| hd |

NRC Publications Archive
Archives des publications du CNRC

Tryptophan-derived microbial metabolites activate the aryl hydrocarbon receptor
in tumor-associated macrophages to suppress anti-tumor immunity

Hezaveh, Kebria; Shinde, Rahul S.; KIétgen, Andreas; Halaby, Marie Jo; Lamorte, Sara;
Ciudad, M. Teresa; Quevedo, Rene; Neufeld, Luke; Liu, Zhe Qi; Jin, Robbie; Grunwald,
Barbara T.; Foerster, Elisabeth G.; Chaharlangi, Danica; Guo, Mengdi; Makhijani, Priya;
Zhang, Xin; Pugh, Trevor J.; Pinto, Devanand M.; Co, lleana L.; McGuigan, Alison P.;
Jang, Gun Ho; Khokha, Rama; Ohashi, Pamela S.; O’Kane, Grainne M.; Gallinger,
Steven; Navarre, William W.; Maughan, Heather; Philpott, Dana J.; Brooks, David G.;
McGaha, Tracy L.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de I'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOl ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1016/j.immuni.2022.01.006
Immunity, 55, 2, pp. 324-340.e8, 2022-02-08

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=88f65805-f1c2-488d-933b-e89fed2b88d2
https://publications-cnrc.canada.ca/fra/voir/objet/?id=88{65805-f1c2-488d-933b-e89fed2b88d2

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’accés a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
premiére page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

 Ld

National Research  Conseil national de
Council Canada recherches Canada Canada


https://doi.org/10.1016/j.immuni.2022.01.006
https://nrc-publications.canada.ca/eng/view/object/?id=88f65805-f1c2-488d-933b-e89fed2b88d2
https://publications-cnrc.canada.ca/fra/voir/objet/?id=88f65805-f1c2-488d-933b-e89fed2b88d2
https://nrc-publications.canada.ca/eng/copyright
https://publications-cnrc.canada.ca/fra/droits

Immunity

Tryptophan-derived microbial metabolites activate
the aryl hydrocarbon receptor in tumor-associated
macrophages to suppress anti-tumor immunity
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In brief

AhR directs macrophage polarization.
Hezaveh et al. identified a key role for AhR
in tumor macrophage function in
pancreatic cancer, with AhR suppressing
inflammatory T cell infiltration and
promoting growth. AhR was activated by
gut microbiome-produced tryptophan
metabolites and human disease showed
association of macrophage AHR
expression and worse outcomes.

Highlights
e AhR controls tumor-associated macrophage function in
pancreatic cancer

e AhR is activated in tumor macrophages by microbiome-
produced tryptophan metabolites

e Inhibition of AhR function improves T cell function, inhibiting
tumor growth

e AhR expression is enriched in human tumor macrophages
and correlates with survival
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SUMMARY

The aryl hydrocarbon receptor (AhR) is a sensor of products of tryptophan metabolism and a potent modu-
lator of immunity. Here, we examined the impact of AhR in tumor-associated macrophage (TAM) function in
pancreatic ductal adenocarcinoma (PDAC). TAMs exhibited high AhR activity and Ahr-deficient macro-
phages developed an inflammatory phenotype. Deletion of Ahr in myeloid cells or pharmacologic inhibition
of AhR reduced PDAC growth, improved efficacy of immune checkpoint blockade, and increased intra-tu-
moral frequencies of IFNy*CD8* T cells. Macrophage tryptophan metabolism was not required for this effect.
Rather, macrophage AhR activity was dependent on Lactobacillus metabolization of dietary tryptophan to
indoles. Removal of dietary tryptophan reduced TAM AhR activity and promoted intra-tumoral accumulation
of TNFa*IFNy*CD8* T cells; provision of dietary indoles blocked this effect. In patients with PDAC, high AHR
expression associated with rapid disease progression and mortality, as well as with an immune-suppressive
TAM phenotype, suggesting conservation of this regulatory axis in human disease.

INTRODUCTION

Despite significant improvements in cancer therapies, outcomes
for patients afflicted with pancreatic ductal adenocarcinoma
(PDAC) remain grim as PDAC exhibits resistance to therapeutic
approaches, including checkpoint blockade. Interestingly, mi-
crobiota appear to impact outcomes of PDAC. In long-term

324 Immunity 55, 324-340, February 8, 2022 © 2022 Elsevier Inc.

PDAC survivors, increased microbiome diversity correlates
with survivorship and immunologic features of the tumor micro-
environment (TME). Furthermore, fecal microbiota transplant
(FMT) from long-term survivors reduced tumor size in mouse
models, whereas FMT from short-term survivors (STS) resulted
in larger tumor sizes and increases in CD4* FOXP3* T cells (Ri-
quelme et al., 2019). Thus, the microbiota can promote or inhibit
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Figure 1. Deletion of AhR in macrophages drives inflammatory polarization of TAMs and CD8* T cells in the PDAC TME
(A) CD45*CD11b*F4/80* macrophages were enriched by flow cytometry sorting from normal pancreas (i.e., resident macrophages) or PDAC tumors 14 days after
tumor implantation. Heatmap shows hierarchical clustering depicting differentially expressed RNA transcripts (>2.0 logFC, FDR p < 0.01). Each column rep-

resents an individual mouse.

(B) Macrophages were sorted from normal pancreas or tumors from mice of the indicated genotype, and mRNA expression of Cyp1b1 relative to Bactin was

determined by gRT-PCR.

(C) Expression of surface markers in TAMs from tumor-bearing mice of the indicated genotype were determined by flow cytometry. MFI, mean fluorescence

intensity.

(legend continued on next page)
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tumor progression in PDAC,
composition.

An immunologically important class of bacterial metabolites is
generated by metabolization of the amino acid tryptophan (Trp)
to indole and related compounds (herein, collectively referred to
as indoles) (Roager and Licht, 2018). Indoles are essential for
mucosal barrier integrity and suppression of inflammation by acti-
vation of the transcriptional regulator AhR (Monteleone et al.,
2011). Upon binding of indoles in the cytoplasm, AhR translocates
to the nucleus. Ahr activation exerts potent effects on T cells, den-
dritic cells, and macrophages. Macrophages are a major compo-
nent of the immune infiltrate in PDAC, providing stromal support
for tumor growth (DeNardo and Ruffell, 2019) and resistance to
chemotherapy (Halbrook et al., 2019). AhR activation can drive
macrophages to acquire an immune-suppressive phenotype.
AhR induces the immune-suppressive cytokine interleukin (IL)-
10 (Shinde et al., 2018) and drives the expression of transforming
growth factor (TGF)-a,, TGF-B, and arginase (Arg1) (Franchini et al.,
2019; Rothhammer et al., 2018). Importantly, AhR expression is
elevated in myeloid-lineage cells relative to other cell types (Gou-
dot et al., 2017; Shinde et al., 2018), which is suggestive of
increased sensitivity to AhR ligands.

Based on these findings, we asked whether the microbiota
could drive immune suppression in the PDAC TME by inducing
AhR activity in tumor-associated macrophages (TAMs). To test
this, we deleted Ahr in PDAC TAMs or inhibited AhR activity
pharmacologically. Loss of AhR function caused a reduction in
tumor size, and Ahr-deficient TAMs acquired a proinflammatory
phenotype with increased intra-tumoral IFNy* CD8" T cells. Mi-
crobial production of indole compounds was the key driver of
AhR activity. In human PDAC samples, AHR expression was
associated with rapid disease progression and mortality, as
well as with an immune-suppressive TAM phenotype. Thus, mi-
crobial metabolites activate AhR in macrophages, driving
macrophage polarization and PDAC outcomes.

impacting the TME cellular

RESULTS

Deletion of AhR drives inflammatory polarization of

TAMs and CD8"* T cell infiltration in the PDAC TME

To understand the role of macrophages in PDAC, we used an or-
thotopic model of pancreatic cancer utilizing the mT4 organoid
line cloned from a primary tumor isolated from Trp53+/-S--H172H
Kras*/:S-G12D px1-Cre (KPC) mice (Boj et al., 2015). First, we
performed RNA-seq comparing transcriptomes of intra-tumoral
versus tissue-resident macrophages. Compared with tissue-
resident macrophages, PDAC TAMs exhibited increased
expression of 880 genes, including the pro-tumor genes Arg1,
Nos2, and Cd274 (the gene encoding PD-L1) (Figures 1A and
S1A). Ingenuity pathway gene set enrichment analysis (iGSEA)
predicted increased AhR activity in TAMs relative to the healthy
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tissue-resident macrophages (Figure S1B) and there was an
increased expression of the AhR-responsive gene Cyp1b1 in
TAMs compared with the resident macrophages (Figures 1A
and 1B). To test the prediction that macrophage AhR was
required for suppression of immunity in PDAC, we deleted AhR
from Mo by crossing Lyz2°®* x AhR™" mice (Lyz2°"®"* Ahr"™)
(Shinde et al., 2018). Since the Lyz2-CRE promoter can show ac-
tivity in several myeloid cell types, we first tested the relative ac-
tivity of CRE in TAMs by crossing Lyz2°®* x Cg-Gt(ROSA)
26Soymo(CAGtdTomato)Hze mice (\adisen et al., 2010), examining
tdTomato expression in TAMs and DCs. In the tumors, 98% of
the CD11b*F4/80* TAMs expressed tdTomato (Figure S1C),
contrasting with intra-tumoral CD11c* DCs where 20% were
tdTomato* (Figure S1C), showing Lyz2°®* is an appropriate
model to study macrophage AhR function in PDAC.

Importantly, whereas WT TAMs exhibited a 10-fold increase in
expression of Cyp1b1 compared with control macrohages,
Lyz2°®*Ah/™" TAMs had an abrogation of relative Cyp1b1,
demonstrating the dependence on AhR for Cyp1b1 expression
(Figure 1B). AhR deletion reduced the percentage of TAMs in
the CD45" infiltrate but did not reduce the absolute numbers of
TAMs (Figure 1C). However, AhR deletion increased the expres-
sion of MHCII, CD40, and PD-L1, indicating increased TAM acti-
vation (Figure 1C). Ahr deletion altered the expression of 416
genes (Figures S1D and S1E). TAMSs from Lyz2°"** Ahr™™ tumors
showed a decreased immune-regulatory transcriptional signa-
ture as compared with TAMs from control tumors, characterized
by reductions in the expression of Arg7 and Ido1 (Figure 1D). In
agreement with protein expression data (Figure 1C), TAMs from
Lyz2°®*Ah/™"  tumors were more proinflammatory with
increased /I1b, Gzb, and MHCII genes expression (Figure 1D).
TAMs from PDAC tumors can proliferate in situ and contribute
to fibrosis-expressing genes for extracellular matrix (ECM) pro-
teins (Zhu et al., 2017). When the TAMs lacked AhR, function
genes involved in cell-cycle progression were decreased and
the TAMs showed increased expression of pro-apoptotic genes,
as well as caspases, suggesting reduced proliferation and self-
renewal capability (Figure S1F). Likewise, the TAM ECM tran-
scriptional signature was decreased in the absence of AhR (Fig-
ure S1G). Thus, the data suggest that AhR is a key driver of the
TAM pro-tumor phenotype, and when AhR function is abro-
gated, TAM phenotypic polarization is shifted to a proinflamma-
tory state.

Next, we sought to understand how AhR-mediated alterations
in TAM polarization impact T cells in the TME. We found that the
frequency and number of CD8* T cells were increased within the
TME of Lyz2°"** Ahr™" mice (Figure 1E). Moreover, intra-tumoral
CD8* T cells from Lyz2°"®"*Ahr mice exhibited a change from a
naive (CD62L*CD44") to an effector/memory (CD62L"*°CD44M)
phenotype (Figure 1F), suggesting increased T cell activation.
Moreover, tumor weight and the extent of invasive

(D) Heatmaps showing differential expression (FDR, <0.01; logFC, >1) of selected inflammatory or immune-regulatory markers in FACS-sorted TAMs and healthy

tissue macrophages as described in (A and B).

(E) Intra-tumoral CD3*CD8" T cell numbers as a percent of the CD45* immune infiltrate were determined by flow cytometry in d14 tumors in Lyz2°®*Ahr™" versus

control tumor-bearing mice.

(F) Percent of CD44- and CD62L-positive intra-tumoral CD8"* T cells from samples described in (E) was determined by flow cytometry.

(G) Day-14 tumor weight and pathology in mice of the indicated genotype.

(H) Survival curves for tumor-bearing mice of the indicated genotype. n = 8 mice per group. (see also Figure S1). * p <.05, ** p <.01, *** p <.001.
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Figure 2. Pharmacologic inhibition of AhR promotes inflammation in the TME and improves responses to immune therapy

(A) CD45"CD11b*F4/80" TAMs were analyzed by flow cytometry in d14 tumors from B6 mice +/— treatment with the AhR inhibitor CH223191 as described in
STAR Methods. MFI, mean fluorescence intensity.

B) Tumor infiltrating CD3"CD8* T cells were analyzed from mice described in (A) by flow cytometry. GZMB-granzyme B.
C) Tumor weight of d14 tumors from mice described in (A).

(

(

(D) D14 tumor weight from mice of the indicated genotype +/— CH223191 treatment as described in (A).

(E) Representative Western blot showing loss of AhR expression in mT4 cell clone transfected with control versus AhR guide RNA.
(F) Cyp1at quantification by qRT-PCR of control and mT4 cultures treated with the AhR agonists ITE and FICZ.

(legend continued on next page)
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adenocarcinoma were decreased in Lyz2°®*Ahr"" mice (Fig-
ure 1G), leading to improved survival compared with littermate
controls (Figure 1H). Further, we observed decreased tumor
burden in Lyz2°®"*Ahr" mice which bear tumors from several
other KPC-derived tumor cell lines (Figure S1H), indicating that
lack of AhR in TAMs reduces tumor burden across multiple
PDAC tumor models.

Pharmacologic inhibition of AhR promotes inflammation
in the TME and improves responses to therapy

To test whether pharmacologic inhibition of AhR could impact
the immune infiltrate phenotype and tumor growth, we treated
mice with the AhR inhibitor CH223191 (Shinde et al., 2018).
TAMs from tumor-bearing mice receiving CH223191 had
increased expression of MHCII, CD40, and PD-L1, increases
in IFNy and granzyme B-expressing CD8* T cells, and
enhanced tumor control (Figures 2A-2C). Since CH223191 in-
hibits AhR activity in all cell types, we tested the contribution
of macrophage AhR function to these results by repeating
AhR inhibition experiments using Lyz2°®*Ahr" mice. On day
14, tumors had a 50% reduction in weight when the mice
received CH223191 in the littermate control groups. In contrast,
the addition of CH223191 did not have any additional effect on
tumor control in Lyz2°®*Ahr™" mice (Figure 2D), indicating that
the effect of the drug is through targeting of AhR in macro-
phages. AhR has been reported to directly affect tumor cell
growth (Murray et al., 2014); therefore, we tested the impact
of AhR deletion in PDAC cells on tumor growth. Deletion of
AhR in tumor cells by CRISPR (Figure 2E) nullified PDAC cell re-
sponses to AhR agonists in vitro (Figure 2F); however, there
was no effect on tumor growth in vivo compared with mock
PDAC tumors (Figure 2G). These data suggest that macro-
phage-specific AhR function is the main contributor to AhR-
dependent tumor growth.

Since PD-L1 was increased in TAMs from both Lyz2°®"* Ahr™""
(Figure 1C) and CH223191-treated mice (Figure 2B), we tested
for a potential effect of dual AhR and PD-L1 blockade. Control
mice (isotype IgG-treated) had a median survival of 25 days (Fig-
ure 2H). Administration of either «PD-L1 IgG or AhR inhibitor
alone increased survival; however, combining «PD-L1 IgG and
AhR inhibition had the strongest effect by extending the survival
2-fold compared with the control treatment and by increasing the
survival up to 50% higher than either therapy alone (Figure 2H).
We then tested the effect of AhR inhibition on autochthonous
PDAC tumors using a tamoxifen inducible KPC (iKPC) model of
PDAC (Maddipati and Stanger, 2015). Median survival for the
control group was 28 days post-initiation of treatment (Figure 21).
In contrast, mice treated with AhR inhibitor had improved sur-
vival (Figure 2l), suggesting AhR inhibition can improve out-
comes for both in situ pancreatic adenocarcinoma, as well as
orthotopic tumors. Hence, the data show that AhR is a central
driver of TAM function, and suppression of inflammatory T cell
maturation, and its inhibition improves responses to immune
checkpoint blockade.

Immunity

Macrophage AhR activity shapes the transcriptional
landscape in PDAC

To understand the impact of macrophage AhR function on the
TME, we conducted CyTOF and single-cell RNA sequence
(scRNA-seq) analysis of day-14 tumors (Halaby et al., 2019; Lev-
ine et al., 2015). We identified 32 clusters of intra-tumoral
immune cells by CyTOF, with the majority being myeloid or gran-
ulocytic (Figures 3A and S2A). There were 3 macrophage clus-
ters identified by the expression of F4/80 (clusters 12, 13, and
22). Macrophage cluster 22 expressed the immune-regulatory
polarization markers CD206 and PD-L1, as well as the inflamma-
tory monocyte marker Ly6C, suggesting monocytic origin (Fig-
ures 3B and S2A). In contrast, macrophage clusters 12 and 13
were Ly6C"®? with macrophage cluster 12 expressing PD-L1,
MHCII, and Ly6G compared with cluster 13, which had the
lowest staining of all three markers (Figures 3B and S2A).
Furthermore, we identified 2 populations of CD11c* dendritic
cells (DCs, clusters 14 and 16) differentiated by the expression
of PD-L1 (in cluster 14) and the integrin CD103 (in cluster 16) (Fig-
ure S2A). In addition, DC cluster 14 had expression of several
markers found in the macrophage clusters, including CD11b,
CD44, and Nos2 (iNOS). CD8* T cells appeared as 5 related clus-
ters (clusters 11, 15, 17, 18, and 28) differentiated by the expres-
sion of T bet, a key transcription factor driving inflammatory Th1
T cell lineage commitment (Szabo et al., 2000) and CX3CR1, a
marker of inflammatory intra-tumoral T cells (Yamauchi et al.,
2020) (Figure S2A). Deletion of TAM Ahr did not impact cell clus-
tering or the relative composition of the immune infiltrate (Figures
2B and S2C); however, loss of Ahr reduced iINOS, CCL4, and
TNFo. detectable by CyTOF in all macrophage clusters (clusters
12, 13, and 22), suggesting alteration in functional activity
(Figure 3C).

To understand the transcriptomic changes in the TME caused
by loss of macrophage Ahr, we performed scRNA-seq analysis
of 10,000 cells from Lyz2°"®"*Ahr™" and control tumors. We iden-
tified 18 clusters of cells in the tumor, including multiple clusters
of macrophages, T cells, and granulocytes (Figures 3D and S2D).
Similar to the CyTOF results, we identified 3 clusters of macro-
phages (Figure 3D). Macrophage cluster 1 expressed Arg1 and
Tgm2 (a gene involved in macrophage remodeling of ECM in tu-
mors) (Afik et al., 2016), whereas macrophage clusters 2 and 3
expressed Klif4 encoding the transcription factor Kruppel-like
factor 4, a driver of regulatory macrophage function in the TME
(Liao et al., 2011) (Figure S2E). Further distinguishing between
macrophage cluster 2 and 3, cluster 2 expressed the immune-
suppressive macrophage marker Chil3/Ym1 (Zhu et al., 2020),
whereas there was an enrichment in cluster 3 of mRNA for //1b
and Ptgs2 (the gene encoding prostaglandin-endoperoxide syn-
thase 2) (Figure S2E). Thus, cumulatively, the data show that the
macrophage populations in the PDAC TME exhibit a transcrip-
tional profile with characteristics of pro-tumor, alternative polar-
ization states.

Macrophage clusters 1 and 2 showed a significant transcrip-
tional change in Lyz2°**Ahr™" tumors. iGSEA analysis showed

(G) B6 mice were orthotopically implanted with the indicated mT4 clones +/— CH223191 beginning 4 days after implantation. Weights are shown for d14 tumors.
(H) Survival curves of mice treated with AhR antagonist, anti-PD-L1 blockade, or a combination of the two versus controls. n = 10 mice per group.
(I) Survival curves of iIKPC mice treated with AhR antagonist versus controls 12 weeks post-tamoxifen treatment. n = 14 mice per group. *p <.05, **p <.01, ***, NS-

not significant.
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Figure 3. Macrophage AhR activity shapes the immune transcriptional landscape in PDAC

(A) UMAP and phenograph analysis of the CD45* infiltrate in d14 PDAC tumors showing the major immune subpopulations identified by CyTOF analysis. Data
from 4 (control) or 5 (Lyz2°"*"*Ahr" biological replicates were concatenated in the plots.
(B) Heatmap depicting relative expression of the indicated markers in d14 tumors of Lyz2°®"*Ahr"-tumor-bearing mice versus controls for the 3 F4/80*
macrophage clusters (Cluster 12, 13, and 22).
(C) Heatmap showing relative expression of indicated markers in each TAM cluster in Lyz2°"*"*Ahr™" versus control determined by CyTOF. Red squares indicate
increased expression compared with control baseline, whereas blue squares indicate decreased expression relative to control baseline.

(D) UMAP showing scRNA-seq data of pooled whole day-14 tumor samples for both Lych’e/*Ahrf’”’ and control tumors. n = 3 mice per group. PMN- poly-

morphonuclear leukocyte.

(legend continued on next page)
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that in Lyz2°®*Ahr”" tumors, macrophage cluster 1 was en-
riched for expression of target genes for several interferon-
induced transcription factors (Jun/Ap1, STAT3, and IRF1), signal
transduction networks, and inflammatory mediators, with reduc-
tion of genes driven by the immune-regulatory transcription fac-
tors Foxo3 (Dejean et al., 2009) and Foxo4 (Zhu et al., 2015) (Fig-
ure 3E). IGESA analysis of macrophage cluster 2 showed an even
stronger enrichment of interferon response pathways in Lyz2-
crel+Ah/" tumors, including IFNy, IRF8, IFI16, IFNB, and the
MYD88 pathway (Figure 3E). Surprisingly, iGSEA analysis of
cluster 3 showed that loss of AhR had relatively little impact
with no enrichment of genes associated with inflammation or
interferon responses (Figure S2F), suggesting a differential effect
of AhR deletion on TAM populations in the PDAC TME.

There were 3 T cell clusters identified in the TME, including a
FOXP3* T reg cell cluster, a mixed population of CD4" and
CD8* T cells, and a population of Tc1-like CD8* T cells (St
Paul and Ohashi, 2020) with expression of Ifng (Figure S2D).
The CD8* T cell cluster also showed expression of the exhaus-
tion marker Lag3 (Figure S2D); however, expression of other
T cell exhaustion markers (e.g., PD1, TIM3, and CTLA4) were
low, suggesting that the population was not functionally ex-
hausted per se. Transcriptomic analysis of the FOXP3* T reg
cell cluster showed that loss of Ahr in macrophages caused
enrichment for a number of pathways associated with plasticity
and loss of T reg cell suppressive function, including STAT4
(Cuadrado et al., 2018) and IRF1 (Fragale et al., 2008) (Fig-
ure 3F). In addition, there was enrichment of several pathways
involved in T reg cell homeostasis in the FOXP3* T reg cell clus-
ter in Lyz2°®"*Ahr™" tumors, including CHUK/IKKA and MYB
(Chen et al., 2015; Dias et al., 2017), as well as the stress
response/apoptosis pathway driven by DDIT3/CHOP (Fig-
ure 3F). Together, these results suggest that the loss of Mo
AhR may promote a switch to an inflammatory phenotype in
FOXP3+ T reg cells with increased cellular stress and popula-
tion turnover.

We also observed inflammatory transcriptional changes in the
CD8" T cell cluster in Lyz2°** Ahr™" tumors compared with con-
trols. There was enrichment of IFN responsive pathways (e.g.,
STAT1, STAT4, NFKB, and IL-12) in the CD8" T cell cluster (Fig-
ure 3F). This showed that the intra-tumoral CD8* T cells were re-
sponding to the increased inflammatory milieu in the TME of
Lyz2°""*Ahr™™ tumors with heightened functional maturation.
Supporting this prediction, GSEA analysis of the differentially ex-
pressed genes from the CD8" T cell clusters identified enrich-
ment of upregulated genes characteristic of memory CD8*
T cells (Figure 3G), suggesting a potentially key role for this pop-
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ulation for the reduced tumor burden seen in macrophage Ahr-
deficient tumors.

Network analysis of the transcriptional signatures impacted in
the CD8* T cell cluster from Lyz2°®*Ahr™" tumors identified a
key role for STAT1 in the observed global transcriptional
pathway alterations (Figure 3H). Since STAT1 is a driver of
IFNY signaling, we predicted that increased IFNy may be a sig-
nificant contributor to inflammation and CD8"* T cell activation
in the intra-tumoral milieu of Lyz2°®*Ahr™" tumors. In agreement
with this, the CD8" T cell cluster showed increased Ifng expres-
sion when macrophage AhR was deleted compared with con-
trols (Figure 3l). This was confirmed at the protein level by flow
cytometry where we observed increased IFN-y in CD8" T cells
from Lyz2°®"*Ahr™" tumors compared with control tumors (Fig-
ure 3J). Because IFNy is a driver of anti-tumor immunity
(Braumuller et al., 2013) (Shankaran et al., 2001), we tested the
impact of IFNy on tumor growth in PDAC. Depletion of CD8*
T cells abrogated the effect of macrophage Ahr deletion on tu-
mor size, showing that CD8" T cells are needed for control of tu-
mor growth (Figure 3K). We found that antibody blockade of
IFNy did not impact tumor size in controls (Figure 3L); however,
IFNy blockade in Lyz2°"**Ahr™" tumor-bearing mice rescued tu-
mor growth to control levels, showing that increased IFNy pro-
duction by CD8* T cells is an important driver of the reduced tu-
mor burden observed in Lyz2°®*Ahr™" tumors (Figure 3L).

Indole-producing microbiota drive suppression in the
TME promoting tumor growth

Next, we investigated sources of ligands that may drive AhR ac-
tivity in the TME. Because AhR is a receptor for ligands gener-
ated by mammalian and bacterial metabolization of the amino
acid Trp (Shinde and McGaha, 2018), we focused on these path-
ways. Trp is metabolized to the AhR ligand kynurenine by the
enzyme indoleamine 2,3 dioxygenase 1 (IDO1) (Shinde and
McGaha, 2018); however, neither the inhibition of IDO1 by treat-
ment of tumor-bearing mice with 1-methyl tryptophan (1MT)
(Ravishankar et al., 2015) nor the deletion of Ido1 impacted tu-
mor growth (Figures 4A and S3A) or AhR activity in TAMs (Fig-
ure S3B). In contrast, administration of broad-spectrum antibi-
otics reduced tumor size (Figure 4A). Bacteria belonging to the
genus Lactobacillus are gut commensals with an ability to pro-
duce indoles from Trp metabolization (Roager and Licht, 2018).
Lactobacilli, with a sensitivity to the antibiotic ampicillin (Amp)
and resistance to vancomycin (Vanc), are important drivers of
AhR activity in myeloid cells in inflammatory disease (Rothham-
mer et al., 2016). We hypothesized that removal of Lactobacilli by
administration of Amp would phenocopy observations in

(E) iIGSEA analysis of the macrophage clusters 1 and 2 for enrichment of genes associated with the indicated pathways.
(F) iGSEA analysis of the clusters FOXP3+ regulatory T cell and CD8" T cell for enrichment of genes associated with the indicated pathways.
(G) GSEA plot of CD8* T cell cluster for enrichment of genes associated with memory CD8* T cell differentiation was done with MSigDB (C7) ES = enrich-

ment score.

(H) Summary network analysis of scRNA-seq data for the activated CD8" T cell cluster showing the interactions between upstream regulators, downstream
genes, and physiological functions of activated CD8" T cells. Red symbols/lines indicate activation, whereas blue ones indicate inhibition.

(I) Relative IFNy single-cell gene expression in the activated CD8" T cells cluster.

(J) Mean fluorescence intensity of IFNy (left) and granzyme B (right) in Lyz2°"®"*Ahr”" and control CD8* T cells from day-14 tumors as determined by flow cy-

tometry.

(K and L) Effect of CD8* T cell depletion (K) or IFNy blockade (L) on PDAC tumor weight in Lyz2°®*Ahr™ and control tumor-bearing mice. Tumors were collected
at day 14. (see also Figure S2). * p <.05, ** p <.01, **** p <.0001, NS- not significant.
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Figure 4. Indole-producing microbiota drive immune suppression in the TME
(A) B6 pancreatic tumor-bearing mice were treated with DIMT or broad-spectrum antibiotics. Tumor weight was determined 14 days after implantation.

(B) Tumor-bearing B6 mice were placed on drinking water containing the indicated antibiotic as described in STAR Methods. Tumor weight was determined
14 days after implantation.
(C) CD45*CD11b*F4/80* TAMs from the tumors in (B) were analyzed for the indicated markers by flow cytometry.
(D) CD3*CD8* T cells from the tumors in (B) were analyzed for the indicated markers by flow cytometry.
(E) Percentage of tumor infiltrating CD3*CD8" T cells, expressing IFNy and TNFa from the tumors in (B) was determined by flow cytometry. Plots to the left are
representative pseudocolor dot plots from each group gated on CD3*CD8* T cells.
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Lyz2°"*Ahr™" mice. In agreement with this prediction, Amp
treatment, but not Vanc, reduced tumor weight. Moreover, the
TAMs in Amp-treated mice showed increased expression of
MHCII and PD-L1 (Figure 4C) and reduced expression of AhR-
responsive genes (Cyplal, Cyp1b1, and Cyp1a2) (Figure S3C),
indicating that Amp exposure reduces TAM AhR transcriptional
activity. Furthermore, Amp treatment increased infiltration of
activated CD8" T cells (Figure 4D). Importantly, intra-tumoral
IFNY*TNFo*CD8* T cells increased 5-fold in Amp-treated mice
compared with Vanc-treated groups (Figure 4E). AhR function
was required for this effect as Amp treatment had no effect on
tumor size in Lyz2°®*Ahr”" mice (Figure 4F). These data sug-
gest that Amp-sensitive microbes may promote tumor growth
and immune suppression in PDAC.

When we analyzed the gut microbiome of antibiotic-treated,
tumor-bearing mice by 16S ribosomal sequencing, we found
that that Amp treatment increased fecal microbial alpha-diver-
sity and operational taxonomic units compared with controls
(Figure S3D), while reducing the relative abundance of Lactoba-
cillus (Figure S3E). Lactobacillus made up 10% of the total bac-
teria taxa detected in control microbiome, dropping to 3.7% in
Amp-treated mice (Figure S4A). This contrasted with Vanc treat-
ment, which reduced overall microbial diversity but increased
the relative Lactobacillus abundance (Figures S3E and S4A).
Analysis of the Lactobacillus species present in the fecal micro-
biome indicated that the most abundant species was Lactoba-
cillus murinus, which constituted approximately 50% of the total
Lactobacillus detected overall in controls and the large majority
of Lactobacillus detected in Vanc-treated mice (Figure S4A).
L. murinus can reduce inflammation in the central nervous sys-
tem via indole production (Wilck et al., 2017), suggesting a po-
tential link between antibiotic treatment, the modulation of
L. murinus in the fecal microbiome, and intra-tumoral immune
modulation

Next, we compared 4 Lactobacillus species cultured from the
gastrointestinal tract (GIT) of C57BL/6J mice for the ability to pro-
duce indoles by mass spectrometry analysis. Reports indicate
that L. johnsonii possesses limited ability to produce the AhR
ligand indole-3-aldehyde (lAld), whereas L. reuteri and
L. murinus can both produce anti-inflammatory indoles (Wilck
et al., 2017; Zelante et al., 2013). In agreement with this, we
found that neither L. johnsonni nor L. intestinalis produced IAld
or another AhR ligand indole lactic acid (ILA) (Figures S4B and
S4C). In contrast, ILA and IAld were produced by both
L. reuteriand L. murinus cultures, with L. murinus showing higher
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relative production of both the metabolites compared with
L. reuteri (Figures S4B and S4C). An examination of indoles
and amino acids or their derivatives present in the Lactobacillus
cultures showed that L. murinus and L. reuteri cultures had
similar profiles that were compositionally distinct from
L. intestinalis and L. johnsonii (Figures S4C and S4D). Since
L. murinus can suppress inflammation via production of indoles
(Wilck et al., 2017), we then tested whether this microbe could
impact tumor growth and inflammation in PDAC. For this, we
gavaged germ-free mice with L. murinus prior to implantation
of PDAC tumors, examining growth and immune characteristics.
Transplanted L. murinus was stable, and we could detect it in the
feces 30 days after gavage (Figure S4E). Importantly, mice gav-
aged with L. murinus had increased fecal ILA (Figure S4F). Tu-
mors in mice with L. murinus were larger than tumors in control
germ-free mice (Figure 4G), suggesting L. murinus promoted
PDAC tumor growth. Compared with the control group, mice
with L. murinus microbiota had decreased numbers of activated
and granzyme B-expressing CD8" T cells, although there was no
change in TNFa and IFNy expression (Figures 4H and 4l). TAMs
sorted from 14 day tumors showed that the presence of a
L. murinus microbiome increased the expression of Cyp1b1
compared with controls, demonstrating that L. murinus micro-
biota correlate with increased AhR activity (Figure 4J). Moreover,
the TAMs exhibited increases in A expression of the pro-tumor
genes Arg1, Ido1, and [/I10 (Figure 4J), suggesting that
L. murinus could drive TAMs to acquire an immunosuppressive
program.

However, these results did not rule out a general role for micro-
biota in the suppression of immunity in the TME rather than a
specific effect of L. murinus. Thus, we utilized a microbiota trans-
plant approach, directly comparing tumor growth in mice with a
microbiome containing indole-producing bacteria (i.e.,
L. murinus and L. reuteri, hereafter referred to as L. m/r) to
mice with a microbiome containing Lactobacillus that do not
robustly produce indoles (i.e., L. johnsonii and L. intestinalis,
hereafter referred to as L. j/l). Similar to germ-free mice, the L.
m/r group had increased fecal ILA compared with the L. j/i group
(Figure S4G). Strikingly, there was a large difference in tumor
weight between the groups at day 14 (Figure 4K), suggesting
that the presence of indole-producing bacteria in the GIT con-
tributes to tumor growth. To test the prediction that the
increased tumor burden in the L. m/r group was due to indole-
induced TAM AhR activity, we repeated the experiment using
Lyz2°**Ahr™™ mice. We found that Lyz2°**Ahr™™ mice with

(F) Tumor-bearing B6 mice of the indicated genotype were placed on drinking water containing ampicillin (Amp) as described in (B) and tumor weight was

determined 14 days after implantation.

(G) Day-14 tumor weight in germ-free mice with a L. murinus microbiome compared with controls.

(H and |) Total effector CD8* T cells (CD62L'°CD44™) as a percentage of the CD45" infiltrate (H) and the percentage of CD3*CD8"* T cells expressing granzyme B
(GZB), TNFa, and IFNy (l) was determined by flow cytometry in day-14 tumors in inoculated versus control germ-free tumor-bearing mice.

(J) CD45*CD11b™F4/80* TAMs were sorted from day-14 tumors from germ-free B6 mice +/—, an L. murinus microbiome. The mRNA indicated were measured by

g-rtPCR and normalized against Bactin as described in STAR Methods.

(K and L) Day-14 tumor weight from B6 mice (J) or Lyz2°®"* Ahr™" mice or littermate controls (L) with a microbiome containing L. murinus+L. reuteri (L. m/r) or

L. johnsonii+L. intestinalis (L. j/i).

(M) Percent of intra-tumoral CD8* T cells, CD11b*GR1*MHCII'> MDSCs, and CD11b*F4/80* TAMs in the CD45" infiltrate of tumors from (J) was determined by

flow cytometry.

(N) Percentage of Teff, IFNy*, and TFNo.* CD8™ T cells from tumors described in (J) was determined by flow cytometry. (see also Figure S3). * p <.05, * p <.01, **p

<.001, *** p <.0001, NS- not significant.
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Figure 5. Dietary Trp and indoles promote immune suppression and PDAC growth

(A) Day-14 PDAC tumor weight in mice on control or Trp-free diet.

(B) Day-14 tumor size in B6 mice on chow +/— Trp with some groups receiving daily gavage with the indicated indole.

(legend continued on next page)
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an L. m/r microbiome had reduced tumor weight compared with
L. m/r littermate controls (Figure 4L). In contrast, the loss of TAM
AhR function had no impact on tumor size in L. j/I mice (Fig-
ure 4L), suggesting that the increased tumor weight in L. m/r
mice is due to TAM AhR activity. The difference in tumor weight
was accompanied with alteration of the TME. There was an in-
crease in intra-tumoral CD8" T cells and a reduction in myeloid
derived suppressor cells (MDSCs) in the tumors from the L. j/I
group compared with tumors from the L. m/r group (Figure 4M).
The percentages of effector CD8" T cells were significantly
increased in the tumors of L. j/i mice compared with tumors
from the L. m/r group, which paralleled an increase in TNFa*
CD8" T cells (Figure 4N). Combined with the germ-free experi-
ments, the data show that indole-producing bacteria increase
AhR transcriptional responses and promote an immunosuppres-
sive TME in PDAC.

Trp and the indoles IAA and ILA in the diet promote
immune suppression and pancreatic tumor growth

Since Trp metabolization is a key mechanism of AhR ligand gen-
eration (Shinde and McGaha, 2018), we tested whether the
removal of dietary Trp would phenocopy effects of Ahr deletion
in macrophages. Removal of Trp from the diet was well tolerated
over the course of the experiment; however, at day 10, tumors
were 2-fold smaller in the dietary Trp"®9 group compared with
controls (Figure 5A). We then reasoned that if the reduction of
PDAC burden in mice in a Trp"®? diet was due to reduced indole
production by the microbiome, we should be able to rescue tu-
mor growth by provision of dietary indoles. To test this, we gav-
aged dietary Trp™®9 mice with indoles (indole-3-acetic acid [IAA],
ILA, or IAld) after tumor implantation. In agreement with our
hypothesis, both IAA and ILA supplementation abrogated the ef-
fect of a Trp"® diet, resulting in tumor weight that was compara-
ble with that of the dietary Trp+ controls (Figure 5B). Further ex-
amination of the TME by flow cytometry showed that removal of
Trp from the diet did not impact the percentage of MDSCs (Fig-
ure 5C); however, lack of dietary Trp increased the number of
TNFo " IFNy* and proliferating CD8" T cells, an effect that was
reversed by dietary IAA or ILA (Figure 5D). In the dietary Trp"®9
group, TAMs decreased as a percentage of the immune infiltrate
and showed decreased expression of MHCII compared with
controls, suggesting a less activated phenotype (Figure 5E).
Supplementation of the diet with IAA or ILA rescued this effect
increasing the percentage of TAMs and MHCII expression to
levels comparable with that of the Trp™* diet controls (Figure 5E).
Moreover, in the absence of dietary Trp, TAMs had decreased
expression of //10 and Arg1 and Cyp1b1 (Figure 5F). Importantly,
IAA supplementation in dietary Trp"®? mice increased //710, Arg1,
Cyp1ial, and Cyp1a2 expression, suggesting that IAA activates
AhR and drives an immunosuppressive TAM phenotype (Fig-
ure 5F). Ultimately, the data suggest that dietary Trp is a key
driver of immune phenotype in the PDAC TME by serving as a
source of indoles via microbiome metabolization.

Immunity

AHR expression and activity correlates with patient
outcomes in human pancreatic ductal adenocarcinoma
Pan-cancer analysis showed that PDAC exhibits higher AHR
compared with most other cancer types (Figure 6A). We then
examined correlation of AHR expression with survival. In PDAC
patients, AHR expression below the median value was associated
with improved overall survival (OS) compared with patients above
the median (Figures 6B, panel 1 and S5A), and when we grouped
patients into quartiles based on relative AHR, we observed the
best OS in the lowest AHR quartile (Q1), whereas the other
expression quartiles did not show differential OS. This suggested
a benefit for patients with low AHR expression. Although the dif-
ference in OS among the quartiles was not significant (Figure 6B,
panel 2), hazard ratios suggested that AHR expression was a risk
factor for death (Figure S5B). Thus, we surmised that a threshold
of AHR expression may compromise survival in PDAC. In agree-
ment with this, Q1 showed an improvement in OS when compared
with all other PDAC patients (Figure 6B, panel 3). Thus, overall, the
relationship of AHR to OS suggests that low AHR expression may
be beneficial for survival, but even moderate expression may
negatively impact outcomes.

A follow-on prediction from these results is that AhR activity
may impact survival by altering immunity in the TME. To test
this, we applied a human AhR transcriptional signature (AhTS)
(Goudot et al., 2017), examining correlation with T cell and
macrophage gene expression in the PDAC TCGA cohort. We
observed moderate negative correlation of the AhTS with
expression of the macrophage markers CD68, CD206 (MRC1),
and CD40, suggesting macrophage density was negatively
impacted by AhR activity (Figure 6C). Genes associated with
CD8* T cells and effector function also showed a negative corre-
lation with the AhTS (Figure 6C). Thus, the data show that AhR
gene signatures correlate with a paucity of T cells transcriptional
signatures in the TME and a cold tumor overall, whereas reduced
AhTSs predicts increased cytolytic CD8" T cell presence and
inflammation.

We then examined AHR expression in a single-cell dataset from
treatment naive PDAC patients and non-malignant tumor adjacent
pancreas tissue (Steele et al., 2020). AHR had the highest and
broadest expression in epithelial and macrophage clusters (Fig-
ures 6D-6F). In macrophage clusters, AHR expression showed
a high degree of similarity with CD163 (a gene associated with
alternative polarization) (Ambarus et al., 2012) and SIRPA (a key
inhibitor of phagocytosis of self-cells) (Figure 6F), suggesting
that AHR expression is associated with regulatory TAM popula-
tions in the PDAC TME. We then compared the similarity of AHR
expression across all cell clusters, identifying the top 25 genes
most similar to AHR in relative level and distribution of cellular
expression (Figure S5C). Using this dataset, we performed gene
set enrichment analysis to test for general cellular expression pat-
terns. When we probed the HUBMAP ASCT plus B dataset, the
highest cellular enrichment indicated was interstitial macrophages
(Figure 6G). Similarly, for the Human Gene Atlas, the gene set

(C-E) Day-14 tumors were collected from B6 mice on Trp+/— diet with or without daily IAA or ILA gavage, and flow cytometry analysis of the intra-tumoral in-
filtrates was performed for the markers indicated. MDCSs were defined as CD11b*GR1*MHCII"®, and TAMs were defined as CD11b*F4/80*; the T cells were

CD3*CD8" cells. MFI, mean fluorescence intensity.

(F) CD45"CD11b*F4/80* TAMs were sorted from day-14 tumors from mice treated with IAA as in (C). The mRNA indicated were then measured by qrt-PCR and
normalized against Sactin as described in STAR Methods. (see also Figure S4). * p <.05, ** p <.01, *** p <.001, NS- not significant.
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Figure 6. AHR expression and activity correlates with patient outcomes in human PDAC
(A) Pan-cancer TCGA analysis showing relative AHR expression across 32 cancer types.
(B) Overall survival of the PAAD (PDAC) TCGA patient dataset grouped based on relative AHR expression. Patients were grouped based on 1-median AHR
expression. 2-quartiles of AHR expression. Q1 < Q2 < Q3 < Q4. 3- Q1 survival compared with all other quartiles combined.

(C) ssGSEA analysis was performed by examining correlation between the AhR transcriptional signature and the indicated genes in the PAAD-TCGA dataset. Red

line is the quartile regression as described in STAR

Methods.

(D) UMAP showing scRNA-seq data of 46,244 cells from human PDAC tumor samples and 8,542 cells from adjacent unaffected tissue.
(E) UMAPs of scRNA-seq from indicated samples showing relative AHR expression.
(F) Normalized expression and per cluster percentage expression of the genes indicated for each cell cluster for the scRNA-sequencing analysis described in (D).

(legend continued on next page)
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enriched for CD33* myeloid cells and CD14* monocytes (Fig-
ure 6G). Thus, AHR is highly expressed in subsets of alternatively
activated TAMs in the PDAC TME and is associated with gene set
enrichment in myeloid cells across tissue types.

In addition to immune-suppressive function, macrophages can
provide direct stromal support to PDAC tumors. Since AhR can
induce expression of growth factors, including VEGF and TGFa,
we postulated that AhR activation in macrophage may drive a
phenotype that could directly support tumor growth. To test this,
we co-cultured PBMC-derived macrophage (Halaby et al., 2019)
exposed to IAA with PDAC patient-derived organoids (PDO). In
the presence of control PBMC-derived macrophages, organoids
doubled in size over 5 days (Figure 6D). Co-culture of the PDO
with IAA-exposed macrophages increased PDO growth
compared with control cultures (Figure 6D). Importantly, addition
of the AhR antagonist CH223191 to the macrophages prior to
co-culture abrogated the increased growth effect, showing that
IAA stimulation improved PDO growth due to the activation of
macrophage AhR (Figure 6D). RNA-seq analysis showed that
co-culture with IAA-exposed macrophages altered the expression
of 235 genes in the PDO (Table S1). iGSEA enrichment analysis of
the differentially expressed genes in the PDO co-cultured with con-
trol macrophages versus IAA-treated macrophages showed that
indole-treated macrophage cultures increased enrichment of
pathways associated with PDAC growth and metastasis and
reduced enrichment of genes associated with negative regulation
of PDAC proliferative potential (e.g., the CEBPA pathway) (Lour-
enco and Coffer, 2017) (Figure 6D). Altogether, the data show
that indoles induce macrophages to acquire a PDAC-supporting
phenotype by an AhR-driven mechanism.

Riquelme et al. described a set of PDAC that survived more
than 5 years post-resection (long-term survivors [LTS]), identi-
fying local TME and fecal microbial diversity and enrichment
for taxa in the LTS patients correlating with this effect (Riquelme
et al., 2019). Importantly, FMT experiments suggested that,
although microbiota from LTS patients reduced tumor PDAC
burden in mice, FMTs from patients who survived less than 5
years post-surgery (matched STS) had a detrimental effect on tu-
mor burden (Riquelme et al., 2019). This result implied that the
microbiota from STS contain taxa that could actively contribute
to PDAC progression worsening disease. A number of bacterial
taxa from the Bacteroides, Bifidobacterium, Clostridium, and
Lactobacillus genera are prominent producers of indoles (Cer-
vantes-Barragan et al., 2017; Dodd et al., 2017; Elsden et al.,
1976; Smith and Macfarlane, 1996), and we hypothesized that
the worse outcomes in STS may correlate with increased abun-
dance and/or prevalence of indole-producing bacterial taxa in
the local tumor microbiome. Thus, we examined the Riquleme
et al. intra-tumoral microbiome dataset to test the prevalence
and relative abundance of a set of 20 indole-producing (i.e.,
IAA, ILA, and IAld) bacterial taxa (Table S2), examining their prev-
alence within the samples of the cohorts and the average relative
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abundance between STS and LTS patient groups (Figure 6F). We
found an increased prevalence of L. reuteri in STS over LTS, with
5/21 STS patients displaying a relative abundance of L. reuteri
above 2%, whereas none of the LTS patients displayed any
detectable relative abundance of L. reuteri upon filtering. Similar
increases were seen for other indole-producing bacteria or
genera of known indole-producing bacteria, such as Bacteroides
coprophilus, Faecalibacterium prausnitzi, and the Lactobacillus
and Bifidobacterum genera (Figure 6F). Thus, the data suggest
that enrichment of indole-producing bacteria in the local TME
correlates with poor response to resection and OS in PDAC.

DISCUSSION

In some cancers, the gut microbiota influence therapeutic re-
sponses to checkpoint inhibitor therapy (Gopalakrishnan et al.,
2018; Matson et al., 2018; Routy et al., 2018). The local tumor mi-
crobiota in PDAC influences survival independent of immune
therapy (Riquelme et al., 2019). However, mechanisms directly
linking either the local tumor or the gut microbiome to cancer
progression are not well understood. We examined the connec-
tion between AhR and microbial indole production extensively,
characterizing the immune TME and directly testing the ability
of indole-producing bacteria and indoles to activate AhR and
promote immune suppression and tumor growth. We found
that macrophage AhR function promotes the expression of
Arg1 and /10 in TAMs and inhibits IFNy expression in CD8"
T cells. The observation that AHR expression correlates with
poor outcomes and reduced immune signatures in human
PDAC and indole-exposed human M¢ support PDAC organoid
growth in an AhR-dependent mechanism suggests analogous
function in human disease.

ARhR is an important sensor for bacterial indoles produced via
utilization of Trp as an energy source (Shinde and McGaha,
2018). In this report, we demonstrated that loss of the gut micro-
biome, or removal of dietary Trp phenocopied macrophage Ahr
deletion; importantly, the effect could be rescued by provision of
indoles. A recent report suggested that the microbiome can pro-
mote tumor growth by TLR-dependent stimulation of innate
inflammation locally with enrichment of Bifidobacterium (Pushal-
kar et al., 2018). Bifidobacterium species were not a significant
constituent of the microbiome in our mice; however, the Bifido-
bacterium genus was enriched in the microbiome of the STS in
our human PDAC microbiome analysis, albeit to a much lesser
extent when compared with other taxa. Nevertheless, Bifidobac-
terium spp. are known producers of ILA (Aragozzini et al., 1979;
Russell et al., 2013), indicating that the association with onco-
genesis in animal models and poor outcomes in human PDAC
may be linked to the capacity to produce indoles. This prediction
is strengthened by our results, directly comparing the tumori-
genic potential of Lactobacillus species that were differentiated
by the ability to produce indoles. The fact that indole-producing

(G) GSEA of AHR+25 most similar genes for the indicated gene sets. Bars show relative p value, orange bars = p value <0.05, gray bars were not significant.
(H) 5-day growth curve of human PDAC PDO cultured with PBMC-derived macrophages treated as indicated prior to initiation of the co-culture. Each data point

represents the mean value for triplicate samples +/— the standard deviation.

(I) Z score for IGSEA analysis of differential gene set enrichment of PDAC PDO/macrophage co-culture at day 5. Colored bars correspond to selected classifiers.
(J) The relative prevalence and abundance of indole-producing bacterial taxa in the tumor microbiome for short-term surviving (STS) versus long-term surviving
(LTS) PDAC patients. Results are sorted by odds ratio of bacterial presence in STS versus LTS in descending order. (see also Figure S5). ** p <.01, *** p <.001.

336 Immunity 55, 324-340, February 8, 2022



Immunity

Lactobacilli drastically increase tumor size, with an increase in
MDSC numbers and a reduction in activated CD8* T cells and
TNFa production, suggests that indole production by microbiota
is an important force influencing immunity in the TME. Recently,
a role for TAM AhR function was also identified in glioblastoma
multiforme (GBM), driving CD39 expression and impairing
T cell responses (Takenaka et al., 2019). This study, along with
the data from our paper, strongly supports the prediction that
macrophage AhR is a central driver of TAM function responding
to multiple inputs to drive an immune-suppressive phenotype in
the TME.

Therapeutic targeting of the microbiome has been a sought-
after goal for cancer treatment. As such, the approaches had
generally fallen into two categories: (1) FMT or (2) specific gut
enrichment of bacterial consortia associated with therapeutic
response. Indeed, a recent report has shown that a single FMT
from melanoma patients responsive to «PD-1 therapy to aPD-
1 refractive recipients promoted the accumulation of CD8*
T cells and acquired responsiveness to aPD1 therapy (Davar
et al., 2021). However, this approach may be limited in utility
because of the lack of knowledge regarding specific taxa driving
positive therapeutic responses and variability of key taxa
engraftment. Our results suggest that targeting immunologic re-
sponses to the microbiome could have meaningful impact on
therapy, augmenting microbiome manipulation approaches or
potentially bypassing the need to manipulate the microbiome
by precise inhibition of the response to microbial metabolites.

In conclusion, we found that macrophage AhR has a strong
impact on tumor growth and the TME in pancreatic cancer.
The link we identified between AhR, immune function, indoles,
and microbiome constituents may provide useful prognostics
for predicting patient outcomes.

Limitations of the study

Our study leaves open several questions. The chief among
them is why the microbiome appears to serve a dominant role
in AhR activation in our study, whereas well-known, Trp metab-
olizing mammalian enzymatic pathways appear to play a negli-
gible role in the modulation of AhR function. In contrast to our
findings, others have reported PDAC tumor cells can produce
L-Kyn via an IDO- or TDO-dependent mechanism driving AhR
activity (Wang et al., 2020). This dichotomy with our current
study is likely reflective of the diverse and variable role of the
microbiome versus IDO in shaping the TME in a heterogeneous
disease, such as PDAC. Thus, it will be important in future ex-
periments to examine conditions that predicate IDO versus mi-
crobiome contribution to AhR function in the TME. Second, in
contrast to other reports, we could not detect intra-tumoral
bacteria by PCR or 16S sequencing. The reasons for the dichot-
omy are not clear; however, our use of defined, cultured mouse
feces-isolated bacteria may impact dissemination from the gut
to the tumor. Third, although we show that pharmacologic inhi-
bition of AhR improves responses to therapy, there are limita-
tions to the application of AhR blockade in cancer due to the
variable extent and composition of the tumor immune infiltrate
and microbiome taxa. Finally, there is a difference in AhR-
ligand-binding affinities between mouse and human (Flaveny
and Perdew, 2009; Hubbard et al., 2015) that must be consid-
ered when applying data derived from mouse models to clinical
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disease. Nevertheless, a first-in-human clinical trial targeting
AhR has been initiated in patients with advanced solid lung,
colorectal, and urothelial tumors (clinicalTrials.gov identifier:
NTC04069026), indicating potential applicability of AhR inhibi-
tion in multiple cancer types. Ultimately, these trials will provide
a definitive test as to whether AhR is a legitimate target for can-
cer therapy.
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broadinstitute/inferCNV

Korsunsky et al., 2019

https://www.flowjo.com/

https://www.mybeckman.ca/flow-
cytometry/software/cytobank-premium

https://github.com/broadinstitute/infercnv

https://satijalab.org/seurat/

https://github.com/
immunogenomics/harmony

R v4.0.3 https://www.r-project.org/

Prism 7 GraphPad graphpad.com/scientific-software/prism/
Other

Trp negative chow diet Envigo cat# TD.01084

Amino acid chow diet Envigo cat# TD.08126

X-tremeGENE 9 DNA Millipore-Sigma cat# XTG9-RO

Transfection Reagent
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tracy L.
McGaha (tmcgaha@uhnresearch.ca).

Materials availability
This study did not generate new unique reagents.

Data code and availability
Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publicationkey resources table
under NCBI GEO accession ID GSE1716083.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL6/J (B6), B6.1do1™", B6.Ah"" B6.Cg-GHROSA)26Sormo(CAGtdTomatolze; - tamoxifen-inducible ()KPC mice (Kras™#™
Trp53™18M Tg(Pdx1-cre/Esr1*)#Dam/J), and B6.Lyz2CRE*"~ mice were obtained from Jackson Laboratories and maintained under
specific pathogen-free conditions in the Princess Margaret Cancer Centre animal facility. Germ free B6 mice were obtained from and
maintained at the University of Toronto germ free core facility. All mice were cared for in accordance with the Canadian Institutional
Animal Care and Use Committee guidelines. Female mice 10-12 weeks of age were used for all experiments. Protocols were
approved by the Princess Margaret Cancer Centre Animal Care Committee.

METHODS DETAIL

Tumor implantation and tumor induction
Mice were anesthetized with 2% isoflurane in oxygen. A lateral incision was made on the abdominal wall of each mouse and tumors
were implanted orthotopically in the pancreas with 10x10° cells of the KPC primary pancreatic adenocarcinoma organoid cell line
mT3, mT4, or mT5 (a gift from Dr. David Tuveson) (Boj et al., 2015) resuspended in 80ul of Matrigel (VWR scientific, Cat. #
354234) diluted in PBS at a 1:4 ratio Matrigel/PBS and injected into the tail of the pancreas. Tumor growth was monitored by palpa-
tion, and mice were sacrificed 2 weeks after the tumor implantation. At the endpoint, tumors, large intestine fecal and blood spec-
imens were harvested and processed for further analysis.

For induction of tumors in iIKPC mice, 8-week-old mice were injected intraperitoneally with tamoxifen dissolved in corn oil for 5
consecutive days at 75mg/kg body weight in a volume of 200ul. 12 weeks after cessation of tamoxifen treatment mice received
AhR inhibitor CH22319 intraperitoneally three times a week at a dose of 100 ng/mouse in a 200ul total injection volume.

Isolation of bacteria from mouse intestine

L. reuteri, L. intestinalis, L. johnsonii, and L. murinus strains were isolated from the small intestine of B6 mice through anaerobic
culturing on MRS media. Isolated colonies were selected for 16S PCR amplification (Platinum™ Green Hot Start PCR 2x Master
Mix) using the universal 16S primers, 8F (8F: AGA GTT TGA TCC TGG CTC AG) and 1492R (1492R: GGT TAC CTT GTT ACG
ACT T) (Weisburg et al., 1991) followed by a clean-up step (Monarch® PCR & DNA Cleanup Kit (5 ng), Sanger sequencing of the
16S PCR product using the 1492R primer was performed at The Centre for Applied Genomics, Toronto, ON. Bacterial species
were identified by alignment of the 16S sequence using BLASTn against the NCBI database with an alignment of at least 99.5%.

Bacterial culture for metabolomics analysis

Bacteria from glycerol stock were plated on MRS agar plates and incubated anaerobically at 37°C for at least 3 days, after which
visible colonies were selected and cultured anaerobically in MRS broth at 37°C. Cultures were incubated at 37 °C for 72hrs. two cul-
ture sets per condition were prepared (second set is for checking CFU/OD). Bacteria cultures were then collected and resuspended
in 1 mL of test medium (MRS or peptone-tryptone (PT) media +/- tryptophan) and incubated overnight at 37°C anaerobically. Bacteria
cultures were centrifuged at 4000xg for 10 minutes and supernatants were collected for metabolomics analysis.

Antibiotic treatment to remove microbiota

Mice were treated 1 g/l ampicillin, 1 g/l metronidazole, 1 g/l neomycin, and 0.5 g/l vancomycin in their drinking water, which was re-
placed daily for the course of the experiment. Tumor implantations occurred 3d after mice were placed on antibiotic containing water.
When indicated mice were placed on drinking water containing only ampicillin or vancomycin at the concentrations indicated above.
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Microbiota transplantation in SPF mice

Female B6 were treated for two weeks with an antibiotic solution (ATBx) containing streptomycin (5 mg/ml), and clindamycin (0.1 mg/
ml) added to sterile drinking water. Solutions and bottles were changed 3 times a week. After two weeks ATBx treatment was
stopped, and the mice were gavaged with pooled L. murinus and L. reuteri or L. johnsonii and L. intestinalis cultures. Each gavage
contained approximately 108 CFU per 200uL (corresponding to an OD 5). Mice received bacterial culture 3 times a week by oral
gavage using animal feeding needles before undergoing orthotopic tumor implantation and once/week after the tumor implantation
until experimental end points.

Germ free microbiota transplantation
Germ free mice were received single oral gavage of 200ul of bacterial culture (L. murinus) 4 weeks before undergoing orthotopic tu-
mor implantation. Control mice received 200ul of sterile phosphate buffered saline.

Bulk RNA-sequencing and analysis

RNA samples were quantified by qubit (Life Technologies) and an Agilent Bioananlyzer assessed the RNA quality. All samples had
RIN above 8. SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (Clontech #634894) was used per manufacturer’s instructions
for amplification of RNA and subsequent cDNA synthesis. AMPure XP Bead (Agencourt AMPure beads XP PCR, Beckman Coulter
A63881) purification was done manually for the first amplification set. A bead ratio of 1x was used (50ul of AMPure XP beads to 50ul
cDNA PCR product with 1ul of 10x lysis buffer added, as per Clontech instructions), and purified cDNA was eluted in 17l elution
buffer provided by Clontech. All samples were quantitated using a Bioanalyzer 2100 Instrument (Agilent Genomics). All samples pro-
ceeded through NexteraXT DNA Library Preparation (lllumina FC-131-1096) using NexteraXT Index Kit V1 or V2 Set A (FC-131-1002
or FC-131-2001) following the manufacturer’s instructions. An aliquot of all samples was first normalized to 150pg/ul with Nuclease-
Free Water (Ambion), then the normalized sample aliquot was used as input material into the NexteraXT DNA Library Prep. AMPure
XP bead purification was done using 0.9x bead ratio to sample volume, and all samples were eluted in 22l of Resuspension Buffer
(llumina). As with the Amplification sets, manual bead purification was done for the first Library set. All samples were run on Agilent
Bioanalyzer 2100 using High Sensitivity DNA chips. A portion of this library pool was sent to an outside vendor for sequencing on an
lllumina NextSeq HighOutput single read. An average of 400M reads were obtained per pool, with an average of 40M reads/sample
across the entire data set.

Raw fastq sequencing reads were aligned against the respective reference genome sequence (GRCm38/mm10 or GRCh37/hg19)
using the STAR aligned v2.5.0c (Dobin et al., 2013), discarding all non-uniquely aligned reads. For read counting per annotated gene,
we have utilized the STAR function “—quantMode GeneCounts”, counting reads matching exons of the Ensembl V75 Genes
annotation. Further processing was performed with the R Bioconductor package edgeR v.3.14.0 (Robinson et al., 2010) using
non-stranded reads. Reads were normalized for intra- and inter-sample variances using the functions “calcNormFactors” and “es-
timateTagwiseDisp”, resulting in counts-per-million (CPM) for each gene. Differential gene expression analysis was performed with
the functions “glmQLFit” and “gimQLFTest”, reporting p-value, false-discovery rate (FDR) and log, fold-changes between any
possible pair-wise comparison and gene.

scRNA-sequencing and analysis

Tumors from three mice per group were digested, pooled, and stained with DAPI. Live cells were FACS-sorted into buffer (PBS + 2%
FBS), washed 2 times with PBS + 0.04% BSA, and then 10x10° cells were mixed with 10X Genomics Chromium single-cell RNA mas-
ter mix, followed by loading onto a 10X Chromium chip according to the manufacturer’s protocol to obtain single-cell cDNA. Libraries
were subsequently prepared and sequenced using a NovaSeq sequencer (lllumina).

Single cell raw data was demultiplexed and converted to FASTQ format with lllumina bcl2fastq. We then processed the fastq data
with the Cell Ranger Single-Cell Software Suite Version 1.2 (https://support.10xgenomics.com/single-cell-gene-expression/
software/pipelines/latest/what-is-cell-ranger) with default parameters according to the 10x genomics guidelines, to align reads
against the mouse reference genome (GRCm38/mm10) and to further assign all reads to genes and individual cells based on the
barcode information. We filtered all duplicated reads and those not uniquely mapped. Next, Seurat v2.2.1 (Butler et al., 2018) we
used to process counts data. We excluded cells with less than 200 detected genes or > 5% mitochondrial transcripts. Expression
data was normalized with the NormalizeData function, using the “LogNormalize” approach, and further scaled by sequencing depth.
Clustering of cells based on gene expression was performed on all cells from both conditions with default parameters (function
FindClusters), as well as a cluster-specific marker analysis (FindAllMarkers function), using only genes that were expressed at least
in 25% of cells of each particular cluster. Different cell types were assigned to clusters based on known surface markers uniquely
expressed in the particular cluster and found as a significant marker (FDR < 0.05). For each defined cluster/cell type, we have per-
formed individual differential gene expression analysis between WT and Lyz2°®**Ahr™" cells using the FindMarkers function for
genes expressed in at least 25% of cells of each particular cluster. For visualization, violin plots of gene expressions were generated
based on normalized gene expression data.

Pan cancer TCGA analysis
Gene expression levels were accessed from 10,071 samples from 32 studies curated by cBioPortal.org (cite Gao et al. PMID
23550210) as “TCGA PanCancer Atlas Studies”. Samples were grouped by TCGA PanCancer Atlas Cancer Type Acronym and
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mRNA expression values displayed as RSEM Batch normalized from lllumina HiSeq RNASeqV2. Cancer types were sorted by
expression median. Data points were coloured by the presence of specific mutation types as curated by cBioPortal. The full book-
marked query is available as: https://www.cbioportal.org/results/plots?cancer_study_list=lam|_tcga_pan_can_atlas_2018%2
Cacc_tcga_pan_can_atlas_2018%2Cblca_tcga_pan_can_atlas_2018%2Clgg_tcga_pan_can_atlas_2018%2Cbrca_tcga_pan_can_
atlas_2018%2Ccesc_tcga_pan_can_atlas_2018%2Cchol_tcga_pan_can_atlas_2018%2Ccoadread_tcga_pan_can_atlas_2018%2
Cdlbc_tcga_pan_can_atlas_2018%2Cesca_tcga_pan_can_atlas_2018%2Cgbm_tcga_pan_can_atlas_2018%2Chnsc_tcga_pan_
can_atlas_2018%2Ckich_tcga_pan_can_atlas_2018%2Ckirc_tcga_pan_can_atlas_2018%2Ckirp_tcga_pan_can_atlas_2018%2
Clihc_tcga_pan_can_atlas_2018%2Cluad_tcga_pan_can_atlas_2018%2Clusc_tcga_pan_can_atlas_2018%2Cmeso_tcga_pan_
can_atlas_2018%2Cov_tcga_pan_can_atlas_2018%2Cpaad_tcga_pan_can_atlas_2018%2Cpcpg_tcga_pan_can_atlas_2018%2
Cprad_tcga_pan_can_atlas_2018%2Csarc_tcga_pan_can_atlas_2018%2Cskcm_tcga_pan_can_atlas_2018%2Cstad_tcga_pan_can_
atlas_2018%2Ctgct_tcga_pan_can_atlas_2018%2Cthym_tcga_pan_can_atlas_2018%2Cthca_tcga_pan_can_atlas_2018%2Cucs_
tcga_pan_can_atlas_2018%2Cucec_tcga_pan_can_atlas_2018%2Cuvm_tcga_pan_can_atlas 2018&Z_SCORE_THRESHOLD=2.0&
RPPA_SCORE_THRESHOLD=2.0&data_priority=0&profileFilter=0&case_set_id=all&gene_list=AHR&geneset_list=%20&tab_index=
tab_visualize&Action=Submit&plots_horz_selection=%7B%22dataType %22 %3A%22clinical_attribute %22%2C%22selectedData
SourceOption%22%3A%22CANCER_TYPE_ACRONYM%22%7D&plots_vert_selection=%7B%22selectedGeneOption%22
%3A196%2C%22selectedDataSourceOption%22%3A%22rna_seq_v2_mma%22%2C%22logScale %22 %3A%22true %22 % 7D&
plots_coloring_selection=%7B%22colorByCopyNumber%22%3A%22false%22%7D

Analysis of human PDAC scRNA sequencing

To examine transcriptomics in human PDAC we analyzed a previously published scRNA sequencing dataset using a similar meth-
odology (Steele et al., 2020). Briefly, cells with high mitochondrial reads were filtered out (>10%), as well as cells that were outliers due
to oversequencing (total_counts=4836; > 95th percentile) and cells with too few genes (n_genes=581; < 5th percentile). Using the
filtered cells, we combined all cells from the PDAC tissue and controls using Harmony (Korsunsky et al., 2019) to create sample
and group non-specific clusters that were annotated using the SCSA algorithm (Cao et al., 2020). We then manually resolved any
ambiguous annotations using the original publication groupings and known cell-type markers as a reference. UMAP visualization
of the was done using the Seurat RunUMAP command with parameters set to 30 dimensions, 10 nearest neighbors, 2 components,
400 epochs, and minimum distance of 0.1. We compared AHR expression to our own marker gene set of interest and all genes ex-
pressed across all cells. Expression similarity was done on a per-cluster basis, using the clusters inferred from Harmony. For both the
mean gene expression and percent-expressed per cluster, we calculated the euclidean distances between AhR and all other genes
(n=32,738). We then combined the distance metric using the mean value of both these distances and selected the top 25 for further
analysis.

PDAC organoid culture

To visualize the effect of indole acetic acid (IAA)-treated macrophages on organoid growth, human monocyte-derived macrophages
(MDMs) were grown in the presence of hM-CSF for 5 days. They were then treated with 250 pM IAA overnight or left untreated (con-
trol). Macrophages were lifted off the plates using PBS+ 2% FBS+ 2mM EDTA. They were then labeled with DiD for 5 minutes at 37°C
and washed twice in complete medium. GFP-labeled PDAC organoid (Pancreatic Organoid, Tumor, PMLB PPTO.46 from the Uni-
versity Health Network Living Biobank, Toronto, Canada) domes were grown for 4 days in matrigel. The PDAC organoids were then
freed from the matrigel domes by gently pipetting up and down. Ice cold advanced DMEM/F12 (AD/F12) was added to the organoids
and they were centrifuged down. Cell rinse solution was then added to the pellet to depolymerize matrigel. PDAC organoids and mac-
rophages were then co-cultured in the 24-GLANCE system (D’Arcangelo et al., 2020) for visualization over a period of 5 days.

For sorting of organoid cells from macrophage/organoid co-cultures, IAA-treated or untreated unlabeled macrophages were co-
cultured in matrigel domes with GFP-ve PDAC organoid for 4 days. Domes were then disrupted by pipetting up and down and addi-
tion of TRyple enzyme. Single cell suspension containing macrophages and tumor cells were then stained with anti-CD45 antibody
and Zombie violet viability dye. Cells were then sorted directly into RNA lysis buffer using the MoFlo Astrios EQ cell sorter (Beckmann
Coulter).

Metabolomic Sample Preparation

Briefly, 20 ul of bacterial cultures supernatants or mouse serum were mixed with 80 pl of ice-cold methanol spiked with 5 ul of a 1:1
dilution of an amino acid standard in methanol. The mixture was then incubated at -20°C for 1 hr and centrifuged for 10 minutes at
maximum speed in a refrigerated countertop centrifuge. The supernatant was then collected and ran on a mass spectrometer at Dal-
housie University Biological Mass Spectrometry Facility. Data analysis was performed using the Skyline software platform

Time-of-Flight mass cytometry (CyTOF)

CD45* cells were enriched from single cell suspensions from orthotopic PDAC tumors using the positive selection kit and biotin
labeled anti-CD45.2 antibody StemCell. Enriched cells were resuspended in Maxpar Staining Buffer, blocked with TruStain Fc block-
ing buffer for 10 minutes and then resuspended in antibody staining cocktail for 30 Cells were washed twice and incubated in 1 pM
Cell_Id cisplatin for 5 minutes. Cisplatin was then quenched by addition of PBS + 5% FBS. Cells were then washed, fixed and per-
meabilized then barcoded using the Cell-ID multiplex Barcoding kit. Pooled cells were then stained with intracellular antibodies using
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the permeabilization buffer from Foxp3 transcription factor staining kit. They were then washed twice with perm. Buffer and resus-
pended in 1.6% paraformaldehyde in PBS containing 0.3% saponin and 125 nM Iridium (Fluidigm, Cat. # 201192A). They were stored
in this solution at 4°C until the day of acquisition when they were centrifuged down, washed with Maxpar buffer and resuspended in
Maxpar water + EQ beads solution, and analyzed on a Helios Mass Cytometer (Fluidigm) at the Sickkids CYTOF facility.

Flow Cytometry
PDAC tumors were digested using 100 U/ml collagenase IV and 50 u/ml DNase | in complete RPMI medium at 37C. Single cell PDAC
preparations were stained with antibody cocktail at a concentration of 1:300 in FACS buffer (PBS + 2% FBS) for 45 minutes at 4°C in
the presence of a fixable viability dye. Cells were then washed twice with FACS buffer, fixed in 4% paraformaldehyde for 10 minutes,
washed again with FACS buffer and assessed for fluorescence on a BD Fortessa flow cytometer. For staining of intracellular cyto-
kines cells were first treated for 4 hrs with PMA (5 ng/ml) and ionomycin (500ng/ml) in the presence of Brefeldin A. Surface staining
was performed as described above, followed by fixation, permeabilization and staining with intracellular antibodies using the from
Foxp3 transcription factor staining kit according to manufacturer’'s recommendations.

For sorting experiments, mouse tumor cells were stained with anti-CD45, anti-CD11b anti-F4/80 (TAMs) on a MoFlo (Beckman
Coulter) cell sorter. For flow cytometric analysis at least 10° events were collected on the LSR Fortessa flow cytometer (BD
Biosciences).

INFy blocking or «CD8 T cell delpetion
Orthotopic PDAC surgery was performed on AhR™" and AhR™™ LMC mice. At day 3 post-surgery the mice were injected intraperi-
toneally with 200 ng InVivoMab a-mouse INFy IgG1 antibody or IgG1 isotype control every 3 days for up to 2 weeks.

In one set of experiments to deplete CD8"* T cells, 3 days post-surgery mice received 200ug of amouse CD8 IgG2a or IgG2A iso-
type control in an initial injection and 100ug every third day thereafter for up to 2 weeks.

Tryptophan-deficient diet and indole gavage
One day before PDAC orthotopic surgery, regular mouse chow was replaced by an amino acid control diet or a tryptophan-deficient
diet. The diet was maintained for 14 days until the experimental endpoint.

In one set of experiments mice were gavaged with 40ug/kg of IAA, 1Ald (both from Cayman Chemicals) or ILA (Sigma Aldrich) dis-
solved in 200ul of water every day beginning 4 days after orthotopic tumor injection.

Metabolomics

Targeted metabolomic profiling of cell culture supernatant was performed using liquid chromatography tandem mass spectrometry
as previously described (de Vries et al., 2020). Briefly, 20 ul of cell culture supernatant was mixed with 80 pl of cold methanol and 5ul
of internal standard (Isotopically labeled amino acids, 1.25mM, PN MSK-A2-1.2, Cambridge Isotope Laboratories), incubated for
30 minutes at -20 C, centrifuged at 13, 000xg for 5 min at 4 C. Samples were further diluted 10-fold prior to analysis. Quality control
(QC) samples were prepared by pooling 10 ul of each sample. All samples including QC’s were separated using a Cortecs T3 2.1 x
50 mm, 2.7 um column (Waters Inc.) using (A) water with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid solvent system
coupled to a Sciex Qtrap 5500 triple quadrupole linear ion trap tandem mass spectrometer. The data acquisition included 151 tran-
sitions. Data were captured using Analyst, version 1.6.2 software (Sciex); peak integration was performed using Skyline, version 4.1
(Pino et al., 2020). An in-house R script (R-4.0.2) was used for data processing. Metabolites with low peak heights (<5000) and peaks
with variable retention times (>30% CV) were excluded from further analysis. Metabolite peak heights were normalized using the
mean of nearest QC samples. Statistical analysis and heatmaps were generated with MetaboAnalyst (Xia and Wishart, 2016).

16S rRNA gene sequencing

The V4 hypervariable region of the 16S rRNA gene was amplified using uniquely barcoded forward and reverse sequencing primers to
allow for multiplexing. Amplification reactions were performed using 12.5 ulL of KAPA2G Robust HotStart ReadyMix, 1.5 uL of 10 uM
forward and reverse primers, 7.5 uL of sterile water and 2 uL of DNA. The V4 region was amplified by cycling the reaction at 95°C for
3 minutes, 18x or 24x cycles of 95°C for 15 seconds, 50°C for 15 seconds and 72°C for 15 seconds, followed by a 5-minute 72°C
extension. All amplification reactions were done in triplicate, pooled together, and checked on a 1% agarose TBE gel. Pooled trip-
licates were quantified using PicoGreen and combined by even concentrations. The library was then purified using Ampure XP beads
and loaded on to the lllumina MiSeq for sequencing, according to manufacturer instructions (lllumina, San Diego, CA). Sequencing
was performed using the V2 (150bp x 2) chemistry. A single-species (Pseudomonas aeruginosa DNA), a mock community (Zymo Mi-
crobial Standard: https://www.zymoresearch.de/zymobiomics-community-standard) and a template-free negative control were
included in the sequencing run.

Analysis of the bacterial microbiome

The last base was removed from all sequences using cutadapt v.1.18. Sequences were assembled and quality trimmed using
—fastq_mergepairs with a —fastq_trunctail set at 5, a —fastq_minqual set at 3, and minimum and maximum assemble lengths set at
243 and 263 (+/- 10 from the mean) base pairs. Assembled sequences were quality filtered using —fastq_filter with a —fastq_maxee
set at 1.0. The trimmed data was then processed following the UNOISE pipeline. Sequences were first de-replicated and sorted to
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remove singletons, then denoised and chimeras were removed using the unoise3 command. Assembled sequences were mapped
back to the chimera-free denoised sequences at 97 % identity OTUs. Taxonomy assignment was executed using SINTAX, available
through USEARCH, and the UNOISE compatible Ribosomal Database Project (RDP) database version 16, with a minimum confi-
dence cutoff of 0.8 (Wang et al., 2007). OTU sequences were aligned using align_segs.py v.1.9.1 through QIIME1 (Caporaso
et al., 2010). Sequences that did not align were removed from the dataset and a phylogenetic tree of the filtered aligned sequence
data was made using FastTree (Price et al., 2009). The OTU table, including taxonomic assignments, was imported into Microbio-
meAnalyst (Chong et al., 2020; Dhariwal et al., 2017) for comparisons of alpha diversity and to generate bar plots of taxon relative
abundances. Data were filtered to remove OTUs with low counts or variance using default parameters. Data were scaled using Total
sum scaling (TSS) to remove variability between samples based on sequencing depth.

QUANTIFICATION AND STATISTICAL ANALYSIS
Number of mice and experiments, and statistical tests are reported in each figure legend. Analyses were performed using GraphPad
Prism 8 software. Statistical significance was calculated using t-test (unpaired) or Wilcoxon rank-sum test or one-way ANOVA or with

Kaplan-Meier analysis followed by the log-rank test. Error bars represent standard deviation and p values <.05 were considered sta-
tistically significant (* p <.05, ** p <.01, ** p <.001, *** p <.0001, NS- not significant).
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