n=4,644) using BBMap (refs. **?). Mapping rates were normalized
into transcripts per million (TPM) and genomes with less than 10%
genome coverage (genome breadth) were considered not prevalent
in the sample. Data were summarized as metagenomics operational
taxonomic units (OTUs) into biom format and analysed with phyloseq
and LEfSe (refs. ****). Species-level functional profiling was performed
withHUMANN3 and also using the 9.9 million gene integrated reference
catalogue of the human microbiome*..

Bacterial strains and isolation

Bacteroides thetaiotaomicron (DSM 2079), B. fragilis (DSM 2151)
and Prevotella copri (DSM 18205) were obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ). For bac-
teriaisolation, faecal samples frozen in glycerol were thawed and
streaked out anaerobically in serial dilutions on BHI blood agar
plates (5% defibrinated sheep’s blood & vitamin K;) supplemented
with vancomycin. After growing the agar plates inside an incubator
at 37 °C for 2 days, single colonies were picked into BHI-S medium
in a 96-well plate and were further incubated for 24 h. The resulting
bacterial cultures were screened by PCR using specific primers for
B. thetaiotaomicron (B. theta F 5-GAGGGTGTCGTATTTCCGAAGG-3’
R 5-GTTCCCTGATCCAGTGTGTTGG-3’) or B. fragilis (B. frag F
5-AATGATTCCGCATGGTTTCA-3’R5-ATTTTGGGATTAGCATACGG-3').
After passaging PCR-positive wells on agar plates to obtain pure cul-
tures and additional confirmation of identity by Sanger sequenc-
ing, resulting strains were maintained in BHI-S until further use. All
bacterial strains were cultured and maintained anaerobically in BHI
broth supplemented with 10% fetal bovine serum (FBS) and vitamin
K, (BHI-S).

Extraction of bacterial supernatant

BHI-S medium supplemented with1% tryptophanwas inoculated from
afully grown overnight bacterial culture (1:50 ratio) and was incubated
anaerobically until the early exponential phase. Cultures were taken out
ofthe anaerobic chamber and were centrifuged at4,700 rpm (4,816g)
for 5 min at room temperature. The supernatant was removed and
immediately frozen at 20 °C.

16S rRNA sequencing

DNA from tumours was extracted using the DNeasy Blood & Tissue
Kit (Qiagen, 69504). Approximately 10 mg tissue was digested with
Proteinase K in ATL buffer at 56 °C for 1 h. Afterwards, samples were
processed according to the manufacturer’s protocol. Blank extraction
controls were included during extraction of samples.

Variable regions V1and V2 of the 16S rRNA gene were amplified using
the primer pair 27F-338Rin a dual-barcoding approach accordingto a
previous report®. For tumours, 3.5 pl DNA was used for amplification
and PCR products were verified using agarose gel electrophoresis. Final
PCR products were normalized using the SequalPrep Normalization
Plate Kit (Thermo Fisher Scientific, A1051001), pooled equimolarly
and sequenced on the lllumina MiSeq v3 2x300bp (lllumina). Demul-
tiplexing after sequencing was based on O mismatches inthe barcode
sequences. Data processing was performed using the DADA2*¢ workflow
for big datasets (https://benjjneb.github.io/dada2/bigdata.html; the
workflow adjusted for the V1-V2 region can be found here: https://
github.com/mruehlemann/ikmb_amplicon_processing/blob/master/

dada2_16S_workflow.R), resulting in abundance tables of amplicon
sequence variants (ASVs). ASVs underwent taxonomic annotation using
the Bayesian classifier provided in DADA2 and using the Ribosomal
Database Project (RDP) version 16 release. Sequences that were not
assignable to genus level were binned into the finest possible taxo-
nomic classification.

Metabolomicscreen

We used ultra-high-pressure liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) to acquire data in both positive and
negative ionization modes that allowed for identification and quan-
tification of 630 metabolites. Plasma samples were processed using
the MxP Quant 500 Kit (Biocrates) according to the manufacturer’s
instructions. In brief, 10 pl of plasma sample, calibration standard
and control sample were transferred onto a filter containing internal
standards for internal standard calibration. Filters were dried under a
stream of nitrogen using a pressure manifold (Waters). Samples were
incubated with derivatization reagent phenyl isocyanate for 60 min.
After drying under nitrogen, analytes were extracted with 5 mmol I
ammonium acetate in methanol and the eluate was further diluted
for the UPLC-MS/MS analysis. The targeted analysis covered 630
metabolites (https://biocrates.com/mxp-quant-500-kit/) detected
by MS/MS after UPLC separation and flow injection analysis (FIA). Each
measurement required two UPLC runs and three FIA runs to cover all
metabolites. All analyses were performed on an ACQUITY UPLCI-Class
system (Waters) coupled to aXevo TQ-S mass spectrometer (Waters).
Reversed-phase chromatographic separation wasaccomplished usinga
C18LC-column (Biocrates) with 0.2% formic acid in water with 0.2% for-
micacidinacetonitrile as the eluent system. The FIA solvent was metha-
nol, withamodifier provided by the kit manufacturer. Data analysis of
the UPLC-MS/MS results was based on a seven-point curve or one-point
calibration and internal standard normalization. Values below the
lower threshold were set to zero. Concentration data were analysed
using MetaboAnalyst v.5. Concentrations were log-transformed before
analysis and raw Pvalues and log,-transformed fold change values are
shownin the graphics of Fig. 1.

3-IAAand DCACLIA

To quantify 3-IAA or DCA serum concentrations, mouse or human
serumwas diluted1to 10 with PBS and the chemiluminescenceimmune
assay (CLIA) (Abbexa, 3-1AA abx190011; DCA 258844) was performed
according to the manufacturer’s protocol. For detection of 3-IAA in
cultures, supernatant was processed as described above and directly
used for the assay. Chemiluminescence was detected using FLUOstar
Omega (BMG Labtech) with 1-s sampling per well, and a gain of 3,400
to 4,000 was individually adjusted for each assay. The concentration
was determined using supplied standards and interpolated using
Prism 8.4.0.

3-1AA and MOl measurement in tumour tissue

Frozen tumour tissue was mixed with ice-cold methanol 1:1-3 and
homogenized using 0.4-mm beads at 5,500 rpm for 2 x 30 s using
a homogenizer (Precyllys 24 touch). Extracts were centrifuged
(10,000g) at 4 °Cand the supernatant was used for LC-MS/MS analysis.
Reversed-phase chromatography was conducted using abiphenyl sta-
tionary phase (Raptor Biphenyl (Restek), dimensions: 50 mm x 2.1 mm
ID; particle size: 2.7 um) with eluent A: water + 0.1% formicacid + 5 mM
ammonium acetate and eluent B: methanol + 0.1% formic acid + 5 mM
ammonium acetate. The flow rate was set to 0.5 ml per min. Elution
starts with 95% eluent A, which linearly decreasesto 75% over 0.5 min.
This composition was held for 4 min before returning to initial con-
ditions. The injected volume was 2 pl and the column temperature
was set to 55 °C. 3-IAA and MOI were detected in MRM (multiple
reaction monitoring) mode. The following transitions were moni-
tored after positive electrospray ionization: 3-1AA: m/z176.2 > 103.0;
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m/z176.2>130.2; MOIl: m/z148.1>120.2; m/z148.1>130.2; m/z148.1 >
133.1. Quantification was done according to a standard curve.

Isolation ofimmune cells and flow cytometry

Tumours were taken and cut into similar-sized pieces. Tumours were
rinsed with cold PBS and digested in RPMI (Sigma, 61870044) supple-
mented with 10% FBS (Gibco, 10500064), 2.5 mg ml™ collagenase D
(Roche, 11088866001) and 0.2 mg ml™ DNase | (Roche, 11284932001)
for 35 min at 37 °C with continuous shaking. Afterwards, the suspen-
sion was strained through a 40-pum cell strainer and quenched with
cold PBS. Subsequently, immune or tumour cells were stained with
Fc block and live/dead staining (Thermo Fisher Scientific L34957 and
L10119) for 30 min in the dark. Afterwards cells were washed, stained
with theindicated flow cytometry antibodies and incubated for 30 min
in the dark again. Flow cytometry was performed on a Fortessa flow
cytometer (BD). To assess the cytokine profile of immune cells, res-
timulation of T cells with 50 ng mI™' PMA, 500 ng ml™ ionomycin and
1pg ml™ brefeldin Awas performed for 3 hat 37 °C. After surface stain-
ing, cells were fixed and permeabilized using the eBioscience Foxp3
intracellular staining kit (00-5523-00). The following intracellular
antibodies were used: IFNy (1:200 dilution) and TNF (1:400 dilution).
The following surface antibodies were used to classify lymphocytes
(CD3 (1:300 dilution), CD4 (1:500 dilution), CD8 (1:400 dilution),
CD19 (1:100dilution), CD44 (1:500 dilution), PD-1(1:400 dilution) and
NK1.1(1:400 dilution)) or myeloid cells (CD11b (1:800 dilution), CD11c
(1:300 dilution), CD45 (1:800 dilution), Ly6G (1:800 dilution), Ly6C
(1:600 dilution), Ly6B (1:200 dilution), CD115 (1:300 dilution), F4/80
(1:600 dilution) and MHCII (1:600 dilution)). Epithelial cancer cells
were stained with EPCAM (1:200 dilution) antibody. For Ly6B staining,
the goat anti-rat IgG antibody (1:400 dilution) was used. Cells were
counted by flow cytometry using 2,500 to 5,000 beads (Spherotec,
ACBP 100-10). Viability of neutrophils in vitro was assessed using Pl/
Annexin V staining according to the manufacturer’s protocol. ROS
expression was determined inimmune cells in vivo after tissue diges-
tion as described above. Afterwards, the ROS dye CellROX (Thermo
Fisher Scientific, C10422) was stained in parallel with flow cytometry
antibodies at a dilution of 1:1,000. Software analysis and histogram
generation was carried out using FlowJo v.10.

Cell culture

KPC cells were obtained from Ximbio under catalogue number153474;
Hy19636_GLRM reporter cellsand mSt-ATG4B/mSt cells were provided
by A. Kimmelman®; MC38 and LLC-GFP (ATCC) cells were provided
by A. Giannou; and MIA PaCa-2, BxPC-3 and T3M-4 cells (all ATCC)
were provided by C. Giingor. All cells tested negative for mycoplasma
contamination. Cells were maintained under standard conditions at
37 °C and 5% CO, and regularly visually inspected. Cells were grown
in DMEM GlutaMAX (Thermo Fisher Scientific, 10566016) supple-
mented with penicillin and streptomycin (Gibco, 15140122) and 10%
FBS (Gibco,10500064). For in vitro experiments, cancer cells were
plated at 5,000-10,000 cells per well in a 96-well plate. Cells were
allowed to seed overnight, except in experiments with neutrophil
co-culture, treatment of GPX-knockdown cells or co-treatment with
MPO. Subsequently, treatment with indicated compounds and treat-
ment duration wasinitiated. 3-1AA or 3-1PA (3-IPA, Sigma, 57400; 3-1AA,
Sigma, 13750) were dissolved in 1M NaOH in PBS and PH-adjusted to
7.4 using 1 M HCl or DMSO when indicated. NAC was diluted in PBS
and used at a concentration of 1 mM. H,0, (Sigma, H1009) was used
ataconcentration of 400 pM.

Tumour cell viability and proliferation was assessed usinga MTT
or MTS assay (Abcam, ab201191 and ab197010) according to the man-
ufacturer’s protocol. Absorbance was assessed using the FLUOstar
Omega (BMG Labtech). In other experiments, viability was assessed
by flow cytometry using SYTOX (Thermo Fisher Scientific, S34857),
PI (Biolegend, 421301) and 2,500-5,000 counting beads (Spherotec,

ACBP100-10) as areference. In parallel, intracellular ROS was measured
using CellROX (Thermo Fisher Scientific, C10422) according to the
manufacturer’s protocol and assessed by flow cytometry.

Neutrophils or T cells were isolated from bone marrow or spleens
of healthy, untreated mice and sorted using fluorescence-activated
cell sorting (FACS) as LY6G'CD11b" and TCR'CD4" or CD8", respec-
tively. Cells were seeded at a concentration of 20,000-50,000 per
wellin a 96-well plate. Viability of neutrophils or T cells was assessed
by flow cytometry using SYTOX (Thermo Fisher Scientific, S$34857)
or PI/Annexin V staining (Biolegend, 640914) at the indicated time
of the experiment. In some experiments, 200 mU ml™ MPO or
400 mU mI' MPO (Merck, 475911) or indicated concentrations of
MOI (Sigma, 493397) were added. Degranulation of neutrophils
was assessed by the release of MPO. A total of 1 x 10° neutrophils
were sorted using FACS as described above. Neutrophils were incu-
bated in HBSS (Gibco, 14065-56) and the indicated treatment, or
N-formylmethionyl-leucyl-phenylalanine (fMLP; Merck, F3506), as a
positive control, was added. After 30 min of incubation, MPO activ-
ity was measured using an MPO activity assay kit (Abcam, ab105136)
according to the manufacturer’s protocol. NET formation of neutro-
phils was determined using SYTOX stain after 3 h of incubation with
theindicated compounds or100 nM phorbol-12-myristate-13-acetate
(PMA; Merck, 524400) as a positive control. NETs were measured as
SYTOX-positive cells using flow cytometry.

Pre-neutrophils were sorted by FACS (lineage-negative
(CD3,NK1.1,CD19,B220)", CD115", Ly6B*, Ly6G™'¥) as previously
described® and cultured at a density 0of 20,000-50,000 per well in
a 96-well plate. Indicated treatments were applied and viability was
assessed using Pl staining in flow cytometry.

MPO activity

Intratumoural or bone-marrow-derived neutrophils (LY6G'CD11b") or
pre-neutrophils (lineage-negative (CD3,NK1.1,CD19,B220)", CD115",
Ly6B*, Ly6G ™) were sorted by FACS. A total of 50,000 cells were
processed for MPO activity measurement using an MPO activity assay
kitaccordingto the manufacturer’s protocol (Abcam, ab219925). Fluo-
rescence was analysed using FLUOstar Omega (BMG Labtech). MPO
activity was calculated based on a standard curve as suggested by the
manufacturer’s protocol.

Proteinscreen

Tumour tissue from three individual mice per group was pooled and
proteins were extracted using scioExtract buffer (Sciomics). The
samples were labelled for 2 h with scioDye 2 (Sciomics) at an adjusted
protein concentration. The reference sample was labelled with
scioDye1(Sciomics). After 2 h, the reaction was stopped and the buffer
was exchanged with PBS. All labelled protein samples were stored at
—-20 °Cuntil use. The samples were analysed in a dual-colour approach
using areference-based design on scioDiscover antibody microarrays
(Sciomics). The arrays were blocked with scioBlock (Sciomics) ona
Hybstation 4800 (Tecan) and afterwards the samples were incubated
competitively with the reference sample using a dual-colour approach.
After incubation for 3 h, the slides were thoroughly washed with 1x
PBSTT, rinsed with 0.1x PBS as well as with water and subsequently
dried with nitrogen. Slide scanning was conducted using a Powerscan-
ner (Tecan) with constant instrument laser power and PMT settings.
Spot segmentation was performed with GenePix Pro 6.0 (Molecular
Devices). Acquired raw data were analysed using the (LIMMA) package
of R-Bioconductor after uploading the median signal intensities. For
normalization, a specialized invariant Lowess method was applied.
Downregulated proteins (M-value of <-0.35) or upregulated proteins
(>0.35) in the 3-1AA and FIRINOX sample were uploaded to the STING
database (https://string-db.org/cgi/input.pl). The standard pipeline was
used to perform KEGG enrichment analysis. Only pathways with a false
discovery rate (FDR) < 0.05 were considered statistically significant.
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RNA extraction and mRNA sequencing

Fresh frozen tumour tissue was lysed in TRIzol reagent (Thermo
Fisher Scientific, 15596018) and RNA was extracted using the
chloroform-isopropanol method. mRNA was purified from total RNA
using poly-T oligo-attached magnetic beads. After fragmentation,
the first-strand cDNA was synthesized using random hexamer prim-
ers followed by second-strand cDNA synthesis. The library was ready
after end repair, A-tailing, adapter ligation, size selection, amplifica-
tion and purification. The library was checked with Qubit and qPCR
for quantification, and Bioanalyzer for size distribution detection.
Quantified libraries were sequenced on the lllumina platform with at
least 60 million reads per sample.

Sequence reads were processed with fastp (v0.20.1) to remove
sequences of sequencing adapters and low-quality (Phred quality score
below15) sequences fromthe 3’ end of the sequence reads. Afterwards,
reads were aligned to the mouse reference assembly (GRCm39.104)
using STAR (v.2.7.9a)*. Differential expression was assessed with DESeq2
(ref.*®). Agene was considered significantly differentially expressed if
the corresponding absolute log,-transformed fold change (log2FC)
wasnolessthan 0.6 and, in addition, the FDR did not exceed a value of
0.1. The gene set enrichment analysis (GSEA) of the Reactome pathway
Autophagy (R-HSA-9612973) was performed using fgsea (v.4.1)*.

qPCR

Total RNA was extracted from cell lines using Trizol Reagent (Invitro-
gen,15596018) and the total RNA extraction kit (Qiagen, 74004/74104)
according to the manufacturer’s protocol. The High-Capacity cDNA
Synthesis Kit (Thermo Fisher Scientific, 4368813) was used for cDNA
synthesis. Primers and probes were purchased from Applied Biosys-
tems. Mouse primers and probes are: Gpx3 (Mm00492427 ml), Gpx7
(MmO00481133), Ahr (Mm00478932_m1). qPCR was performed using
the TagMan Master Mix (Thermo Fisher Scientific, 4369016) on the Ste-
pOne Plus system (Applied Biosystems). Forty to 44 cycles were applied
foreveryassay and technical doublets or triplicates were used. If at least
two out of three values of the technical replicates were undetectable,
the expression was considered non-detectable. Relative expression
was normalized to Gapdh (Mm99999915_gl).

Lentiviral transfer of shRNAs

Lentiviral vectors expressing short hairpin RNAs (shRNAs) under con-
trol of thehuman U6 promoter (MISSION pLKO.1-puro) directed against
mouse Gpx3(TRCN000076539), mouse Gpx7 (TRCNO000076563) and
mouse Ahr (TRCN0000218025) as well as anontargeted control ShRNA
(SHC002, scrambled) were obtained from Sigma-Aldrich. The produc-
tion of lentiviral particles has been described in detail elsewhere*®, and
protocols are available online (http://www.LentiGO-Vectors.de). For
the transduction of KPC cells with the HIV-1-derived lentiviral vectors,
2.5x10* cells were plated in 0.5 ml medium with 8 ug ml™ polybrene
per well of a 24-well plate. After plating, the addition of 10 pul VSV-G
pseudotyped, non-concentrated lentiviral particles led to the stable
integration of shRNAs and the puromycin resistance gene into the
cell’'sgenome. To increase the transduction rate by spin-inoculation,
the plate was centrifuged at 1,000g and 25 °C for 1 h. The selection of
successfully transduced cells with 1 pug ml™ puromycin in the culture
medium was started four days after transduction.

Immunohistochemistry and quantification

Tissues were fixed in 4% formalin in PBS and embedded in paraffin
using an ASP300S dehydration machine (Leica) and an EG1160 tis-
sue embedding system (Leica). Paraffin sections (2 um) were cut and
stained with H&E or processed for immunohistochemistry as fol-
lows: after dewaxing and inactivation of endogenous peroxidases (3%
hydrogen peroxide in PBS), antibody-specific heat-mediated antigen
retrieval was performed using the Ventana Benchmark XT machine

(Ventana). Sections were blocked (10% FCS in PBS) and thenincubated
with anti-LC3B antibody (1:400 dilution, Thermo Fisher Scientific,
PA1-46286); anti-nitrotyrosine antibody (1:100 dilution, Thermo Fisher
Scientific, A-21285); anti-CC3 antibody (1:100 dilution, Cell Signaling,
9661); p62/SQSTMI (1:500 dilution, Thermo Fisher Scientific, PAS-
20839); and anti-Ki67 antibody (1:100 dilution, Abcam, 15580). For
detection of specific binding, the Ultra View Universal DAB Detection
Kit (Ventana, Roche) was used, which contains secondary antibod-
ies, DAB stain and haematoxylin counterstaining reagent. Slides were
scanned using NanoZoomer 2.0-HT (Hamamatsu Photonics) and rep-
resentative images were taken using Fiji.

Quantification for LC3B, Ki67, nitrotyrosine and CC3 was done
in a blinded manner. Positive cells were determined using Image)
v.2.1.0/1.53cand the threshold was adjusted according to the staining
intensity of the respective antibody and maintained for all tumours ana-
lysed with the same staining. The number of positive cells was counted
per250-500 x 500-pm field (10x to 40x magnification) inthreeto five
fields per sample.

Widefield microscopy

To visualize the GFP-LC3-RFP reporter signal expression of Hy19636_
GLRMPDAC cells, tissues were fixed in 2% PFA solution at 4 °C overnight,
incubated in PBS containing 30% sucrose and embedded in Tissue-Tek
OCT compound (SakuraFinetek) ondryice. For further analysis, 7-pm
sections were used. Widefield imaging was performed using the THUN-
DER Imager 3D Live Cell and 3D Cell Culture (Leica Microsystems)
equipped witha40x1.10 NAwaterimmersion objective. LED power and
exposure time and other system-specific settings were first optimized
using positive control tissue and not changed between image acquisi-
tions of the different groups to provide optimal comparability. For each
tissue section, an average of five regions of interest were randomly
selected and imaged for subsequent quantitative analysis. ImageJ imag-
ing software was used for file navigation, adjustment of colour balance
andimage analysis. GFP and RFP quantification was determined using
ImageJ v.2.1.0/1.53c. The mean fluorescence intensity for each respec-
tive signal was determined per slide in at least five areas per tumour.

Graphical abstracts
Figure 1a, Extended Data Fig. 2a,d and smallicons in Figs. 1-4 were
created with BioRender.com.

Statistical analyses

All statistical analyses, unless otherwise indicated, were performed
using GraphPad Prism 9.3.1. Normality and log-normality were tested
using Shapiro-Wilk or Kolmogorov-Smirnov tests. If normality was not
given, non-parametric testing was performed. Tests were performed
two-sided if not otherwise indicated and resulting significant (P < 0.05)
Pvalues are shown.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seq datahave been submitted to the European Nucleotide Archive
(ENA). They are publicly available under accession number PRJEB58222.
Shotgun metagenomic sequencing datawere filtered for humanreads
and are available under accession number PRJEB58222. Source data are
provided with this paper.
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Extended DataFig.1|Survivaland microbiotaanalysis of Rand NR patients
with mPDAC from the Hamburg cohort. a, 30 patients wererecruited to the
study. b,c, After exclusion of non-eligible patients asindicated, 23 patients
could beanalysed for PFS (b) and overall survival (OS) (c). PFSand OS are
presented separately for responder (R, n =11, blue) and non-responder

(NR, n=12,red) patients. d-f, After exclusion of one sample due to sample
collectionerrorsthatled to sequencingfailure, the microbiota of 22 patients

was analysed. d, Microbiota LEfSe analysis showing linear discriminant analysis
(LDA) score of bacterial taxa enriched in R or NR patients, respectively.

e, Genus heat map with Ward clustering of patients. f, Microbiota diversity
compared using Shannonindex. Boxesindicate 25to 75% of values (f) and error
barsindicate median, significant p-values areindicated and were determined
by Gehan-Breslow-Wilcoxon test (b,c) or two-tailed Wilcoxon test (f).
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Extended DataFig.2|See next page for caption.
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Extended DataFig.2|Rmicrobiotainducesaresponse to FIRINOX
treatment. a, Microbiota of five Rand NR patients with mPDAC was collected
and transferred to gnotobiotic mice. Nine patients were treated with FIRINOX
and one with GnP. PFS (b) and OS (c) of patients used for microbiota transfer
experimentsisdepicted in Kaplan-Meier estimators. In four individual
experiments with varying donors, one group of mice was colonized withR
microbiotaand one group was colonized with NR microbiota. After stool
transfer, gnotobiotic mice (d) received orthotopicinjections of KPC tumour
cellsand were either left untreated (n =22 (NR) or 20 (R)) or treated once with
FIRINOX (n =23 (NR) or 20 (R)) at day eleven of the experiment. e, Tumour
weight of orthotopic tumoursis depicted for the respective experimental
group atday 20 of the experiment. f,Randomly selected tumours from varying
experiments of e were analysed for intratumoral bacteria using 16S rRNA
sequencing (n=12). Table shows indicated clean reads for different tumours
(T1-12), H,0 or positive control. g, 3-IAAwas analysed in the serumofn=3
to5randomly selected mice per experiment with different donors each.

h, Metagenomic sequencing data was analysed for the abundance of a panel
of 3-IAA-producingbacteria. Increased abundance of B. fragilis and

B. thetaiotaomicron was detected instool samples from NR or R patients during
and before chemotherapy treatment, which were used for experimentsin
gnotobiotic mice (5donors per group and 1-3 samples per patient,n =12 per
group).i, 3-IAAwas quantified in supernatants of bacterialacking (Prevotella

copri) and having the ability (B. thetaiotaomicron and B. fragilis) to produce
3-1AAbased ongenomic predictions. The characterized strainsincluded P. copri
(DSM18205), B. fragilis (BF DSM2151, Bf0901, Bf0902) and B. thetaiotaomicron
(DSM, Bt0901, Bt0902). Strains were all cultured in BHI containing 1% tryptophan,
the strain BFi2 was also cultured in BHI alone (n = 3 biological replicates). j, SPF
mice were orthotopically injected with KPC cells. Mice were either supplemented
withtryptophan-free, standard diet (2.3 g/kg TRP) or tryptophan-high diet

(12 g/kg TRP) starting 7 days after tumour cell injection for a total of 14 days
(n=3).k,Asinj, exceptdietaryintervention was applied for a total of 4 days
before standard diet was reintroduced. Tumour weight was assessed 9 days
after dietary intervention (n=3or4).1, NR microbiota-colonized mice (red)
were fed either standard diet (SD) or tryptophan-high diet for 4 days (TRP high).
Bloodwasdrawn at day 4 of intervention and 3-IAA was measured in the serum
using 3-IAA CLIA (n =4).m, Tumour sizes of mice from 1 at day nine after
treatment with FIRINOX are shown (n =3 or 4). Each symbol represents one
mouse, humanorinvitroreplicate. One experiment was performed (f,i-m) or
four (e,g) independent experiments were pooled. Error barsindicate SEM,
whiskersindicate10%and 90% (h), significant p-values are indicated and were
determined by Gehan-Breslow-Wilcoxon test (b,c), one-way ANOVA followed
by Tukey’s (e,m) or Dunnett’s (i-k) post-hoc test, two-way ANOVA (g), two-
tailed Wilcoxon paired-ranks test (h) or two-tailed t-test (I).
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Extended DataFig.3|3-IAAinducesaresponse to FIRINOXinmousemodels  with KPCtumour cells. At day 9 after tumour cellinjection, mice were treated

of PDAC. a, 3-IAA serum concentration of SPF mice gavaged with 500 mg/kg with either 500 mg/kg3-1AA, 3-1PA or 250 mg/kg GCA and 250 mg/kg DCA for
3-IAAwas measured using CLIAat 2, 6 and 24 h after 3-IAA application (n=3 five consecutive days (n =4). FIRINOX treatment was applied at day 11. Tumour
mice). Unrelated serum concentration of R-microbiota-colonized gnotobiotic weightisshownatday 20 of theexperiment. e, Asind, except mice were treated
miceisshownasacontrol. b, SPF mice were orthotopically injected with KPC with FIRINOX, FIRINOX +3-IAA (500 mg/kg) or FIRINOX + hippuric acid
cellsandreceived two treatments of FIRINOX or FIRINOX +3-IAA (n=5). Tumour (500 mg/kg) (n=4 or5). Eachsymbol represents one mouse. One experiment
weightat day 20 of the experimentis depicted in the statistic. ¢, NR-colonized (e) or one out of two independent experiments is shown (a-d). Error bars
gnotobiotic mice wereinjected with KPC tumour cells orthotopically. 9 days indicate SEM, significant p-values areindicated and were determined by

later, mice were substituted +/- 3-1AA for five days (d9-13) and treated +/- Kruskal-Wallis test followed by Dunn’s post-hoc test (a,c,e), or one-way ANOVA
FIRINOX as depicted in the experimental scheme (n =3 or 4). Tumour weightis followed by Tukey’s (b) or Dunnett’s (d) post-hoc test.

shownatday 20 of the experiment. d, SPF mice were orthotopically injected
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Extended DataFig. 4 | Tumour-infiltratingimmune cells of KPC tumours
from gnotobiotic mice. a, Flow cytometric gating strategy to classify immune
subsets (left panel) or intracellular cytokines and coinhibitory receptors (right
panel). Immune subsets were determined using the following marker
combinations onlive CD45*immune cells: CD8" T cells (CD11b~CD3*CDS8");
CD4" Tcells (CD11b"CD3"'CD4"); neutrophils (CD11b*Ly6G*); and macrophages

(CD11b'Ly6GF4/80"). b, Immune subsets or cytokine profiles and PD-1
expression ofimmune cells from orthotopic tumours obtained from
gnotobiotic mice colonized with R or NR microbiota was analysed at day 20 of
theexperiment. Each symbol represents one mouse. Threeto fiveindependent
experiments were pooled (n=11to23intotal). Error barsindicate SEM,
significant p-values areindicated and were determined by two-tailed t-test.
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Extended DataFig.5|CD4" and CDS8' T cells are dispensable for the efficacy
of 3-1AA and FIRINOX. R-microbiota-colonized gnotobiotic mice were injected
with KPC tumour cells orthotopically. Before treatment with FIRINOX, mice
wereinjected witheitherisotype control antibody or CD8-depleting antibody
every third day, asindicated. The tumour weight (a) and the depletion efficacy
ofintratumoral CD8" T cells (b) as relative to totalimmune cells (CD45"),
determined by flow cytometry, is shown at day 20 of the experiment (n =3).c, As
ina, exceptthat CD4"and CD8' T cells were depleted simultaneously (n =3 or 4).
d, R-microbiota-colonized gnotobiotic mice with orthotopic KPC tumours were
treated with FIRINOX, FIRINOX + tryptophan-high diet (d8-12) +isotype

control antibody or FIRINOX + tryptophan-high diet (d8-12) + CD4/CD8-
depletingantibody (n =4 or 5). Tumour weight at day 20 of the experiment is
depicted. e, Asinc, exceptthat SPF mice were treated with 3-IAA +/- FIRINOX
and CD4/CD8-depleting orisotype control antibody (n = 4). Tumour weight is
depicted at day 20 of the experiment. Each symbol represents one mouse. One
experiment each was performed. Error barsindicate SEM, significant p-values
areindicated and were determined by two-tailed t-test (a,b), one-way ANOVA
followed by Dunnett’s (c,d) post-hoc test or Kruskal-Wallis test followed by
Dunn’s post-hoc test (e).
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Extended DataFig. 6|3-1AA and chemotherapyinducecelldeathin
neutrophils. a, FACS-sorted T cells or neutrophils were cultured for 24 h +/-
1,000 pM 3-IAA and +/- FIRINOX (3.2 uM Oxaliplatin, 5.6 pMIrinotecanand

19.2 uM 5-FU). Viability was assessed via flow cytometry (n = 3, biological
replicates). b, MPO activity was determined in 50,000 FACS-sorted bone-
marrow-derived neutrophils, neutrophil precursors (lineage-negative, CD115",
Ly6B*, Ly6G™"*") from the bone marrow or PDAC-infiltrating neutrophilsusinga
fluorometric MPO activity assay kit (n =4, biological replicates). c, FACS-sorted
bone-marrow-derived neutrophils were cultured in the presence of increasing
dosages of 3-1AA +/-~MPO +/- FIRINOX (3.2 pM Oxaliplatin, 5.6 pM Irinotecan
and19.2 uM 5-FU; n =3, biological replicates). Cell numbers were quantified
using flow cytometry after 48 h of culture.d, FACS-sorted neutrophil precursors
were culturedin the presence ofincreasing dosages of 3-IAA +/- FIRINOX (3.2 uM
Oxaliplatin, 5.6 pMIrinotecanand19.2 pM 5-FU; n = 3, biological replicates).
Cellnumbers were quantified using flow cytometry after 48 hof culture. e, Asin
a, exceptonly neutrophils were cultured in the presence of +/- Oxaliplatin

(8 pM Oxaliplatin) and 1,000 uM 3-1AA, 1,000 pM 3-IPA or DMSO at similar
concentrations (n=3to 6, biological replicates). f, Asin ¢, except cell death of
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neutrophils was defined by flow cytometry using Annexin Vand Pl staining.
Frequencies are shownrelative to total neutrophils (n = 3, biological replicates).
g,Asinc,except NET formation was defined by SYTOX DNA staining after three
hours of treatment (n =3, biological replicates). h, Degranulation of 1 x 10°
FACS-sorted bone-marrow-derived neutrophils was measured after 30 min of
stimulation with FIRINOX (3.2 pM Oxaliplatin, 5.6 pMIrinotecanand 19.2 pM
5-FU),1mM 3-IAA +FIRINOX or FIRINOX +1 pM fMLP using an MPO activity
assay kit (n =3, biological replicates). i, KPC tumour cells were orthotopically
injected into SPF mice and mice were treated +/- 500 mg/kg 3-1AA for 5
consecutive daysand FIRINOX at day 11 (n = 5each). Immune cells from the
spleen and tumour were analysed by flow cytometry at day 3 after FIRINOX
treatment. Neutrophil countsinthe spleen or tumour areshown.j, Asini, except
only3-IAA, but no FIRINOX was applied (n = 5each). Eachsymbol representsone
mouse oroneinvitroreplicate. One experiment (b) or one out of three (c,d) or
two (a,e-j) independent experiments are shown. Error barsindicate SEM,
significant p-values areindicated and were determined by one-way ANOVA
followed by Dunnett’s (a-h) post-hoc test or two-tailed t-test (i,j).
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Extended DataFig.7|3-1AAand MPO increase ROS and decrease cell
viability. a, Concentrations of 3-1AA measured using LC-MS/MS (left) or MOI
(right) of tumoursisolated from SPF mice treated with FIRINOX +/-3-1AAfive
hours after treatment (n =3 biological replicates). b, Concentrations of 3-I1AA
(left) or MOI (right) were measured in tumours isolated from WT or Mpo™
bone-marrow-reconstituted mice treated with FIRINOX + 3-IAA using LC-MS/
MS five hours after treatment (n =3 or 4 biological replicates). ¢, SPF mice
received KPC control or AhrKD cells orthotopically and were treated with
FIRINOX (d11) or FIRINOX + 3-1AA (d9-13) (n =4 or 5). Tumour weight was
assessed at day 20 of the experiment. d, KPC tumour cells were cultured in the
presence of increasing dosages of 3-1AA +/- Oxaliplatin (8 pM Oxaliplatin;
n=2-3biological replicates). ROS expression was determined via flow
cytometry using CellROX dye. Hy19636 cells were cultured with increasing
dosages of 3-IAA +/- 5 x10* neutrophils () or MPO 200mU/ml (f) and +/-
FIRINOX (1.6 uM Oxaliplatin, 2.8 uMIrinotecanand 9.6 uM 5-FU; n =2-3
biological replicates). ROS expression was assessed via flow cytometry. Only
p-values for relevant groups are shown for clarity. MIA PaCa-2 (g), T3M-4 (h) or
Hy19636 (i) cells were cultured with increasing dosages of 3-1AA +/- FIRINOX
(3.2 uM Oxaliplatin, 5.6 pMIrinotecan and 19.2 uM 5-FU) for 6 h (n =3 biological
replicates). Viability was assessed by MTS/MTT assay and displayed as relative
tountreated cells after 48 h. KPC (j) or MIA PaCa-2 (k) cellswere cultured in the
presence of increasing dosages of 3-1AA +/-~ MPO 400 mU/ml +/- FIRINOX

(3.2 uM Oxaliplatin, 5.6 M Irinotecan and 19.2 uM 5-FU; n = 3 biological
replicates). Cellnumbers were quantified using flow cytometry after 48 h of
culture. Hy19636 (I) or MIA PaCa-2 (m) cells were cultured with increasing
dosages of MOI (100,200 or 400 pM) +/- FIRINOX (1.6 pM Oxaliplatin, 2.8 pM
Irinotecanand 9.6 tM 5-FU; n=5to 12 biological replicates). Viability was
assessed using the MTS assay and displayed asrelative to untreated cells after
24 h.n,KPCtumour cells were orthotopically injected into SPF mice and mice
were leftuntreated or treated with either FIRINOX (d11), 3-1AA (d9-13) or 3-1AA
and FIRINOX (n =5 each). Statistics and representative pictures show
orthotopic tumours three days after indicated treatment with staining for
nitrotyrosine (ROS). 0, SPF mice were injected with orthotopic tumours and
weretreated with FIRINOX or FIRINOX + 3-1AA (n =5 each). After five hours of
treatment, ROS accumulation was analysed using flow cytometry. ROS levels of
cancer cells (Epcam’), T cells (CD45'CD3") or myeloid cells (CD45'CD11b*) are
shown. p, Irradiatedand WT (n =5) or Mpo™ (n = 3) bone-marrow-reconstituted
micereceived KPCcells orthotopically and were treated with FIRINOX or
FIRINOX +3-IAAasino.ROS levels were assessed by flow cytometry asin 0. One
(a,b,n) oroneoutofthree (d,g-i) ortwo (c,e,f,j-m,o0,p) independent
experiments are shown. Error barsindicate SEM or median (n), significant
p-valuesareindicated and were determined by two-tailed t-test (a-c,0,p), one-
way ANOVA followed by Dunnett’s (d,g-n) or Tukey’s (e,f) post-hoc test.
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Extended DataFig. 8|3-1AA and FIRINOX treatment decreases autophagy
invivo.a, Normalized expression of ROS-producing or degrading enzymes
foundin mRNA sequencing data of tumours obtained from mice treated with
FIRINOX compared to tumours treated with FIRINOX +3-IAA (n =3 biological
replicates each; p values: GPX3(0.00012), GPX7 (1.2*10°%), NOX4 (0.023)).

b, KPCtumour cells were culturedin the presence of FIRINOX (3.2 pM
Oxaliplatin, 5.6 uMIrinotecanand19.2 uM 5-FU) +/-10 pM of 3-1AA and

400 mU/mIMPO (n =4 biological replicates). RNA expression of GPX3 and 7
was measured using qPCR after 24 h of treatment. Expressionis depicted as
relative to ahousekeeping gene. ¢, Scramble control-transfected cells, Gpx3
or Gpx7 knockdown cells were treated with +/- FIRINOX (3.2 pM Oxaliplatin,
5.6 uMIrinotecanand19.2 pM 5-FU) +/-10 uM of 3-IAA and MPO and ROS was
assessed using flow cytometry (n =3 or 4 biological replicates).d, asinc,
exceptcellnumberswere calculated using flow cytometry (n = 4 biological
replicates). e, SPF mice were injected with orthotopic tumoursusing scramble
controlor GPX3 KD cellsand were treated with +/- FIRINOX at day eleven of the
experiment (n=5or 6). Tumour size was measured at day eight after FIRINOX
treatment. f, GSEA enrichment plot depicting positive enrichment of reactome
pathway autophagy in total tumours obtained from mice treated with FIRINOX
compared to tumours treated with FIRINOX and 3-IAA (n =3 biological
replicates). g, KPC tumour cells were orthotopically injected into SPF mice and
mice were treated with either 3-IAA and FIRINOX or FIRINOX alone (n =3 each).
One day after FIRINOX treatment, intratumoral proteins were analysed and
compared. Proteins downregulated in tumours from 3-IAA and FIRINOX-
treated mice were analysed for enriched KEGG pathways. The top 10 pathways
aredepicted and the full list of proteins and up- or downregulated pathways is
providedinSltables1to3.h,KPCtumour cells were orthotopically injected
into SPF mice. Mice were treated +/- FIRINOX (d11), +/- 3-1AA (d9-13) and p62/

SQSTM1staining was analysed at day three after treatment. Statistics show the
number of p62/SQSTM1"" cells per field (n = 5 each). Representative pictures
areshown. Thescalebar represents100 um. i,j, KPC tumour cells were
orthotopically injected into gnotobiotic mice colonized withRor NR
microbiota (n=3or 4). Mice were treated +/- FIRINOX and LC3-I/11 (i) or p62/
SQSTM1 (j) staining was analysed at day 20 of the experiment. Statistics show
the number of LC3-I/11"&" or p62/SQSTM1"e" cells per field (n = 4). Tumours were
pooledfromthreeindividual experiments with different donors each.
Representative pictures areshown. The scale bar represents 100 um. k, KPC
tumour cells were orthotopically injected into SPF mice and treated and
analysed asinh, except thatstaining for cleaved caspase-3 (CC3, apoptosis) was
applied. Thescale bar represents 50 um. 1, SPF mice were orthotopically
injected with GFP-LC3B-RFP reporter cellsand treated with FIRINOX +3-1AA,
trehalose or FIRINOX +3-IAA + trehalose (n = 5 each). Tumours were analysed
for GFP/RFPratios viabright field imaging. The GFP/RFP ratio is shown for each
respective group. m, SPF mice were injected with (mST-ATG4B) or mSt control
cells. Micereceived either doxycycline treatment via diet for seven days (d5 to
d12) orstandard food and were treated +/- FIRINOX (n =4 or 5each). Tumour
sizeatday 18 of the experimentis depicted. Representative pictures show
tumours at the end of the experiment. Scale bar shows one centimetre.

One (a,f-k) or one out oftwoindependent experiments (b-e,l) or three
independent experiments with differentlengths of doxycycline treatment

(m) are shown. Each symbol represents one mouse or one invitroreplicate.
Barsindicate SEM (a-e,m) or median (h-1), significant p-values areindicated
and were determined asindicated in the methods section (a,f,g), by two-tailed
Mann-Whitney test (b) one-way ANOVA followed by Tukey’s (c-e,i,j,m) or
Dunnett’s (I) post-hoc test or by Kruskal-Wallis test followed by Dunn’s

(h,k) post-hoctest.
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Extended DataFig.9|A3-1AA and chemotherapy combinationis effective
inthe treatment of colorectal and lung cancer celllines. a,b, The MC38
colorectal cancer cellline (n=5or 6;a) or LLClung cancer cellline (n=4or5;

b) was subcutaneouslyinjected and mice were treated +/- FIRINOX and
+/-3-1AA (500 mg/kg) orally. Tumours were measured every other day and
tumour weight was scaled to day 17 of experiment. ¢, Orthotopic KPC tumours
were established and SPF mice were treated with GNP once +/-3-1AA (500 mg/kg;
n =4 each). Tumour weight was assessed seven days after chemotherapy (d18).
d, Statistics show the event of neutropenia (<1,5*10%/1) during the first 6 cycles
of chemotherapy in patients from the Hamburg cohort responding or not
responding to the chemotherapy (n=11Rand12NR). e, DCA concentration was

Progression-free survival (d)

measured after two to three chemotherapy cyclesin the serum of patients from
the Hamburg cohort and was correlated with PFS (n = 20) or overall survival
(n=18).Eachsymbolrepresents one patient. f, Univariate Cox proportional
hazard models were used to determine the effects of indicated variables on PFS
inthe Hamburg cohort. One experiment (b) or one out of two individual
experiments (a) isshown. Error bars indicate SEM, significant p-values are
indicated and were determined by one-way ANOVA followed by Dunnett’s
post-hoctest (a, left statistic), Kruskal-Wallis test followed by Dunn’s (b, left
statistic) post-hoc test, mixed-effects analysis followed by Dunnett’s post-hoc
test (@aandb, right statistic), two-tailed t-test (c), two-sided chi-square test (d),
simplelinear regression and Pearson’sr (e) or Cox regression (f).
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Extended Data Table 1| Patient data for the Hamburg (observation) and Munich (validation) cohorts

ID Hamburg Stage Treatment Neutropenia PFS (d) 0s(d) event Death 3-1AA (ng/ml)
Responder 1 metastatic FOLFIRINOX yes 364 657 1 39,181686
Responder 2 metastatic FOLFIRINOX yes 288 363 1 3540154116
Responder3 metastatic FOLFIRINOX no 265 265 1 246950451
Responder 4 metastatic Gemcitabin + nab-Paclitaxel yes 285 348 1 21,71552489
Responder 5 metastatic FOLFIRINOX - 424 425 0 23,19455417
Responder 6 metastatic FOLFIRINOX no 207 400 0 28,73885144
Responder 7 metastatic FOLFIRINOX yes 318 366 0 27,306
Responder 8 metastatic Gemcitabin + nab-Paclitaxel yes 227 265 1 2562343365
Responder 9 metastatic Gemcitabin + nab-Paclitaxel yes Nd* 86* 1 2582788166
Responder 10 metastatic Gemcitabin + nab-Paclitaxel no 175 263 1 20,38119957
Responder 11 metastatic FOLFIRINOX yes 363 455 1 2562343365
Non-Responder 1 metastatic FOLFIRINOX no 73 240 1 14,02126808
Non-Responder 2 metastatic FOLFIRINOX no 93 208 1 1743057801
Non-Responder 3 metastatic FOLFIRINOX no 97 97 1 10,27528529
Non-Responder 4 metastatic Gemcitabin + nab-Paclitaxel no 106 189 1 13,568310399
Non-Responder 5 metastatic FOLFIRINOX no 140 158 1 19,05735273
Non-Responder 6 metastatic Gemcitabin + nab-Paclitaxel no 42 177 1 2286278374
Non-Responder 7 metastatic FOLFIRINOX no 86 227 1 -
Non-Responder 8 metastatic Gemcitabin + nab-Paclitaxel no 99 125 1 16,32952732
Non-Responder 9 metastatic Nanoliposomales yes 57 80 1 145062644
Irinotecan/s-FU
Non-Responder 10 metastatic FOLFIRINOX no 78 238 1 1146180184
Non-Responder 11 metastatic FOLFIRINOX no 74 181 1 -
Non-Responder 12 metastatic FOLFIRINOX yes 126 250 1 15,88694046
ID Munich Stage Treatment PFS (days) 0S8 (days) 3-IAA (ng/mi)
1 metastatic FOLFIRINOX 29 71 30,85006391
2 metastatic FOLFIRINOX 5 35 33,61684164
3 metastatic FOLFIRINOX 58 234 28,83184049
4 metastatic FOLFIRINOX 55 LTFU 66,91668068
5 metastatic FOLFIRINOX 13 13 38,16265106
6 metastatic FOLFIRINOX 109 128 32,87125728
7 metastatic FOLFIRINOX 102 LTFU 2527042764
8 metastatic FOLFIRINOX 137 161 31,06795774
9 metastatic FOLFIRINOX 97 532 3087976746
10 metastatic FOLFIRINOX 187 245 3442728268
11 metastatic FOLFIRINOX 223 285 42,09426454
12 metastatic FOLFIRINOX 196 LTFU 36,95887292
13 metastatic FOLFIRINOX 364 449 44,89365598
14 metastatic FOLFIRINOX+ Surgery 365 677 6492108317
15 T i G itabin + nab-Paclitaxel 77 280 3254914893
16 T i G itabin + nab-Paclitaxel 15 15 33,73465198
17 T i G itabin + nab-Paclitaxel 72 105 34,32031261
18 T i G itabin + nab-Paclitaxel 68 446 33,75572902
19 T i G itabin + nab-Paclitaxel 167 273 4221225432
20 T i G itabin + nab-Paclitaxel 160 LTFU 61,99694131
21 T i G itabin + nab-Paclitaxel 142 170 36,80577017
22 T i G itabin + nab-Paclitaxel 213 256 6148041017
23 T i G itabin + nab-Paclitaxel 471 LTFU 35,79352772
24 T i G itabin + nab-Paclitaxel 62 62 35,68014229

3-1AA was measured by CLIA as described in the Methods. Response was defined by tumour regression of at least 25% in CT scan or at least unchanged tumour size with either >40% drop in
serum tumour marker and/or PFS > 140 days (Hamburg cohort only). Patients whose tumours progressed within the first 140 days of treatment were considered non-responders (Hamburg
cohort only). Neutropenia was defined as a neutrophil count of less than 1.5x10° per litre as measured by the hospital routine standard at its lowest point during the first three months of chemo-
therapy. 3-I1AA was measured using CLIA after two to three cycles of chemotherapy (Hamburg cohort) or before chemotherapeutic treatment (Munich cohort). LTFU are patients who were lost
to follow-up. Patient marked with (*) died of a cause other than progressive disease.
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Data collection Flow cytometry data were collected using FACSDiva version 8 on a Fortessa flow cytometer; widefield images were obtained using Leica
Application Suite X software v.3.6.0; MTT and CLIA were analyzed using FLUOstar Omega; Protein screen was acquired using GenePix Pro 6.0.,
Illumina MiSeq v3 was used for 16S rRNA sequencing and Illumina NovaSeq for shotgun metagenomic sequencing; Xevo TQ-S mass
spectrometer was used for metabolomic screening; StepOne Plus system for rt-PCR and NanoZoomer 2.0-HT for slide scanning

Data analysis The following software were used for data analysis: MetaboAnalyst v. 5.0; Image)J v. 2.1.0/1.53c; Prism 9.3.1; R version 4.1; FlowJo v10.4;
BBMap version 36.49; SPAdes 3.1.5.2; MetaWrap 1.2; fastp v0.20.1; STAR v2.7.9a; fgsea v4.1; DADA2; DESeq2; LIMMA,; phyloseq; LEfSe
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RNA-seq data have been submitted to the European Nucleotide Archive (ENA). They are publicly available under accession number PRJIEB58222. Filtered human
shotgun metagenomic sequencing data of stool samples from the Hamburg cohort are available under accession number PRJEB58222. Source data are provided for
all figures. Protein screening data is provided in Supplementary Information table 1-3.
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Sample size Sample sizes were based on experience with the described models as well as small pilot experiments with up to 5 mice per group for new
models. Regarding human data, no sample size was calculated; rather metabolomic screening was performed on a small pilot group. In the
following time of recruitment, all eligible patients were allowed to enroll into the study.
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Data exclusions  No data or animals were excluded from analysis, except for clear technical failure.

Replication Experiments were repeated multiple times with similar results as indicated in the figure legends. All critical in vivo experiments were
reproduced using the same system (e.g. Chemotherapy treatment in R colonized mice using the same donor and mice) and/ or using
orthogonal approaches (e.g. endogenous 3-IAA production by R microbiota or 3-IAA gavage in SPF or NR microbiota colonized mice).

Randomization  Prior to treatment initiation mice bearing tumors were randomized. Tumor sizes were not measured at the time of randomization.
Human study participants were not randomized, because the caring physician decided about the treatment and the individual response to
therapy defined the allocation to either R or NR group.

Blinding Blinding was not performed in mouse experiments. The investigator needed to know the treatment groups in order to perform the study.
Tumor weights (an objective measurement) and tumor sizes were carried out only at the study endpoints after mice were euthanized and
tumors were harvested, if possible together with a blinded rater.

No active blinding was performed for human materials since patients were treated as defined by the caring physician and the investigator
needed to know the response of the specific patient in order to define the allocation to the R or NR group. Still, at the time of stool and serum
sample collection, the response of the individual patient was not defined.
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Antibodies

Antibodies used The following antibodies were used for intracellular flow cytometry: IFN-y-BUV737 (BD Horizon, 612769, XMG1.2, 0276632), TNF-a-
BV421 (Biolegend, 506327, MP6-XT22, B293819)

The following surface antibodies were used for flow cytometry: CD3-BUV395 (BD Horizon, 563565, 145-2C11, 1117788), CD4-
BUV737 (BD Horizon, 612844, RM4-5, 1056992), CD8-BV650 (Biolegend, 301041, RPA-T8), PD-1-BV711 (Biolegend, 135231,
29F.1A12, B317246), CD11b-BV510 (BD Horizon, 562950, M1/70, 5306509), CD11c-PE (BD Bioscience, 553802, HL3, 6301690),
CD45-BV785 (Biolegend, 103149, 30-F11, B336128), CD45-APC/Cy7 (Biolegend, 103115, 30-F11, B291572), Ly6G-Alexa647
(Biolegend, 127609, 1A8, B255839), Ly6C-BV570 (Biolegend, 128029, HK1.4, B310125), F4/80-BV421 (Biolegend, 123137, BMS,
B242665), MHCII-Alexa700 (Biolegend, 107621, M5/114.15.2), CD19-APC/Cy7 (Biolegend, 115530, 6D5), CD19-BV421 (Biolegend,
115549, 6D5), CD115-BV421 (Biolegend, 135513, AFS98), Ly6B (Abcam, ab53457, 7/4), NK1.1-BV421 (Biolegend, 108741, PK136),
EPCAM-Alexa488 (Biolegend, 118210, G8.8), CD3-BV421 (Biolegend, 100227, 17A2).

The following secondary antibody was used: Goat anti-Rat IgG (Thermo Fischer, A-11006, polyclonal).

The following antibodies were used for IHC: anti-LC3B antibody (Thermo Fischer Scientific, PA1-46286), anti-Nitrotyrosine antibody




(Thermo Fischer Scientific, A-21285), anti-CC3 antibody (Cell Signaling, 9661), anti p62/PQSTM1 (Thermo Fischer, PA5-20839) and
anti-Ki67 antibody (Abcam, 15580).

Counter stain for IHC was done using the Universal DAB Detection Kit (Ventana, Roche, 760-500)

In vivo depletion of immune cells was achieved using: anti-CD8 antibody clone 53-6.7 (BioXcell, BEO004), anti-CD4 antibody clone
GK1.5 (BioXcell, BEO0O3), isotype control Clone 2A3 (BioXcell, BEO089).

Validation IFN-y-BUV737 (BD Horizon, https://www.bdbiosciences.com/en-au/products/reagents/flow-cytometry-reagents/research-reagents/
single-color-antibodies-ruo/buv737-rat-anti-mouse-ifn.612769)
TNF-a-BV421 (Biolegend, https://www.biolegend.com/en-us/sean-tuckers-tests/brilliant-violet-421-anti-mouse-tnf-alpha-
antibody-7336)
CD3-BUV395 (BD Horizon, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/
single-color-antibodies-ruo/buv395-hamster-anti-mouse-cd3e.563565)
CD4-BUV737 (BD Horizon, https://www.bdbiosciences.com/en-au/products/reagents/flow-cytometry-reagents/research-reagents/
single-color-antibodies-ruo/buv737-rat-anti-mouse-cd4.612844)
CD8-BV650 (Biolegend, https://www.biolegend.com/en-us/products/brilliant-violet-650-anti-human-cd8a-antibody-76527?
GrouplD=BLG5903)
PD-1-BV711 (Biolegend, https://www.biolegend.com/nl-nl/products/brilliant-violet-711-anti-mouse-cd279-pd-1-antibody-12303)
CD11b-BV510 (BD Horizon, 562950, https://www.bdbiosciences.com/en-ch/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/bv510-rat-anti-cd11b.562950)
CD11c-PE (BD Bioscience, 553802, https://www.bdbiosciences.com/en-au/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/pe-hamster-anti-mouse-cd11c.553802)
CD3-BV421 (Biolegend, https://www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-mouse-cd3-antibody-7326)
EPCAM-Alexa488 (Biolegend, https://www.biolegend.com/fr-ch/products/alexa-fluor-488-anti-mouse-cd326-ep-cam-antibody-4972)
NK1.1-BV421 (Biolegend, https://www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-mouse-nk-1-1-antibody-7150)
CD115-BV421 (Biolegend, https://www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-mouse-cd115-csf-1r-antibody-8971)
CD19-BV421 (Biolegend, https://www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-mouse-cd19-antibody-7160)
CD19-APC/Cy7 (Biolegend, https://www.biolegend.com/fr-ch/products/apc-cyanine7-anti-mouse-cd19-antibody-3903)
CD45-BV785 (Biolegend, https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-cd45-antibody-10636?
GrouplD=BLG1932)
CD45-APC/Cy7 (Biolegend, https://www.biolegend.com/en-us/products/apc-cyanine7-anti-mouse-cd45-antibody-25307?
GrouplD=BLG1932)
Ly6G-Alexa647 (Biolegend, https://www.biolegend.com/en-us/products/alexa-fluor-647-anti-mouse-ly-6g-antibody-4780)
Ly6C-BV605 (Biolegend, https://www.biolegend.com/en-us/products/brilliant-violet-570-anti-mouse-ly-6¢c-antibody-73927?
GrouplD=BLG5853)
F4/80-BV421 (Biolegend, https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-f4-80-antibody-71997?
GrouplD=BLG5319)
MHCII-Alexa700 (Biolegend, https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-i-a-i-e-antibody-3413?
GrouplD=BLG4736)
Ly6B (Abcam, https://www.abcam.com/neutrophil-antibody-74-ab53457.html)
SQSTM1 (Thermo Fischer, https://www.thermofisher.com/antibody/product/SQSTM1-Antibody-Polyclonal/PA5-20839)
anti-LC3B antibody (Thermo Fischer Scientific, https://www.thermofisher.com/antibody/product/LC3B-Antibody-Polyclonal/
PA1-46286);
anti-Nitrotyrosine antibody (Thermo Fischer Scientific, https://www.thermofisher.com/antibody/product/Nitrotyrosine-Antibody-
Polyclonal/A-21285);
anti-CC3 antibody (Cell Signaling, https://www.cellsignal.com/products/primary-antibodies/cleaved-caspase-3-asp175-
antibody/9661)
anti-Ki67 antibody (Abcam, https://www.abcam.com/ki67-antibody-ab15580.html)
anti-CD8 antibody (BioXcell,https://bxcell.com/product/m-cd8a/)
anti-CD4 antibody (BioXcell, https://bxcell.com/product/m-cd4/)
isotype control (BioXcell, https://bxcell.com/product/rat-igg2a-isotype-control/)
Universal DAB Kit (https://www.bfarm.de/SharedDocs/Kundeninfos/
DE/08/2011/02264-11_kundeninfo_de.pdf _blob=publicationFile&v=4)
anti-Rat 1gG antibody (Thermo Fischer, https://www.thermofisher.com/antibody/product/Goat-anti-Rat-1gG-H-L-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A-11006)
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) KPC cells were obtained from Ximbio under catalogue number 153474; Hy19636_GLRM reporter cells, mSt-ATG4B and mSt
were produced and provided by Alec Kimmelman (Yang et al. Cancer discovery 2018); MIA PaCa-2, BxPC-3 and T3M-4 (all
from ATCC); MC38 and LLC-GFP (ATCC) were provided by Anastasios Giannou.

Authentication The murine cell line KPC acquired from Ximbio was visually inspected and carefully maintained in a central lab cell bank. All
other cells were maintained in a central lab cell bank and regularly visually inspected for changes.

120 YoIDN

Mycoplasma contamination Routine testing for mycoplasma was conducted by PCR. All cell lines tested negative for mycoplasma.

Commonly misidentified lines No commonly misidentified cell lines were used.
(See ICLAC register)




Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals All mice used in this study were of a C57/BL6 background. Mice were kept under specific-pathogen-free or germ-free conditions,
ambient temperature of 20+2°C, humidity of 55+10% and a dark/light cycle of 12 hours. Age- and sex-matched littermates between 4
and 16 weeks were mainly used. Both female and male mice were used, but within each experiment mice were sex-matched.
MPO-/—bone marrow used to establish bone marrow chimeras was kindly provided by Prof. Baldus and Dr. Mollenhauer from
University Hospital Cologne. AhR—/—bone marrow was provided by Prof Charlotte Esser.

Wild animals This study did not involve wild animals.
Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All mice were used in accordance with the institutional review board ‘Behorde fir Soziales, Familie, Gesundheit und
Verbraucherschutz’ (Hamburg, Germany).
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Patients diagnosed with mPDAC and scheduled for a treatment with GnP or FOLFIRINOX were recruited to the study (n=30).
All patients received the chemotherapeutic treatment as their first treatment for metastatic disease. After exclusion of
antibiotic treated patients or patients not receiving the chemotherapy, 23 patients remained on study. The median age in the
responder group was 72 years (range: 47 to 82) and 65 years (range: 43 to 79) in the non-responder group. The sex
distribution was 6 female and 5 male patients in the responder group and 6 female and 6 male patients in the non-responder
group. All patients were suffering from metastatic disease and therefore both groups were strongly balanced for covariates.

Recruitment All patients diagnosed with mPDAC and scheduled for a treatment with GnP or FOLFIRINOX at the participating centers
between January 2020 and July 2021 were offered the chance to participate in this study (Hamburg cohort). Patients
receiving antibiotics before start of treatment or during the first two months of treatment were excluded. Patients from the
Munich cohort were retrospectively selected based on the received treatment and duration of response to guarantee a
balanced representation of responder and non-responder patients.

Ethics oversight Informed consent was obtained from all patients as approved by the ethics commission Hamburg (Ethikkommission der
Arztekammer Hamburg, Germany) or Informed consent was obtained from all patients as approved by the ethics commission
Munich.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Tumors were taken and cut into similar-sized pieces. Tumors were rinsed with cold PBS and digested in RPMI (Sigma,
61870044) supplemented with 10% FBS (Gibco, 10500064), 2,5mg/ml collagenase D (Roche, 11088866001) and 0.2mg/ml
DNase | (Roche, 11284932001) for 35 minutes at 37°C with continuous shaking. Afterwards, the suspension was strained
through a 40um cell-strainer and quenched with cold PBS. Subsequently, immune or tumor cells were stained with Fc block
and live/dead staining (Thermo Fischer Scientific L34957; L10119) for 30 minutes in the dark. Afterwards cells were washed,
stained with indicated flow cytometry antibodies and again incubated for 30 minutes in the dark. Flow cytometry was
performed on a Fortessa flow cytometer (BD). To assess the cytokine profile of immune cells, restimulation of T cells with
50ng/ml PMA, 500ng/ml ionomycin and 1ug/m brefeldin A was performed for 3 hours at 37°C. After surface staining, cells
were fixed and permeabilized using the eBioscience Foxp3 intracellular staining kit (00-5523-00). The following intracellular
antibodies were used: IFN-y, TNF-a. The following surface antibodies to classify lymphocytes: i.e. CD3, CD4, CD8, CD19, PD-1,
NK1.1 or myeloid cells: i.e. CD11b, CD11c, CD45, Ly6G, Ly6C, CD115, Ly6B, F4/80, MHCIl were used. Software analysis and
histogram generation was carried out using FlowJo v10.

Instrument Fortessa flow cytometer (BD Biosciences)




Software FACSDiva (BD Biosciences, version 8.)

Cell population abundance The purity of sorted populations was dertermined by flow cytometry anaysis of sorted cells and frequencies for the gated
population were above 90%.

Gating strategy Gating strategies were described in Extended Data Fig. 4a.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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