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Microbiota-driven antitumourimmunity
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Gut microbiota influence the antitumour efficacy ofimmune checkpoint blockade'®,
but the mechanisms of action have not been fully elucidated. Here, we show that anew
strain of the bacterial genus Hominenteromicrobium (designated YB328) isolated from
the faeces of patients who responded to programmed cell death 1(PD-1) blockade
augmented antitumour responses in mice. YB328 activated tumour-specific CD8*

T cells through the stimulation of CD103*CD11b™ conventional dendritic cells (cDCs),
which, following exposure in the gut, migrated to the tumour microenvironment.
Mice showed improved antitumour efficacy of PD-1blockade when treated with
faecal transplants from non-responder patients supplemented with YB238. This
result suggests that YB328 could function in adominant manner. YB328-activated
CD103*CD11b™ cDCs showed prolonged engagement with tumour-specific CD8"

T cellsand promoted PD-1expression in these cells. Moreover, YB238-augmented
antitumour efficacy of PD-1blockade treatment was observed in multiple mouse
models of cancer. Patients with elevated YB328 abundance had increased infiltration
of CD103*CD11b™ cDCsin tumours and had a favourable response to PD-1blockade
therapy in various cancer types. We propose that gut microbiota enhance antitumour
immunity by accelerating the maturation and migration of CD103*CD11b™ cDCs to
increase the number of CD8" T cells that respond to diverse tumour antigens.

Immune checkpoint blockade (ICB) therapies, including monoclonal
antibodies against PD-1and PD-1ligand (PD-L1), are used in many cancer
types’. PD-1blockade therapies have led to significantimprovementsin
progression-free survival (PFS) and overall survival. However, the com-
plete response rate remains low® ™. Therefore, predictive biomarkers for
clinical efficacy and new approaches to overcome resistance mechanisms
areneeded. Notably, high ratios of PD-1'CD8' T cellsto PD-1' regulatory T
(T,) cellsinthe tumour microenvironment (TME) correspond to theres-
ponsiveness to PD-1and PD-L1inhibitors’2. Moreover, PD-1expression by
CDS8'Tcellsisinduced by T cell activation signalling, especiallyNFATCI,
through the stimulation of fully matured dendritic cells (DCs)™*.

In gut microbiota, the abundance of certain bacteria (for exam-
ple, Ruminococcus spp. and Prevotellaceae spp.) is associated with
the clinical efficacy of ICB therapies'®. Several mechanisms of
microbiome-mediated antitumour immunity have been proposed,
including stimulation of macrophages and monocytes”, antigenic
mimics between microbiota and tumour antigens'® or directactiva-
tion of tumour-infiltrating CD8" T cells by microbiota-derived meta-
bolites'*2. Moreover, a consortium of bacteria isolated from healthy
individuals reportedly stimulated CD103* DCs, whichled to the activa-
tion of effector CD8' T cells®. However, the detailed mechanisms that
underlie the connection between DC maturation by gut microbiota
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and the activation of tumour antigen-specific PD-1'CD8" T cells in the
distant TME have not been fully elucidated.

Here, we identified a new bacterial strain, designated YB328, that
was significantly enriched in faeces of patients who responded to
PD-1 blockade therapies. YB328 accelerated the differentiation
of CD103°CD11b™ cDCs, which is an essential DC subset for antigen
cross-presentation to CD8" T cells**?. YB328 mediated cDC differentia-
tionthroughthe phosphorylation of S6K and STAT3 and theinduction
of IRF8 through the stimulation of multiple Toll-like receptors (TLRs) in
the gut. YB328-stimulated CD103*CD11b™ cDCs were further activated
by other bacteriaand migrated to tumour-draining lymph nodes (dLNs)
and the TME. Once in these locations, the cDCs primed and activated
CD8" T cellsand induced PD-1"CD8" T cells specific for a broad range
of tumour antigens. Overall, we describe in detail the mechanism of
the activation of antigen-specific CD8" T cells in the distant TME by
gut microbiota.

Gut microbiota and antitumour efficacy

We prospectively collected stool samples from 50 Japanese patients
with cancer (15 patients with non-small cell lung cancer (NSCLC) and
35 patients with gastric cancer (GC)) who received PD-1blockade ther-
apy. These patients were classified as responders or non-responders
(Supplementary Tables 1 and 2). Clinicopathological features that
are reportedly associated with a favourable clinical response to PD-1
blockade (listed in Supplementary Tables 3-5) were not significantly
different in our cohort, except for PD-L1 expression by tumour cells
in patients with GC. 16S rRNA gene amplicon sequencing of faecal
samples showed that the Shannon diversity of gut microbiota was
significantly higherinresponders thaninnon-responders (Fig.1laand
Extended Data Fig. 1a,b,f). Receiver operating characteristic (ROC)
analysis further showed that the Shannon diversity was a significant
predictive biomarker for identifying responders (Fig.1b and Extended
DataFig. 1c, left, g, left). Moreover, patients with high diversity of gut
microbiota exhibited significantly prolonged PFS, regardless of the
cancer type (Fig.1c, Supplementary Table 6 and Extended DataFig. 1c,
right, g, right). Principal coordinate analysis (PCoA) and analysis of
similarities (ANOSIM) based on unweighted unique fraction metric
(UniFrac) distancesrevealed a significant differencein gut microbiota
between responders and non-responders (Fig. 1d and Extended Data
Fig.1a,d,h). Linear discriminant analysis effect size (LEfSe) showed
that members of several families, namely, Ruminococcaceae, Propi-
onibacteriaceae, Dehalobacteriaceae and Turicibacteraceae, were
enrichedinresponders (Fig.le,fand Extended Data Fig. 1e,i,j). Among
them, Ruminococcaceae abundance was significantly correlated with
prolonged PFS after PD-1blockade therapy and showed the highest
AUC score (Fig. 1g and Extended Data Fig. 1k). In contrast to previous
reports' *%, the abundance of the genera Faecalibacterium, Entero-
coccus, Bifidobacterium and Akkermansia did not differ significantly
betweenresponders and non-responders (Extended Data Fig. 11). Nota-
bly, members of the families Bacteroidaceae and Veillonellaceae, which
were enriched innon-responders, were associated with asignificantly
shorter PFS (Fig.1e,f,h and Extended DataFig. 1e,i-k). We also confirmed
that patients with high Shannon diversity values, a high abundance of
Ruminococcaceae and alow abundance of Bacteroidaceae, when strati-
fied by the median cut-off, had prolonged PFS (Extended Data Fig.1m).

Amongthe multiple parameters associated with antitumourimmu-
nity, theabundance of PD-1'CD8" T cellsin the TME, whichis correlated
with the response to PD-1blockade therapy'>?*8, was significantly
correlated with the abundance of Ruminococcaceae (Fig. 1li-l1 and
Extended DataFig.1n). By contrast, the abundance of Bacteroidaceae
was associated with adecrease in PD-1'CD8' T cells and an increase in
T cellinfiltration in the TME (Fig. 1i,m-o0). These findings indicate a
clear correlation between specific gut microbiota compositions and
immune responses.

Gut microbiotaregulate antitumour responses

Germ-free (GF) mice colonized with faeces from responders, but not
from non-responders, exhibited strong antitumour effects against
MC38 tumours after anti-PD-1 monoclonal antibody (anti-PD-1)
treatment (Extended Data Fig. 2a,b) and showed increased Shan-
non diversity in the faeces (Extended Data Fig. 2c). Moreover, Rumi-
nococcaceae was enriched in mice who received faecal microbiota
transplantation (FMT) derived from responders (R-FMT), whereas
Bacteroidaceae was enriched in mice who received FMT derived from
non-responders (NR-FMT) (Extended Data Fig. 2d-g). To exclude the
influence of congenitalimmunodeficiency in GF mice, we performed
the same experiments in specific-pathogen-free (SPF) mice precon-
ditioned with antibiotics (ATB-SPF mice). Consistent with GF mice,
anti-PD-1treatment significantly inhibited the growth of MC38 and
EMT6 tumours in ATB-SPF mice that received R-FMT (Extended Data
Fig.3a-c).Analyses of the TME demonstrated that activated CD8"T cells
(PD-1'CD8' T cells and CD62L"CD44" effector memory CD8" T cells)
and cytokine-producing CD8" T cells (IFNy'TNF*) were significantly
higher in mice treated with R-FMT and anti-PD-1 than in mice treated
withNR-FMT and anti-PD-1or in control mice (Extended Data Fig. 3d-f).
Moreover, tumour-infiltrating PD-1'CD8" T cells from mice treated
with R-FMT and anti-PD-1 exhibited a broader T cell receptor (TCR)
VP repertoire diversity than mice treated with NR-FMT and anti-PD-1
(Extended Data Fig. 3g-i).

As PD-1expression by T cells correlates with the strength of T cell
activation signalling”?, we examined the maturation of DCs in the
TME, a process that has a crucial role in T cell activation. The expres-
sion levels of DC maturation markers (CD86, CD40 and CD80) were
significantly higher in R-FMT-treated mice than in NR-FMT-treated
mice (Extended Data Fig. 3j-1). Therefore, gut microbiota augment PD-1
blockade efficacy by promoting mature DCinfiltrationand PD-1'CD8"
T cellaccumulation in the TME.

YB328 promotes antitumour immunity

Given the strong antitumour efficacy of R-FMT, we aimed to isolate
bacterial strains from the faeces of responders. A previously unde-
scribed strain, designated YB328, was isolated, and its characteristics
were investigated (Fig. 2a, Supplementary Tables 7-9). Taxonomic
assignment based onits full-length 16S rRNA gene sequence and the
Greengenes database (v.13 8) indicated that strain YB328 belongs to
the family Ruminococcaceae. Based on its whole-genome sequence
and the Genome Taxonomy Database (GTDB; v.220), strain YB328 was
assigned to the recently described species Hominenteromicrobium
mulieris®® (Extended Data Fig. 4a), sharing an average 97.3% nucleotide
identity to the GTDB species-representative genome. Notably, the
family-level name depended on the taxonomic framework, namely,
Ruminococcaceae (Greengenes), Oscillospiraceae (NCBI taxonomy) or
Acutalibacteraceae (GTDB taxonomy). Moreover, YB328 was detected
notonlyinthe]Japanese population but also inindividuals worldwide
(Extended DataFig. 4b).

We further evaluated the abundance of YB328 in the gut micro-
biome through metagenome sequencing and species-level quanti-
fication using Kraken2 and Bracken against a custom version of the
GTDB (v.220). This analysis showed that the abundance of YB328
was significantly higher in the faeces of responders than in non-
responders (Fig. 2b). Patients with abundant YB328, defined by aROC-
based cut-off value, had asignificantly longer PFS (Fig. 2c), even after
excluding patients with high microsatellite instability (Extended Data
Fig.4c). By contrast, Phocaeicolavulgatus (represented by strain AE61,
anewly isolated strain from this study belonging to the family Bac-
teriodeceae and enriched in non-responders), showed an increased
abundance in non-responders. Moreover, patients with abundant
P. vulgatus had a shorter PFS (Fig. 2d,e). Similar data were obtained
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Fig.1| Theresponse to PD-1blockade therapyis correlated with the
diversity of gut microbiota and enrichment of Ruminococcaceaein
association withthe abundance of PD-1'CD8" T cellsin the TME. Faecal
samples were collected from patients (n=15NSCLC, n=35GC) whoreceived
PD-1blockade therapy.a, Comparison of Shannon diversity of gut microbiota
of responders and non-responders. b, ROC analysis of the diversity (Shannon
index) of microbiotain faeces. AUC, area under the curve. ¢, Kaplan-Meier
curves for PFS of patients with high or low Shannon diversity of gut microbiota.
High and low Shannon diversity of gut microbiota in patients were stratified

by ROC analysis (b). d, Differences between gut microbiota of responders and
non-responders as visualized by PCoA based on unweighted UniFrac distances.
Theellipsesrepresent the 95% confidence intervals (Cls). e, Cladogram of
differentially abundant taxaidentified by LEfSe analysis. Symbol sizes are
scaled by the relative abundance. f, Linear discriminant analysis (LDA) scores
ofthessignificantly different taxabetween responders and non-responders.

using the median cut-off value (Extended Data Fig. 4d). As P. vulgatus
is awell-known commensal bacterium®, we used the patient-isolated
P.vulgatusstrain AE61to represent gut microbiota of non-responders
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g,h,ROC analysis (left) and Kaplan-Meier curves (right) for PFS in patients

with high orlow Ruminococcaceae (g) or Bacteroidaceae (h) abundance.

i-o, Immune profiles of tumour-infiltrating lymphocytes (TILs) in patients with
bothbiopsy and faecal samples available (n =4 NSCLC, n=22 GC). Correlations
betweensubsets of TILs and bacterial families enriched in responders and
non-responders (i). The frequency of PD-1°CD8" T cells (representative
staining (j,m) and summary (k,n)) in patients with high or low abundances of
Ruminococcaceae (k) or Bacteroidaceae (n) stratified by ROC analysisingand h.
Cellswere gated on CD8 TILs (j,m). The correlation between PD-1 expression by
tumour-infiltrating CD8* T cells and the abundance of Ruminococcaceae () or
Bacteroidaceae (0). Significance was assessed using two-sided Mann-Whitney
U-test, with data presented as the median (a,k,n); two-sided log-rank test

(c, g, right, h, right); ANOSIM with one-tailed significance computed using 999
permutations) (d); or two-sided Pearson’s correlation (i,l,0).

and evaluated its effects onimmunotherapy responses in animal mod-
els together with YB328. Although YB328 administration alone did
notinhibittumour growth (Extended DataFig. 4e), YB328 augmented
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secreted by YB328.Scalebar, 0.5 um.b,d, Relative abundances of YB328 (b) and
P.vulgatus (d) in faecal samples of patients shownin Fig.1a-h (n=50).c,e, ROC
curves (left) and Kaplan—Meier curves (right) of the PFS of patients with high or
lowabundances of YB328 (c) or P. vulgatus (e) in faeces. f,g, Tumour growth
curves of SPF mice with B16F10 (f) or MC38 (g) tumours (left, summary; right,
eachmouse).n=4-6 mice per group. Hereandin other figures, control indicates
micetreated withanisotype control antibody. h-j, The frequency (representative
staining (left) and summary (right)) of PD-1(h,n=8),CD62Land CD44 (i,n=7)
and IFNyand TNF production (j,n=7) by CD8" T cellsin MC38 tumours. Cells

the antitumour effect of anti-PD-1 treatment more than P. vulgatusin
ATB-SPF mice. This effect was observed in both poorly immunogenic
B16F10 and immunogenic MC38 tumour models, with colonization
beyond the gavage period (Fig. 2f,g and Extended Data Fig. 4f). Other
bacterial strains enriched and isolated from the faeces of responders
exhibited few or no antitumour effects compared with YB328 and PD-1
blockade therapy (Extended Data Fig. 4g).

Mice treated with YB328 and anti-PD-1 had higher abundances of
activated CD8" T cells and cytokine-producing CD8" T cells in the

were gated on CD8" TILs (h—j). k-m, The mean fluorescent intensity (MFI) of
CD86 (k,n=6),CD40 (I, control or anti-PD-1,n =3, P. vulgatusor YB328,n=4)

and H-2Kb (amarker for MHCI) (m, n=6) by CD11c*MHCII* DCsinMC38 tumours.
n-p, Tumour growth curves (n,n=5-7 mice per group), TCR VB repertoire (o) and
numbers of skewed TCR VB clones (>10% of each clone) (p) among PD-1'CD8"*

T cells (n=5micepergroup). Forbandd, eachdotindicates one patient, and the
dataare presented as the median. For f(left), g (Ieft) and n, the average tumour
sizes of the groups onacertain day are shown as dotsand are presented as the
mean +s.d. Forh-mandp, eachdotinthe summary graphsindicates one mouse.
Dataare presented as the mean +s.d. (h-m) or median (p). Significance was
assessed using two-sided Mann—Whitney U-test (b,d,p), two-sided log-rank test
(c, right, e, right), two-way analysis of variance (ANOVA) with the Tukey—Kramer
method (f,g,n) or one-way ANOVA with Bonferroni correction (h-m).

TME than mice treated with P. vulgatus and anti-PD-1 or control mice
(Fig. 2h—-j and Extended Data Fig. 5a-c). However, the frequencies of
T.,cellsand PD-1" T, cells were comparable across groups (Extended
Data Fig. 5d,e). Nevertheless, DCs in the TME of YB328-colonized
mice exhibited significantly increased expression of co-stimulatory
molecules (Fig. 2k,l and Extended Data Fig. 5f) and recapitulated
the phenotypes of DCs in mice that received R-FMT. Moreover,
major histocompatibility class I (MHCI) expression was significantly
upregulated in these DCs (Fig. 2m). Taken together, these results
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Fig.3|See next page for caption.

suggest that YB328 colonization induces DC maturation with high

efficiency antigen presentation to activate tumour-infiltrating CDs*  YB328 redirects treatment sensitivity
T cells. Furthermore, the administration of YB328, but not P. vulgatus, =~ ATB-SPF mice treated with NR-FMT and colonized with YB328, but not
favourably changed the Shannon diversity of gut microbiota (Extended  P.vulgatus, showed increased sensitivity to anti-PD-1therapy (Fig. 2n
DataFig. 5g). and Extended DataFig. 5h,i). Moreover, YB328 administration increased
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Fig.3|YB328-stimulated BMDCs reduce the activation threshold of CD8*
Tcellstoinduce PD-1expression.a-d, BMDCs were stimulated with YB328 or
P.vulgatus. MFIsummaries of the maturation markers CD86 (a, n = 6 wells per
group) and H-2Kb (b, n=5wells per group), IL-12p70 production (c, n =5 wells
pergroup) and chemokine (CXCL9 and CXCL10) expression (d, n =8 wells per
group) inBMDCs are shown. e,f, Dynamicimaging of CD8" T cellsand BMDCs
stimulated with YB328 or P. vulgatus. e, Contact events were evaluated at 10-min
intervals (right), and arepresentative trajectory of the indicated cell (left)

was extracted from Supplementary Video 1. f, Images showing theinteraction
betweenDCsand CD8'T cells. The elapsed time is shown in minutes and
seconds.n =4 cells per group. Scale bars,10 pum.g-m, OT-ICD8" T cells were

cultured with bacteria-treated BMDCs pulsed with theindicated concentrations
ofantigen peptides. g,i, Expression levels of TCR signalling molecules by CD8"
T cellsinduced by N4 peptide (g) or Q4H7 peptide (i). NS, not significant.

h, Representative confocalimages of NFATC1 nuclear translocation (left) and
MFIsummary (right) Scale bars, 20 pm (first and third columns) and 10 pum
(second and fourth columns).j-m, The frequency of expression of the effector
molecules PD-1(j,1) and CD62L and CD44 (k,m) in CD8"T cellsinduced by
treatment with N4 peptide (j, k) or Q4H7 peptide (I, m). Each dot in the summary
graphsindicates awell (a-d,g-m), and the dataare presented asthe mean +s.d.
(a-f,h,j-m) or the mean (g,i). Significance was assessed using one-way ANOVA
with Bonferronicorrection (a-d) or two-sided unpaired t-test (e-m).

the diversity of the TCR VP repertoire of tumour-infiltrating PD-1'CD8*
T cellsamong skewed TCRs in these mice (Fig. 20,p and Extended Data
Fig. 5j). The administration of YB328, but not P. vulgatus, favourably
altered the Shannon diversity of gut microbiota (Extended Data Fig. 5k).
Consistently, in our GC and NSCLC cohort of patients, increased levels
of YB328 were positively correlated with the Shannon diversity of gut
microbiota (Extended DataFig. 5I).

However, the co-administration of YB328 and P. vulgatus abol-
ished the antitumour immunity induced by YB328 (Extended Data
Fig. 5m). This effect was in contrast to YB328 single administration
in mice treated with NR-FMT, which showed effective induction of
antitumour immunity in combination with anti-PD-1 treatment. The
co-administration of P. vulgatus prevented the colonization of YB328
in ABT-SPF mice. However, YB328 sufficiently colonized the gut of mice
treated with NR-FMT at a similar level to that observed with YB328
administration alone. This finding indicated that YB328 colonization
is not significantly influenced by the microbial environment shaped
by NR-FMT (Extended Data Fig. 5n).Indeed, P. vulgatus administration
led to significantly greater engraftment of P. vulgatus than NR-FMT
(Extended DataFig. 50). These observations underscore theimpact of
competitive dominance on the efficacy of microbiome-based therapies.

YB328-treated DCs activate CDS* T cells

To understand the mechanisms of DC maturation, we analysed bone-
marrow-derived DCs (BMDCs) treated with P. vulgatus or YB328.
Compared with P. vulgatus-treated BMDCs, YB328-treated BMDCs
werelarger and presented multiple pseudopodia. Moreover, they had
increased expression of CD86, CD80 and MHCI and increased levels
of IL-12p70 and the chemokines CXCL9, CXCL10 and CCLS (Fig. 3a-d
and Extended Data Fig. 6a-c). When ovalbumin (OVA)-specific (OT-I)
TCR transgenic CD8" T cells were cultured with bacteria-treated DCs
pulsed with OVA peptides, YB328-treated BMDCs were more strongly
attracted and were in contact with CD8" T cells for a longer time than
P.vulgatus-treated BMDCs (Fig. 3e,f and Supplementary Videos 1-3).
No difference was observed in CCL22 production, which recruits T,.,
cells, among YB328-treated, P. vulgatus-treated and unstimulated
BMDCs (Extended DataFig. 6¢). This result is consistent with the compa-
rable T, cellinfiltrationlevels observed inthe TME across treatments.

OT-1CDS8" T cells were cultured with DCs and then pulsed with dif-
ferent OVA peptides capable of delivering titrated levels of TCR signal-
ling®. YB328-treated and P. vulgatus-treated BMDCs pulsed with higher
doses (100 nM to 1 uM) of high-affinity OVA peptide (N4) presented
comparablelevels of phosphorylated ZAP70. When BMDCs were pulsed
with lower doses (0.01 nM to 10 nM) of N4, YB328-treated BMDCs,
but not P. vulgatus-treated BMDCs, exhibited ZAP70 phosphoryla-
tion. YB328-treated BMDCs also stimulated strong phosphorylation
of co-stimulatory signals (pJNK, pERK1and pERK2 (pERK1/2), pAKT and
pS6K)in CD8' T cells (Fig. 3g and Extended Data Fig. 7a). YB328-treated
BMDCs pulsed with a low dose (10 nM) of the N4 peptide induced
extensive NFATCI nuclear translocation in CD8" T cells, whereas
P. vulgatus-treated BMDCs induced only limited translocation (Fig. 3h).

YB328-treated BMDCs pulsed with N4 peptides, regardless of the dose,
were correlated with the successful activation of and increased cytokine
productionby CD8'T cells, whereas P. vulgatus-treated BMDCs induced
PD-1expression only when pulsed with high N4 doses (Fig. 3j,k and
Extended Data Fig. 7b-d). Moreover, when supplied with low-affinity
OVA peptide (Q4H7), YB328-treated BMDCs induced ZAP70 phos-
phorylation and co-stimulatory signalling (Fig. 3i and Extended Data
Fig.7e) atrelatively high doses and promoted the nuclear translocation
of NFATC1in CD8" T cells (Fig. 3h). YB328-treated BMDCs consistently
induced increased PD-1 expression, which correlated with the activa-
tion of and cytokine production by CD8 T cells, regardless of the dose
(Fig. 31,m and Extended Data Fig. 7f-h).

YB328 enhances the differentiation of cDCs

Analysis of the transcriptional profile revealed higher expression of
Irf8 and Batf3in YB328-treated DCs than in P. vulgatus-treated DCs
and untreated DCs (Fig. 4a—-c). BATF3 maintains IRF8 autoactivation to
commit to the terminal differentiation of CD103"CD11b" cDCs, which
have a crucial role in antitumour immunity by effectively activating
CDS8'T cells****, Accordingly, the number of CD103*CD11b™ cDC prog-
eniesincreased inresponse to YB328 treatment (Fig. 4d and Extended
Data Fig. 8a). By contrast, IRF4, which is a key transcription factor of
CD103°CD11b* cDCs™®, was highly expressed by P. vulgatus-treated DCs
(Fig. 4e). To further understand the mechanisms of CD103"CD11b~
cDC differentiation induced by YB328 treatment, common DC pro-
genitors (CDPs) were cultured with YB328 or P. vulgatus and with
FLT3 ligand (FLT3L), a factor essential for the differentiation of CDPs
into CD103*CD11b™ cDCs**. IRF8 expression was significantly upregu-
lated in CDPs stimulated with YB328 at low concentrations of FLT3L,
although IRF8 expression was comparable between the groups treated
with high concentrations of FLT3L (Fig. 4f). This result suggests that
YB328 activates an alternative signalling pathway in CDPs that compen-
sates for FLT3L signalling. FLT3L treatment promotes both PI3K-mTOR
and STAT3 signalling for the development of CD103*CD11b™ cDCs>*%,
and these two pathways regulate Batf3 expression***, YB328 stimula-
tionincreased levels of S6K and STAT3 phosphorylation compared with
P. vulgatus stimulation (Fig.4g,h). YB328-induced Irf8 expression was
reduced by an SéK inhibitor (rapamycin) or aSTAT3 inhibitor (HJC0152)
and was more significantly inhibited by the administration of both
inhibitors (Fig. 4i). Consequently, the number of CD103°CD11b™ cDCs
induced by YB328 stimulation was decreased by rapamycin and/or
HJCO0152 treatment (Fig. 4j). The antitumour effects induced by combi-
nation treatment with YB328 and anti-PD-1were completely abrogated
inBatf3”" mice, whichlack asubset of CD103*CD11b” cDCs* (Fig. 4k and
Extended Data Fig. 8b-d). By contrast, the depletion of macrophages
withananti-CSFIR monoclonal antibody did not affect the antitumour
efficacy induced by YB328 and anti-PD-1 treatment (Extended Data
Fig. 8e,f). Moreover, YB328-stimulated macrophages were less effec-
tive in activating CD8' T cells than YB328-stimulated DCs (Extended
Data Fig. 8g). These data provide further support for the importance
of CD103*CD11b™ ¢DCs in YB328-driven antitumour activity.
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Fig.4|YB328increases IRF8 expression to promote CD103'CD11b ¢cDC
generation through TLRsignalling to augment antitumour immunity.

a-e, DCsweretreated with P. vulgatus, YB328 or vehicle. Comprehensive gene
expression was examined (a), as was the expression of Batf3 (b, n = 6), IRF8
(c,n=5),IRF4 (e, n=3) and changesinthe progeny ofthe CD103*CD11b  cDCs

(d, n=3).f, IRF8 expression by CDPs treated with bacteriaand FIt3L asindicated,
n=3-4.g-j, BMDCs were treated with the indicated stimuli, and expression of
pS6K (g), pSTAT3 (h) and IRF8 (i) and changes in the progeny of CD103"CD11b~
cDCs (j) wereexamined (n =4-6).k, Tumour growth curves of wild-type (WT)
and Batf3” mice (n=6-9) treated asindicated.l, Gene expression signatures of
BMDCs stimulated with YB328 were extracted. Red textindicates TLR proteins
thatwere highly expressed inthe YB328-specific signature. TPM, transcripts
permillion.m, Changes in the progeny of CD103°CD11b™ c¢DCs (n =3-4).

n, Tumour growth curves of WT and Myd88™~ mice (n=5-6) treated asindicated.
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o, Representative confocalimages of the engulfment of YB328 by BMDCs. Scale
bars,5pm. p,q, Theexpression of MHCI (p; gated on CD11c"MHCII* cells) and
the changesinthe progeny of CD103"CD11b™ c¢DCs (q) (n = 6). Max, maximum.
r,Frequency of PD-1expressionin CD8* T cells (n =4-6).s, Tumour growth
curvesof WT and TIr7/ Tir9”" mice (n=5-6) treated asindicated. t, Experimental
scheme (top) and tumour growth curves (bottom). The number of mice showing
acompleteresponse (CR) inn=4-6 miceisshownin parentheses.u, Changesin
the progeny of CD103"CD11b™ cDCs (n = 7-9). v, Experimental scheme (top) and
tumour growth curves (bottom). n=4-6 mice. Each dotinthe summary graphs
indicatesawell (b—j,m,p-r,u). The average tumour size of thegroupsona
certaindayisshownasadot (k,n,s,t,v). Thedataare presented asthe mean +s.d.
Significance was assessed using one-way ANOVA with Bonferroni’s correction
(b-j,p-r,u), two-way ANOVA with the Tukey—Kramer method (k,n,s,v) or
two-sided unpaired Student’s t-test (m).



YB328 stimulates multiple TLR pathways

We next investigated how YB328 stimulates multiple signalling path-
waysin DCs. The expression of TLR family members, particularly TLR5
and TLR7-TLR9, was markedly upregulated in YB328-treated BMDCs
compared with P. vulgatus-treated or untreated BMDCs (Fig. 41). Simi-
larly, YB328 administration increased the diversity of TLR expression
byDCsinthegut-associated lymphoid tissues (GALTs) of mice treated
with NR-FMT (Extended Data Fig. 9a).

The adaptor protein MYD88 mediates the downstream signalling
pathways of TLR5 and TLR7-TLR9 (ref. 43). Myd88~’~ BMDCs treated
with YB328 did not lead to increases in the number of CD103*CD11b"
¢DC progeny (Fig. 4m). Moreover, the increase in antitumour efficacy
induced by YB328 and anti-PD-1 treatment was abrogated in Myd88 ™'
mice (Fig.4n and Extended Data Fig. 9b). The frequency of CD103°CD11b"
cDCswassignificantly lower in the lamina propriaand Peyer’s patch, but
notinthespleen, of Myd88™ mice thanin wild-type mice (Extended Data
Fig. 9¢). This result suggests that YB328-triggered CD103*'CD11b™ c¢DC
generation requires the activation of MYD88 signalling.

As YB328 is not flagellated (Fig. 2a), the ability of YB328 to stimu-
late endosomal TLRs (TLR7-TLR9) to promote the differentiation of
CD103*CD11b™ cDCs was examined. YB328 was phagocytosed by BMDCs
(Fig. 40 and Supplementary Video 4). The stimulation of THP-1-based
TLR7, TLR8 and TLR9 reporter cells revealed that YB328 activated both
theIRF and NF-xB signalling pathways (Extended DataFig. 9d). Asmouse
TLR8is nonfunctional*, the roles of TLR7 and TLR9 in YB328-mediated
antitumour immunity were investigated. BMDCs derived from Tir7 "/
or TIr9”" mice partially reduced the upregulation of MHCI expres-
sion (Fig. 4p) and abrogated the differentiation of CD103*CD11b™ ¢cDCs
induced by YB328 (Fig. 4q). Furthermore, BMDCs derived from Tir7 /-
TIr9” mice did not respond to YB328. Therefore increased MHCI
expression, differentiationinto CD103*CD11b” ¢cDCs and induction of
the production of PD-1-expressing CD8" T cells were not observed in
these cells (Fig. 4p-r). YB328 administration to TIr7”/"TIr9”" mice did
notaugment the antitumour efficacy of anti-PD-1treatment (Fig. 4s and
Extended DataFig. 9¢). These datasuggest that endosomal TLR7-TLR9
are key mediators of YB328-induced antitumour immunity.

Multiple TLR ligands sensitize DCs

YB328 induced TLRS expression in DCs. However, YB328 probably
does not have genes encoding components of flagellum, based on
whole-genome sequence annotation, and flagella were not detected
by electron microscopy (Fig.2a). Therefore, we examined whether TLR
ligands such as flagellin derived from the gut microbiome could further
augment the antitumourimmunity induced by YB328-stimulated DCs.
PD-1expressionby CD8'T cells stimulated with YB328-treated DCs, but
not those stimulated with P. vulgatus, was significantly increased after
flagellin treatment (Extended Data Fig. 9f). Although treatment with
YB328 and anti-PD-1inhibited tumour growth, combined treatment with
NR-FMT, which contained a pool of TLR ligands, led to enhanced anti-
tumour efficacy (Fig. 4t and Extended Data Fig. 9g). Therefore, YB328
sensitizes DCs to multiple TLR ligands derived from not only YB328
but also from other gut microbes to augment antitumour immunity.

TLRssignalling mimics YB328 stimulation

As YB328 upregulated multiple TLRsin DCs, we explored whether the
combined activation of TLR signalling recapitulated the phenotype
of YB328-treated DCs. BMDCs treated with the TLR agonist R848 or
ODN-1826 exhibited increased S6K and STAT3 phosphorylation, and
combination treatment further increased the phosphorylation of both
these proteins. The triple combination of flagellin, R848 and ODN-1826
led to the most effective induction of S6K and STAT3 phosphorylation,
whichinturnresulted in the highest levels of IRF8 expression and the

strongest induction of CD103*CD11b™ cDCs out of all the treatment
combinations (Fig.4u and Extended Data Fig. 9h). Moreover, combina-
tiontreatment with an anti-PD-1and a TLR agonist cocktail—at dosesin
which each agonist alone was insufficient to completely control tumour
growth (Extended Data Fig. 9i)—significantly inhibited tumour growth
(Fig. 4v and Extended Data Fig. 9j).

YB328 shows specific antitumour features

We next examined whether theimmunomodulatory functions of YB328
are specific to this strain. Five representative bacterial strains were
chosen for analysis: one strainisolated from the faeces of responders
(Ruminococcus torques AE30) and four strains from species phylogenet-
ically close to YB328 (the type strains of the species Ruminococcus albus,
Clostridium leptum, Acutalibacter muris and Neglectibacter timonensis)
(Extended DataFig.4a). Among these, YB328 treatment led to the most
significantinduction of PD-1expressionin CD8T cells (Extended Data
Fig.10a) and specifically augmented antitumour effects of anti-PD-1
compared with the otherselected bacteria (Extended DataFig.10b). We
then compared the whole-genome sequences of YB328, the five bacte-
rial strains that lacked antitumour efficacy and P. vulgatus (Extended
Data Fig. 10c-f, Supplementary Table 10 and Supplementary Discus-
sion). Different cellular fractions of YB328 were also prepared to deter-
mine which components of YB328 were responsible for its antitumour
activity (Extended Data Fig.10g and Supplementary Discussion).

We also analysed whether the bacteria Akkermansia muciniphila*®
and Bifidobacterium longum®*, which reportedly improve responses
to cancer immunotherapy, possessed properties similar to those of
YB328. A. muciniphila, but not B. longum, exhibited a significant anti-
tumour effect when combined with anti-PD-1 treatment (Extended
DataFig.10h). A. muciniphila-treated BMDCs promoted CD103"CD11b~
cDC differentiation, which in turninduced PD-1 expression by CD8"
T cells (Extended Data Fig. 10i,j). However, A. muciniphila induced
the expression of IRF8 but not S6K or STAT3 phosphorylation in DCs
(Extended Data Fig. 10k-m). Together, these results demonstrate the
uniqueness of YB328.

YB328 mobilizes cDCs to tumour lesions

We next investigated the location of CD103°CD11b™ cDC differentiation
and CD8' T cell activation. The abundance of CD103°CD11b" cDCs,
but not CD103°CD11b* DCs, in the lamina propria and Peyer’s patch
was significantly higher after YB328 treatment than after P. vulgatus
treatment (Fig. 5a,b). The frequencies of migratory CD103"CD11b" cDCs
were also significantly increased in the dLNs (inguinal LNs) and the
TME of mice treated with YB328 and anti-PD-1 (Fig. 5¢,d). Moreover,
the frequency of CD103*CD11b  cDCs was comparable to that observed
after P. vulgatus treatmentin tumour nondraining LNs (NdLNs: inguinal
LNsonthe opposite flank of the tumour) and the spleen (Extended Data
Fig.11a,b). CD103'CD11b" cDCsin the mesenteric lymphnodes (MLNs)
of mice treated with YB328 exhibited significantly increased expres-
sion of CCR7, a crucial chemokine receptor for migration**¢ (Fig. 5e).
PD-1'CD8' T cells co-expressing TCF-1significantly proliferated in the
tumour dLNs, but not in the MLNs, of YB328-treated mice, and this
phenotype was not observed in P. vulgatus-treated mice (Fig. 5f and
Extended Data Fig. 11c).

We next used mice expressing photoconvertible Kikume green-red
(KikGR) to trace intestinal immune cells (Fig. 5g). In contrast to those
in P. vulgatus-treated mice, intestinal immune cells (KikR" cells)
showed substantial infiltration in the tumour dLNs of YB328-treated
mice (Fig. Sh). The intestinal infiltration of KikR*CD103*CD11b™ cDCs
into the dLNs and MLNs was higher in YB328-treated mice than in
P. vulgatus-treated mice but was not higher in NdLNs, spleens or
cervical lymph nodes (Fig. 5i and Extended Data Fig. 11d). Moreover,
treatment with YB328, but not P. vulgatus, increased the abundance of
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cell density (mmz)

CD45" cells). k, The KikR™/KikR" ratio of PD-1'CD8" T cells (representative
staining (left) and ratio summary (right)) in tumours. Cells were gated on
PD-1'CD8'CD3"cells.l, The TCR VB repertoire in CD8" T cellsin the indicated
organs. Fori-1,n=3-6 mice pergroup. Fora-1,each dotinthe summary graphs
indicates one mouse. The data are presented asthe mean + s.d.m-q, Assaysin
human samples. m, Representative multipleximmunohistochemical staining
of tumours from patients with GC. Scale bars,200 pm.n,0, Correlationbetween
the YB328 abundanceinthe faeces of patients and the density of PD-1'CD8' T cells
(n) or CLEC9A'IRF8" cells (0).n =20 patients. p,q, Correlation between PD-1'CD8"
T cellsand CLEC9A'IRF8" cells (p) and correlation coefficients between
PD-1'CD8' T cellsand otherimmune cells (q). n = 24 patients. For n-p, each dot
indicates one patient, and the relative correlation was assessed by two-sided
Pearson’s correlation. Significance was assessed using two-sided unpaired
Student’st-test (a-c,e,f,j-k), one-way ANOVA with Bonferroni correction (d,i)
or ANOSIM with one-tailed significance using 999 permutations (I).



KikR*CD103" DCs and the number of KikR'PD-1'CD8" T cellsin the TME
(Fig. 5j,k). Although the frequency of KikR'PD-1°CD8" T cells was slightly
increased in the MLNs of YB328-treated mice, the TCR V[ repertoire
of tumour-infiltrating CD8" T cells was significantly different from
that of CD8" T cells in MLNs (Fig. 5l and Extended Data Fig. 11e), which
indicated that there was local activation of tumour-antigen-specific
CDS8" T cells. By contrast, the frequencies of KikR'PD-1"'CD8" T cells
and KikR*CD11b" cells were comparable in the dLNs, NdLNs, spleens
and cervical lymph nodes after YB328 or P. vulgatus administration.
However, KikR'FOXP3* T cells were slightly increased in the dLNs of
YB328-treated mice (Extended Data Fig. 11e-g). Moreover, YB328 itself
was not detected in the tumour (Extended Data Fig. 11h). These data
support the notion that YB328 promotes the migration of intestinal
CD103*CD11b™ cDCs into tumour dLNs and the TME and primes and
activates CD8' T cellsin situ, which augments the antitumour efficacy
of PD-1blockade treatment.

YB328 augments human antitumour effects

YB328 abundance was significantly associated with the infiltration of
PD-1'CD8'T cellsand IRF8*CLEC9A" DCs, which correspond to mouse
CD103*CD11b™ ¢DCs%, inthe TME of patients treated with PD-1blockade
therapies (Fig. 5m-o and Extended Data Fig.12a,b). The abundance of
PD-1'CD8'T cells was significantly correlated with that of IRFS*CLEC9A*
DCsbut notwith that of CD206* or CD14" cells (Fig. 5p,q and Extended
Data Fig.12c).

We confirmed these findings in our validation cohort (GC, n=14;
NSCLC, n=7; collected from January 2018 to September 2018; see
Methods) (Supplementary Tables 1-5). In accordance with our dis-
covery cohort (GC, n=35; NSCLC, n=15; collected from March 2017
to December 2017; see Methods), the presence of YB328 in gut micro-
biota showed a clear correlation with a favourable clinical outcome,
and patients with abundant YB328 exhibited a significantly longer
PFS (Extended Data Fig. 12d,e). In a prospective cohort of patients
with head and neck squamous cell carcinoma (HNSCC) (Supplemen-
tary Table 11), the YB328 phylotype was more abundant in the faeces
of the responder group than in the non-responder group (Extended
DataFig.12f). We also analysed datasets from the Japanese nationwide
MONSTAR project (MONSTAR cohort)*” (Supplementary Table 12).
Patients with malignant melanoma (MM) in the MONSTAR cohort had
ahigherabundance of Akkermansiainthe responder group thaninthe
non-responder group, as previously observed’. Moreover, YB328 was
more abundant in the responder group of not only patients with MM
and in patients with renal cell carcinoma, both of which are known to
beimmunotherapy-favourable cancer types, but also in patients with
GC (thereby validating our results) and in patients with oesophageal
cancer (Extended Data Fig. 12g). Furthermore, in a public dataset*®
from patients with MM treated with anti-PD-1, responders exhibited
significantly higher YB328 colonization than non-responders 3 months
after FMT and anti-PD-1treatment (Extended Data Fig. 12h). Thus, a
high abundance of YB328 in faeces correlates with responsiveness
to anti-PD-1treatment in multiple types of cancer. Similarly, YB328
treatment also significantly increased the antitumour efficacy of the
adoptive cell transfer of tumour antigen-specific CD8' T cells (Extended
Data Fig.12i). Overall, patients with a high abundance of YB328 in gut
microbiota have a substantial number of CD103°CD11b™ cDCs, which
enable CD8'T cells to respond to diverse tumour antigens and conse-
quently improving the clinical efficacy ofimmunotherapies (Extended
Data Fig. 12j).

Discussion

One of the difficultiesin elucidating the detailed mechanisms by which
gut microbiotainduce antitumour immunity stems from the complex
composition of the microbiota. Restoring and cultivating anaerobic

gut microbiota from faecal preservation is technically challenging.
Currently, most studies use commercially available bacterial strains,
which may limit the clinical relevance of these studies. Here, we suc-
cessfully isolated a previously undescribed bacterial strain, YB328,
from the faeces of patients who responded to PD-1 blockade therapy
andrevealed the mechanism by which YB328 improves responsiveness
to immunotherapy. On the basis of publicly available 16S rRNA gene
sequencedata, YB328 was estimated to be in the gastrointestinal tract of
approximately one-fourth of Japanese individuals. As YB328 abundance
ranges from 0.01% to 1%, which indicates that YB328 constitutes arela-
tively small fraction of microbiota, intervention with YB328 provides
alarge window to increase its abundance and to improve antitumour
immunity (Extended Data Fig. 4b).

The occupation ofimmunodominant antigen-specific CD8" T cellsin
the TME rapidly exhausts CD8'T cells, which hampers the antitumour
efficacy of ICB therapies in patients*. YB328 optimizes the range of
tumour antigens that contribute to the antitumour efficacy of PD-1
blockade therapy. YB328-stimulated cDCs provided enhanced T cell
stimulation signalling to reduce the threshold required for CD8* T cell
antigenrecognition. Consequently, PD-1"CD8" T cell clones with diverse
TCRs against both immunodominant and subdominant tumour anti-
gens were primed and activated, which resulted in a favourable PD-1
blockade treatment outcome (Extended DataFig.12j and Supplemen-
tary Discussion).

Our findings, together with previous reports*>*°~? suggest that gut
microbiotadiversity canserve as a pan-ethnic predictive biomarker for
response to PD-1blockade therapy across different cancer types. One
canthen envision a plausible explanation for the association between
high diversity of the gut microbiota and clinical responses to ICB>.
That is, bacteria that are beneficial for antitumour immunity, such as
YB328, firstinduce CD103°CD11b" cDC differentiation and activation
and further sensitize these cDCs to TLR ligands. We propose a two-step
activation system that involves YB328 for CD103*CD11b™ cDC prog-
enies in the gut to activate CD8" T cells in the TME, namely, primary
direct activation and secondary activation induced by other bacteria
(Extended Data Fig. 12j,k).

In summary, we demonstrated that a new bacterial strain, YB328,
stimulates DCsin GALTs to augment antitumour immunity in the TME.
We also presented the mechanism of spatiotemporal regulation of DCs
by the microbiome from GALTSs to the distant TME for the priming and
activation of tumour antigen-specific CD8" T cells.
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Methods

Patients and samples

Patients with advanced NSCLC (n = 22) and patients with GC (n =49)
who received PD-1 blockade monotherapy (nivolumab or pembroli-
zumab) from March 2017 to September 2018 were enrolled in this
study. Patients were separated into two independent cohorts in this
study: the discovery cohort, in which patients with NSCLC or GC
received PD-1blockade monotherapy from March 2017 to December
2017 (n=50; NSCLC, n=15; GC, n =35), and the validation cohort, in
which patients with NSCLC or GC received PD-1blockade monotherapy
fromJanuary2018to September2018 (n=21;NSCLC,n=7,GC,n=14).
Patients with HNSCC (n =16) who received PD-1blockade monotherapy
(nivolumab or pembrolizumab) from June 2022 to October 2023 were
also enrolled in this study. Patients with HNSCC who tested positive
for human papillomavirus were excluded. In the MONSTAR cohort?,
patients who received PD-1blockade monotherapy (nivolumab or pem-
brolizumab) were enrolled from July 2019 to February 2022. Cancer
types with n >15 patients (advanced MM (n =16), renal cell carcinoma
(n=44),GC(n=32)and oesophageal cancer (n =29)) were analysedin
this study. Patients who were treated with antibiotics or microbiome
intervention therapy within1 month (the NSCLC and GC cohortand the
HNSCC cohort) or 3 months (MONSTAR cohort) before the initiation
of treatment were excluded from this study. Patients who achieved
a complete or partial response or stable disease lasting >6 months
were classified as responders and those who progressed on therapy
or had stable disease <6 months were classified as non-responders
per the Response Evaluation Criteria in Solid Tumors (RECIST; v.1.1).
Forty-seven patients (discovery cohort: NSCLC, n=4 and GC, n =22;
validation cohort: NSCLC, n=7 and GC, n=14) had an available
quantity of TIL isolated; these samples were subjected to multiple
immunological analyses. Stool samples were collected within 1 week
beforeinitial treatment with a DNA stabilizer (FS-0009, TechnoSuruga
Laboratory) according to the manufacturer’s instructions and then
stored at —80 °C. Fresh tumour samples were obtained from primary
or metastatic tumours by needle or endoscopic biopsy within 2 weeks
before initial administration and subjected to immunological analy-
ses. Clinical information of patients was obtained from their medical
records.

PD-L1immunohistochemistry

Anti-PD-L1monoclonal antibody (22C3, Dako; SP142 or SP263, Roche)
was used forimmunohistochemistry (IHC) withanautomatic staining
instrument (BenchMark ULTRA, Roche) as previously described®*. PD-L1
positivity was defined as staining in 1% or more of the tumour cells.

Evaluation of mismatch repair status

Anti-mutL homologue 1(MLH1; ESO5) monoclonal antibody, anti-mutS
homologue 2 monoclonal antibody (MSH2; FE11), anti-postmeiotic seg-
regationincreased 2monoclonal antibody (PMS2; EP51) and anti-mutS
homologue 6 monoclonal antibody (MSH6; EP49) (all from Dako) were
used for IHC. Tumours were considered negative for MLH1, MSH2,
PMS2 or MSH6 expression if there was a complete absence of nuclear
staining in tumour cells. Normal epithelial cells and lymphocytes were
used as internal controls. Tumours lacking MLH1, MSH2, PMS2 or MSH6
expression were considered deficient in mismatch repair, whereas
tumours that expressed all these markers were considered proficient
in mismatch repair.

Evaluation of Epstein-Barr virus status

Chromogenic in situ hybridization for RNA encoding Epstein-Barr
virus was performed with fluorescein-labelled oligonucleotide probes
(INFORM EBER probe) with enzymatic digestion (ISH protease 3, Roche)
and an iViewBlue detection kit (Roche) with the BenchMark ULTRA
staining system.

Analysis of human TILs

Tumour tissues were minced and treated within 72 h after surgery
accordingtoaTIL preparation protocol using an optimized tissue pres-
ervationreagent (Tumor & Tissue Preservation Reagent (TTPR)) and a
TIL isolation reagent (Tumor & Tissue Dissociation Reagent (TTDR)),
which were codeveloped by BD Biosciences®. Alternatively, tumour tis-
sues were treated immediately with agentleMACS Dissociator (Miltenyi
Biotec) as previously described®. These samples were analysed using
aBD LSRFortessa X-20 (BD Biosciences) or a FACSymphony system
(BD Biosciences).

Flow cytometry analysis

Cells were washed with PBS containing 2% FCS and stained with the
indicated antibodies and fixable viability dye. After staining for cell
surface markers, the cells were intracellularly stained with antibodies
with a FOXP3 staining buffer set (Thermo Fisher Scientific) according
tothe manufacturer’sinstructions. After washing, cells were analysed
with aBD LSRFortessa X-20 (BD Biosciences) or a FACSymphony system
(BD Biosciences). The data were analysed with FlowJo software (v.10.8.1;
BD Biosciences). The staining antibodies were diluted according to the
manufacturer’sinstructions. To analyse the similarity of the CD8" TCR
VB repertoires, the expression of TCR V3 was evaluated and presented
asanordination plot by uniform manifold approximation and projec-
tion. To analyse the diversity of TLR expression on DCs, the Shannon
index of TLR expression was calculated based on the expression of
TLR1-TLRO.

DNA extraction from faecal samples

Total DNA extraction was conducted using a QlAamp DNA Stool Mini kit
(Qiagen) according to the manufacturer’s instructions. To increase the
recovery of bacterial DNA, particularly from Gram-positive bacteria,
pretreatment with lytic enzymes was performed before extraction
using astool kit. In brief, 100 mg faecal sample was suspendedin10 ml
Tris-EDTA buffer (pH 7.5), and then 50 pl of 100 mg ml™ lysozyme type VI
purified from chicken egg white (MP Biomedicals) and 50 pl of 1 mg ml™
purified achromopeptidase (Fujifilm Wako Pure Chemical) were added.
The solutionwasincubated at 37 °C for 1 h with mixing. Next, 0.12 g SDS
(final concentration of 1%) was added, and the suspension was mixed
until it became clear. Next, 100 pl of 20 mg ml™ proteinase K (Fujifilm
Wako Pure Chemical) wasadded, followed by incubationat 55°Cfor1h
withmixing. The cell lysate was then subjected to ethanol precipitation.
The precipitate was dissolved in1.6 ml ASL buffer from the stool kit and
subsequently purified using a QlAamp DNA Stool Mini kit (Qiagen). For
the HNSCC cohort, DNA was extracted using an ISOSPIN Fecal DNA kit
(Nippon Gene) following protocol N as previously described®.

16S rRNA gene sequencing

Eachlibrary was prepared according to the ‘lllumina16S Metagenomic
Sequencing Library Preparation Guide’ with a primer set (27Fmod:
5-AGRGTTTGATCM TGG CTC AG-3’ and 338R: 5’-TGC TGC CTC CCG
TAG GAG T-3’) targeting the V1-V2 region of the 16S rRNA gene. Next,
251-bp paired-end sequencing of the amplicon was performed using
MiSeq (Illumina) with a MiSeq v.2 500 cycle kit. The raw sequences
were demultiplexed and quality-trimmed with a FASTX-Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/index.html, v.0.0.14) and BBtrim
(http://bbmap.sourceforge.net, v.33.21). A total of 20,000 reads per
sample were randomly selected using seqtk (v.1.3-r106) for further
analyses. The processed sequences were clustered into operational
taxonomic units (OTUs) defined at a 97% similarity cut-off using
UCLUST (v.1.2.22q). Representative sequences for each OTU were
then classified taxonomically by using RDP Classifier (v.2.2) with the
Greengenes (v.13 8) database. The bioinformatics pipeline QIIME
(v.1.9.1) was used as the informatics environment for all relevant
processing of raw sequencing data and the determination of relative
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bacterial abundances. For the HNSCC cohort, sequencing libraries of
the V4 hypervariable region of the 16S rRNA gene were prepared as
previously described®® and sequenced on anlllumina MiSeq instrument
with V2 chemistry (2 x 251 bp reads).

Bacterial diversity analysis

Alpha diversity was estimated using the Shannon index, which cap-
tures both microbiota richness and evenness, after subsampling to
anevendepth (10,000 reads per sample). Beta diversity was assessed
by unweighted UniFrac distance matrices and visualized by PCoA. The
PCoA of unweighted UniFrac distances was performed with QIIME, and
theresults were plotted using R (v.4.02). ANOSIM was used to evaluate
the significant differences between groups.

LEfSe

Kruskal-Wallis and pairwise Wilcoxon tests were performed, followed
by LDA to assess the effect size of each differentially abundant taxon®.
Bacteria with markedly increased abundance were defined as those
withalog,,[LDA score] > 3.

Estimation of YB328 phylotype abundance

Phylotype analysis, as delineated on the basis of the YB328 amplicon
sequence variant (ASV) using 16S rRNA gene amplicon sequencing
data, was performed for the following datasets: (1) prospective cohort
of patients with HNSCC (V4 region, sequencing performed in this
study); (2) MONSTAR cohort (V3V4 region, sequencing data obtained
with permission from the MONSTAR alliance); and (3) two publicly
available sequencing datasets***° (both V3V4 region). For ref. 60, data
captured two healthy Japanese cohorts, namely the MORINAGA cohort
(n =704 for study accession DRP005906) and the NIBIOHN cohort
(n=1,280 for study accessions DRP007219, DRP007221, DRP007218,
DRP007222 and DRP007220); the data were downloaded from the
DDBJ Sequence Read Archive (DRA) in fastq format. For ref. 48,
sequence data were obtained from the NCBI Sequence Read Archive
(SRA) under BioProject PRINA928744. In all cases, sequencing reads
were denoised to obtain ASVs using DADA2 (v.1.26.0)%". For this pur-
pose, primersin the reads were trimmed using Cutadapt (v.4.2)%? and
read pairs without identifiable primers and undetermined bases (Ns)
werediscarded. Reads were then further trimmed by length (truncLen
option) and filtered onthe basis of their expected error (maxEE option)
using the filterAndTrim function of DADA2. For the publicly avail-
able sequencing data, forward and reverse reads were denoised on a
per-sample basis using the dada functionin DADA2 with the options
err =NULL and selfConsist = TRUE. For the data generated in this
study (that is, the prospective cohort of patients with HNSCC) and
the MONSTAR cohort data, error models for the forward and reverse
reads were generated using the learnErrors function in DADA2 on a
per-sequencing run basis. After denoising using the dada function
with the run-specific error models, ASV tables were merged using
mergeSequenceTables functionin DADA2 and chimeras were removed
using the removeBimeraDenovo function withmethod = “consensus”.
For all datasets, asingle ASV that perfectly matched the 16SrRNA gene
sequence of YB328 was retained and used to calculate the relative
abundance of YB328 (phylotype). To verify the specificity of detec-
tion of YB328, the V4 and V3V4 ASVs of YB328, as extracted from its
whole-genome sequence, were compared against the Greengenes2
database (release 2024.09; Supplementary Datal).

Metagenomic sequencing

The shotgun sequencing library for each microbial sample was con-
structed using Illumina DNA Prep (Illumina). The lllumina library
was converted to a library for DNBSEQ using an MGIEasy Universal
Library Conversion kit (App-A, MGI). Sequencing was performed on
aDNBSEQ-G400RS (MGI) in150-bp paired-end mode. All procedures
were performed according to the manufacturer’s instructions.

Whole-genome sequencing of bacteria

The genomic DNA of YB328 and P. vulgatus AE61 was extracted using
an enzymatic lysis method with Qiagen Genomic-tip 100/G columns
according to the manufacturer’s protocol. The complete genome
sequence of strain YB328 and a high-quality draft genome of P. vulg-
atus AE61 were determined using PacBio HiFi (high-fidelity) reads
(Supplementary Table 7). PacBio sequencing, including library prepa-
rationand library quality control, were performed by Bioengineering
Lab. In brief, short DNA fragments were removed using a Short Read
Eliminator kit (PacBio) and retained DNA was sheared using a Cova-
ris instrument to a size of 10-20 kbp. Sequencing libraries were then
prepared using a PacBio SMRTbell Prep kit 3.0 and a SMRTbell gDNA
Sample Amplification kit and quantified using a QuantiFluor dsDNA
system (Promega) and an Agilent HS Genomic DNA 50 kb kit (Agilent
Technologies) for quantification and size distribution, respectively.
The library was then treated with a Revio Polymerase kit (PacBio)
and sequenced on a Revio instrument. HiFi reads (Q20) were gener-
ated using SMRT Link (v.13.0.0.207600) to remove overhang adapter
sequences and to create consensus sequences based on the result-
ant subreads. Lima (v.2.9.0) and pbmarkdup (v.1.0.3) were used for
removing ultra-low PCR adapter sequences and PCR duplex reads,
respectively. The resulting reads were assembled using Flye (v.2.9.5)
and specifying the parameters --genome-size 3 m--asm-coverage 40. A
phylogenetic tree showing the phylogenetic placement of YB328 and
related taxa was constructed based on 120 single-copy marker genes
using GTDB-Tk (v.2.4.0) with GTDB release 220 reference data. Protein
sequences of identified marker genes (using the identify function of
GTDBTk) were aligned using the align function of GTDBTk with the
option skip_trimming. Aligned protein sequences were then loaded
into an ARB (v.7.0) database, representative genomes were selected
and the data were exported with custom masks for uninformative
sites. Approximate maximum-likelihood phylogenetic trees were
inferred using FastTree (v.2.1.1053), and the trees were visualized
in ARB. The average nucleotide identity (ANI) values were then cal-
culated using fastANI®®* through comparisons of YB328 and closely
related species. Genome gene identification was performed with
Prodigal (v.2.6.3) with the default settings®. The predicted protein
sequences were further analysed by matching against the Clusters of
Orthologous Groups (COGs) database (release 3.10 in the Conserved
Domain Database)® using RPS-Blast (BLAST v.2.9.0+; E value cut-off
of 0.01), the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (release 2019-11-18)%¢ and the Virulence Factor Database
(VFDB; release 2022.04)%” and by protein alignment using DIAMOND
(v.2.0.13)8, Coding sequences unique to strain YB328 (see Extended
DataFig.4afor genome accessions) wereidentified using CompareM
(v.0.1.2; https://github.com/dparks1134/CompareM) with default
settings.

Quantification of species abundances based on metagenome
sequencing data

Taxonomic profiling using metagenome sequencing data was per-
formed through read-level taxonomic assignment with Kraken2
(v.2.1.3)%, followed by estimation of relative abundances using Bracken
(v.2.9)°. For this purpose, paired-end reads were processed using fastp
(v.0.23.2 0r v.0.24.0)" with the following settings: --trim_taill 1 --trim_
tail2 1--cut_right --cut_right_window_size 4 --cut_right_mean_quality
15 --qualified_quality_phred 15 --unqualified_percent_limit 40 --trim_
poly_x--poly_x_min_len10--n_base_limit O --length_required 75. Reads
were then filtered using NCBI's BMTagger (v.3.101) to remove reads
derived from the human genomic DNA. Taxonomic assignment of the
reads was performed using Kraken2 against a customized version of
the GTDB (v.220), with options --confidence 0.30 --use-names --paired.
Species abundances were then estimated based on the Kraken2 output
using Bracken, with options -r 150 -t 10.
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To construct the custom GTDB-based database, we built Kraken2
and Bracken databases using all species-representative genomes in
the GTDB (v.220; n =113,104 total bacterial and archaeal genomes),
after replacing the corresponding genomes of the species P. vulga-
tus (representative: GCF_000012825.1) and H. mulieris (representa-
tive: GCF_020687165.1) by the two genome sequences generated
in this study. Furthermore, to reduce the potential of false-positive
assignments, a representative human genome sequence (GRCh38)
was also included in the database. Construction of the Kraken2 and
Bracken databases largely followed the schemeimplemented in Struo2
(ref.72), with adefault k-mer length of 35and specifying aread length
of150 for the bracken-build command.

Toinvestigate the abundance of YB328 onaglobal scale, we analysed
1,188 human faecal metagenomic datasets from NCBI's SRA. In this
study, we focused on samples from healthy individuals; these were
identified on the basis of the metadata available in GMrepo2 (ref. 73)
and HumGut™ by retaining entries marked as ‘'D006262’ and ‘Healthy’
for GMrepo2 and HumGut, respectively. Datawere retrieved in FASTQ
format using the SRA Toolkit’s prefetch and fasterq-dump commands,
and thenuniformly processed and analysed using fastp and Kraken2 as
described above for the in-house generated sequencing data.

Bacterial identification and culture

All bacterial strains were isolated from fresh human faecal samples.
The collected faecal samples were transported under 100% CO, using
adeoxygenating agent (Mitsubishi Gas Chemical) to a vinyl anaero-
bic chamber (COY) with an atmosphere composed of N,, H, and CO,
(8:1:1). The faecal samples were diluted with pre-reduced dilution
buffer to 1.0 x 10 g mlin a tenfold dilution series. Fifty microlitres
of .0 x10°gml™,1.0 x107gml™"and 1.0 x 10 8g ml™ diluted faecal fluid
was inoculated on Eggerth-Gagnon (EG) agar plates” supplemented
with 5% (v/v) horse blood and M98-5 agar plates™. After incubation for
48 hat37°C, every colony grownon the plates was picked and subcul-
tured on new plates for purification and growth. The obtained strains
were preserved in pre-reduced nutrient broth (BD Biosciences) sup-
plemented with10% glycerolat—80 °C, and a portion of the colony was
used for bacterial taxon identification. For bacterial taxon identifica-
tion, the 16SrRNA gene sequence of the strains was amplified using the
universal primers 27F (5-AGAGTTTGATCCTGGCTCAG-3’) and 1492R
(5’-GGTTACCTTGTTACGACTT-3’), and almost-full-length 16S rRNA
genes were sequenced with the universal primers using a previously
described procedure”. The species of the strains were determined by
NCBIBLAST searches if the similarity between the query and the results
exceeded 99%. Bacteroidesvulgatus AE61 (renamed P. vulgatus), Selli-
monas intestinalis AE3, Clostridium colicanis AE66, Eggerthella lenta
AE7, Ruminococcustorques AE30 and YB328 were isolated from EG agar
plates. Erysipelatoclostridium ramosum AM28 was isolated using M98-5
agar plates. Ruminococcus albus JCM 14654 was obtained from the
Japan Collection of Microorganisms (JCM) (RIKEN). Acutalibacter muris
DSM 260907, Neglectibacter timonensis DSM102082" and Clostridium
leptum DSM 753" were obtained from the German Collection of Micro-
organisms and Cell Cultures. A. muciniphila BAA-835" and B. longum
BAA-999 were obtained from the American Type Culture Collection
(ATCC). The culture method for the commercial bacteria was performed
accordingto the manufacturer’sinstructions. Forinoculation of these
bacterial strainsinto mice, the cells were collected using degassed GAM
broth (Nissui) in an anaerobic chamber and were then suspended at a
concentration of approximately 1.0 x 10° cells per mlin pre-reduced
PBS containing 0.05% (w/v) L-cysteine-HCI-H20 or 15% (w/v) glycerol
solution for storage. Untilinoculation, the suspended bacterial strains
were kept at—80 °C.

Cell culture
The mouse colon cancer cell line MC38 (ENH204, Kerafast) and the
mammary carcinoma cell line EMT6 (CRL-2755, ATCC) were cultured

in high-glucose DMEM (Fujifilm Wako Pure Chemical) supplemented
with10% FBS (Biosera) and 2 mM L-glutamine. Mouse B16F10 (CRL-6475,
ATCC) and B16F10-OVA (stable transfectant derived from B16F10 cells,
which were generated in house) melanoma cell lines were cultured in
RPMI-1640 (Fujifilm Wako Pure Chemical) supplemented with10% FBS
(Biosera) and 2 mM L-glutamine. All cell lines are confirmed to be free
of mycoplasma contamination. For the induction of BMDCs frombone
marrow (BM), 4 x 10° BM cells were cultured in tissue-culture-treated
6-well plates in 4 ml complete medium (RPMI-1640 (Fujifilm Wako
Pure Chemical) supplemented with 2 mM L-glutamine and 10% FBS)
containing 20 ng ml": GM-CSF (Peprotech) as previously described’.
Half of the medium was removed on day 2, and fresh complete medium
containing 40 ng mI™ GM-CSF was added. The culture medium was
entirely discarded on day 3 and replaced with complete medium con-
taining 20 ng ml™ GM-CSF. For the bacterial stimulation experiments,
the multiplicity of infection (m.o.i.) of bacteria used to infect BMDCs
was 100 or indicated in each figure legend. For the TLR stimulation
experiment, flagellin (25 ng ml™, InvivoGen), R848 (25 ng ml™, Selleck
Chemicals) and/or ODN-1826 (250 ng ml ™, InvivoGen) were adminis-
tered for 24 hin complete medium containing 20 ng ml™ GM-CSF. CDPs
were isolated from BM cells by cell sorting and cultured with FLT3L
(100 ng ml™, Peprotech) and IMDM (Merck) supplemented with2 mM
GlutaMax (Merck), 55 uM 2-mercaptoethanol (Merck), 25 mM HEPES
(Merck),1 mM sodium pyruvate (Merck) and 10% FBS. CDPs were identi-
fied as LIN"CD117™CD135'CD115"CD11c"MHCII" BM cells, which lacked
the markers of other cell lineages, including CD19, B220, CD3, NK1.1
and TER-119 (refs. 79-81). Bone marrow-derived macrophages were
induced from BM cells as previously described® and cultured in DMEM
containing 10 ng ml™ M-CSF (Peprotech). THP-1-derived reporter cell
lines expressing human TLRs (hTLR7, hTLR8 and hTLR9) were cultured
according to the manufacturer’s instructions (InvivoGen). Cells were
stimulated with YB328 for 24 h, and supernatants were collected for
downstream analyses. For YB328 fractionation, YB328 was cultured
with GAM broth (Nissui) at 37 °C for 16 h. Using the collected cells, the
cellmembrane fraction and cytoplasm fraction were prepared using
thebead-beating method as previously described®*, Using the culture
supernatant, the membrane vesicle fraction and supernatant fraction
(without membrane vesicles) were prepared by ultracentrifugation
previously as described®®¢, For the stimulation of fractions of YB328,
each fraction was added to the culture medium at a concentration of
10% (v/v). The MC38,EMT6 and B16F10 cell lines were pre-authenticated
by ATCC using short tandem repeat sequencing. OVA expression in
B16F10-OVA cells was confirmed by flow cytometry. THP1-Dual™ hTLR?7,
THP1-Dual™hTLR8 and THP1-Dual™hTLR9 cells were not authenticated
but were functionally validated for responsivenessto their respective
TLR agonists, serving as positive controls.

Animal models

C57BL/6 mice and BALB/c) mice (6-10 weeks old) were purchased from
CLEAJapan. OT-ITCR transgenic mice® (provided by W. R. Heath, Uni-
versity of Melbourne), Myd88” mice®, Tlr7”", Tlr9”" and Tlr7 " Tir9”"~
mice (Oriental Bio Service, provided by S. Akira, WPl Immunology
Frontier Research Center, Osaka University), Batf3” mice® (The
Jackson Laboratory, provided by K. Murphy, Washington University
School of Medicine) and Kikume Green—Red (KikGR) mice®® (RIKEN
BioResource Research Center, provided by M. Tomura, Kyoto Univer-
sity Graduate School of Medicine) were used. GF mice were bred and
maintained in the gnotobiotic facilities of the Central Institute for
Experimental Animals or purchased from CLEA Japa or Sankyo Labo
and maintained within the gnotobiotic facilities of the National Insti-
tute of Advanced Industrial Science and Technology. Other mice were
housed in cages under SPF conditions, provided with standard food,
given free access to hypochlorous weak-acid water and housed with a
12-12-h light-dark cycle with lights on at 8:00. The temperature was
maintained at 22 °C (20-26 °C), and the humidity was 45% (40-60%).
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In tumour challenge experiments, syngeneic mice were subcutane-
ously inoculated with 1 x 10® MC38 colon cancer cells, 1 x 10 EMT6
mammary carcinoma cells, 5 x 10° BI6F10 melanoma cells or 5 x 10°
B16F10-OVA melanoma cells in a total of 100 pl of PBS. The mice were
randomized into different groups, ensuring that the tumour size was
similar across all groups before the initiation of treatment. Anti-PD-1
monoclonal antibody (200 pg per mouse; clone: RMP1-14; BioLegend),
anti-CSFIR monoclonal antibody (100 pg per mouse; clone: AFS98;
Bio X Cell) or isotype control antibody (clone RTK2758; BioLegend)
wasintraperitoneally administered 3 times at 3-day intervals. Tumour
length and width were measured on the indicated days, and tumour size
was calculated as V =V (tumour length x tumour width?). Theimmu-
nological profile of the TME was analysed on days 13 or 15 after tumour
inoculation. For TLR agonist injection, TLR agonists (0.5 pg flagellin,
5ugR848and/or 5 pg per ODN-1826 per mouse) were intraperitoneally
administered. Mice were monitored twice aweek and euthanized when
the subcutaneous tumour diameter exceeded 20 mm. In some FMT
and bacterial administration experiments, mice were preconditioned
with antibiotics (ampicillin 500 mg 1" (Merck), neomycin 500 mg 1™
(Merck), metronidazole 1g 1™ (Merck) and vancomycin 500 mg 1™
(Merck)) dissolved in sterile drinking water. Mice received bacterial
or faecal transplantation by oral gavage using feeding needles. For
FMT, we were able to collect faecal samples sufficient for in vivo animal
models after examining gut microbiota from a total of 6 patients—3
responders and 3 non-responders—and used the faecal samples from
these patients for eachindependent experiment. Faecal samples (0.1 g)
were dissolved in 10 ml PBS and administered to mice by oral gavage
(100 pl per mouse). For the bacterial administration experiments,
we prepared the bacterial stock at 108 cells per ml and administered
it to mice by oral gavage (100 pl per mouse). Intestinal-cell-labelling
experiments were performed as previously described®. In brief, the
small intestine was drawn from the abdominal cavity and photocon-
verted by exposure to violet light (435 nm, 40-50 mW cm ) for 90 s
by laparotomy. Nontargeted regions were protected from light using
aluminium foil. For adoptive transfer experiments, splenocytes were
collected from OT-I TCR transgenic mice, and CD8" T cells were puri-
fied with CD8a microbeads (Miltenyi Biotec). SPF mice pretreated
with antibiotics were subcutaneously injected with BL6F10-OVA cells,
and the sorted CD8" T cells (1 x 10° cells per mouse) were transferred
by intravenous injection. No blinding was performed. Sample sizes
for animal experiments were chosen according to preliminary pilot
studies'>*??, and are in line with standards in the field.

Isolation of mouse immune cells

Toisolate TILs and lymphocytes fromthe lymph nodes, tissue samples
were collected and minced into small pieces, followed by digestion
with BD Horizon Dri TTDR reagent at room temperature for 20 min.
After dissociation, the cell suspension was filtered through a 70-um
strainer and washed with PBS supplemented with 1% BSA. For intestinal
tissues, smallintestines (duodenum, jejunumandilium) were excised.
The intestinal contents were removed by washing with HBSS. Fat tis-
sue was also removed. Peyer’s patches and mesenteric tissues were
carefully removed and digested in BD Horizon Dri TTDR according to
the manufacturer’s instructions. The intestines were further opened
longitudinally and cutinto 5-mm long segments. Tissues were digested
using aLamina Propria Dissociation kit (MiltenyiBiotec) according to
the manufacturer’sinstructions.

ELISAs

BMDCs were stimulated with the indicated bacteria for 12 h, and
chemokines and cytokines were measured using ELISA kits according
to the manufacturer’s instructions (CXCL9, Abcam; CXCL10, Thermo
Fisher Scientific; Proteome Profiler Mouse Chemokine Array kit,
R&D Systems; and IL12p70, Thermo Fisher Scientific). For profiling
chemokine expression with a Proteome Profiler Mouse Chemokine

Arraykit, the membrane was visualized using an LAS-4000 instrument
(GEHealthcare), and the raw imaging data were processed and analysed
with Image]J software (Fiji, v.2.0.0).

Features of YB328

The cell structure of YB328 was observed by scanning electron micros-
copy (S-4500; Hitachi) and transmission electron microscopy (H-7600;
Hitachi) as previously described®*®. In brief, for scanning electron
microscopy observation, YB328 cells were fixed with 2% glutaraldehyde,
post-fixed with 1% osmium tetroxide and dehydrated through agraded
ethanol series followed by 3-methylbutyl acetate. For transmission
electron microscopy observation, the cells were fixed with 2.5% glu-
taraldehyde and then post-fixed with 1% osmium tetroxide. The fixed
cells were suspended in 1% aqueous uranyl acetate. The biochemical
properties of YB328 were evaluated using an APIZYM system (bioMé-
rieux) according to the manufacturer’s instructions.

Confocal microscopy

CDS8" T cells from OT-I TCR transgenic mice were prestained with
1mg ml*Hoechst 33342 (Dojindo Laboratories) at 37 °C for 10 min,
washed and then cultured with the indicated bacteria-stimulated DCs
pulsed with OVA peptides. After 4 hof culture, the cells were collected.
Bacteria were prestained with SYTO Green Fluorescent Nucleic Acid
stains (Thermo Fisher Scientific) and cultured with BMDCs prestained
with CellTracker Deep Red dye (Thermo Fisher Scientific). All staining
procedures were performed according to the manufacturer’sinstruc-
tions. After 15 min of culture, the cells were collected. Cells were fixed
with 4% formaldehyde solution for 30 min, permeabilized with 0.5%
Triton X-100 for 10 min and blocked with PBS supplemented with 10%
BSA for1h. The fixed cells were stained with an anti-NFATC1 (Thermo
Fisher Scientific) monoclonal antibody overnight and then with a
DyLight 488 secondary antibody (Thermo Fisher Scientific). All the
antibodies were diluted in 10% BSA in PBS. Coverslips were mounted
with ProLong Diamond Antifade mountant (Thermo Fisher Scientific).
Images were captured by fluorescence microscopy (Carl Zeiss LSM-880,
Zeiss) and analysed using ZEN software (Zeiss).

Time-lapse microscopy

The DCs and T cells were prestained with 0.5 pM CellTracker Green
CMFDA dye, 0.5 pM CellTracker Red CMTPX dye, 0.5 uM CellTracker
Deep Red dye (Thermo Fisher Scientific) or 1 mg ml™ Hoechst 33342
at 37 °C for 10 min. Bacteria were prestained with SYTO Green Fluo-
rescent Nucleic Acid stains (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Prestained DCs (2 x 10°) were mixed
with prestained CD8" T cells from OT-I TCR transgenic mice (1 x 10°) or
bacteria (m.o.i.=100) and seeded into a culture dish. The videos were
recorded using an AIR MP" multiphoton microscope system (Nikon) or
afluorescence microscope (Carl Zeiss LSM-880, Zeiss). The raw imaging
datawere processed and analysed with Image) software (Fiji, v.2.0.0).

IVIS spectruminvivo imaging

Mice were depilated by hair removal cream 1 week before observation
using an VIS spectrumimaging system (IVIS kinetics, PerkinElmer), and
theiVid-neo diet (Oriental Bio) was applied 2 weeks before observa-
tion to reduce autofluorescence from the diet. After 4 days of photo-
conversion, in vivo fluorescence images were obtained (for KikG,
excitation filter =465 nm, emission filter = GFP; for KikR, excitation
filter = 570 nm, emission filter = Cy5.5). Analysis was conducted using
Living Image software (v.4.7.3, PerkinElmer).

RNA sequencing

Total RNA was extracted from BMDCs using a RNeasy Micro kit (Qiagen)
and further processed with a SMART-Seq v4 Ultra Low Input RNA kit
(TakaraBio).cDNAlibrary preparation was conducted with a Nextera XT
DNA Library Preparation kit (Illumina). The prepared RNA sequencing



libraries were subjected to next-generation sequencing witha NovaSeq
6000 (Illumina) using 150-bp read lengths in paired-end mode. The
reads generated for each RNA sample were analysed and compared
using the lllumina DRAGEN Bio-IT Platform. Sequencing reads were
aligned and annotated to the UCSC mouse reference genome (GRCm38.
p6) from Gencode. The number of transcripts per kilobase million was
calculated and used for downstream analyses. Expression levels across
samples were normalized by z score transformation.

Quantitative PCR

To determine the gene expression of BMDCs, total RNA was extracted
from BMDCs using a RNeasy Micro kit (Qiagen). cDNA synthesis was
performed with SuperScript IV VILO master mix (Thermo Fisher Scien-
tific). The TagMan gene assay probe was purchased from Thermo Fisher
Scientific (assay ID: Batf3/Mm01318273_m1;18S rRNA/Hs03003631_g1).
TagMan Fast Advanced master mix (Thermo Fisher Scientific) was used
to perform PCR, and the results were examined with a QuantStudio 7
Flex Real-Time PCR system (Thermo Fisher Scientific). The PCR condi-
tions were as follows: 50 °C for 2 min, 95 °C for 20 s, and 40 cycles of
95°Cfor3sand 60 °Cfor30 s. Gene expression was normalized to that
of the endogenous control gene 18S rRNA. Relative gene expression
betweengroups was determined using the comparative threshold cycle
method. YB328 and P. vulgatus were quantified in faeces and tumour
tissues by real-time PCR with a primer set targeting the recA gene of
YB328 (forward primer: 5-CCTCTTGGACCTTGCCGAAA-3’; reverse
primer: 5-ATACGCGTGCCGTTATACGA-3’) and the 16S rRNA gene of
P.vulgatus (5’-forward primer: CGGGCTTAAATTGCAGATGA; reverse
primer: 5-CATGCAGCACCTTCACAGAT-3’) as previously described®
using a QuantStudio 5 Real-Time PCRinstrument. The reactions (20 pl)
contained 1 x Power SYBR Green PCR master mix and 500 nM each of
the forward and reverse primers, and the thermal cycling conditions
were as follows: 95 °C for 1 min, 40 cycles of 95 °C for 30 s, 55 °C for
30s,and 72 °Cfor15s. A standard curve was prepared using purified
genomic DNA of YB328 and P. vulgatus.

Multiplex IHC staining

Formalin-fixed and paraffin-embedded blocks of tumour specimens
were sliced into 4-pm-thick sections on adhesion microscope slides
(Matsunami). The tissue slides were deparaffinized and rehydrated
for multiplex IHC staining. Antigen retrieval and subsequent staining
were performed using an Opal 7-Colour IHC kit (Akoya Biosciences)
according to the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed with Prism software (v.8; Graph-
Pad), SPSS (v.21.0;1BM) and R (v.4.02; R Foundation for Statistical Com-
puting). Patient characteristics were compared between the two groups
using Pearson’s chi-square test and Fisher’s exact test. ROC curves for
continuous variables were created by plotting the true-positive rate
against the false-positive rate at each threshold. The AUC shown in
each plot summarizes the performance of continuous variables. The
cut-off values of continuous variables were determined as the maxi-
mum sum of the sensitivity and specificity in ROC analyses. Survival
curves were estimated using the Kaplan-Meier method and compared
using the log-rank test. No statistical methods were used to predeter-
mine samplesize. Datawere analysed for anormal distribution using the
Shapiro-Wilk test before comparisons. The relationships between two
groups were compared using a two-sided Student’s t-test for normally
distributed data or the nonparametric Mann-Whitney U-test. For mul-
tiple testing, significance was determined by one-way ANOVA followed
by Bonferroni’s correction. Tumour volume curves were compared
using two-way ANOVA with the Tukey-Kramer method. The correla-
tion coefficient was evaluated by Pearson’s correlation. Univariate or
multivariate analyses were performed with the Cox regression model.
Allgraphs of animal and in vitro experiments show representative data

from at least two independent experiments. P < 0.05 was considered
toindicate significance. NS, not significant.

Inclusion and ethics

This study was conducted in Japan with the involvement of local
researchers throughout the research process, from conceptualiza-
tion to data analyses and manuscript preparation. All patients pro-
vided written informed consent before sampling, according to the
Declaration of Helsinki. Analyses of cohort samples were conductedin
ablinded manner and approved by the National Cancer Center Ethics
Committee (IRB protocol numbers: GC and NSCLC cohort: 2015-048
and2017-007; HNSCC cohort: 2022-346; MONSTAR cohort: 2018-367).
The GCand NSCLC cohort and the MONSTAR cohort are registered in
the UMIN Clinical Trials Registry (https:/www.umin.ac.jp/ctr/, IDs:
UMINO000019129 and UMINO00036749, respectively). The study was
not designed to evaluate outcomes based on participant characteristics
such as sex or ethnicity. Animal care and experiments were conducted
according to the guidelines of the animal committee of the National
Cancer Center/Institutional Animal Experiment Committee of National
Institute of Advanced Industrial Science and Technology after approval
by the Ethics Review Committee for Animal Experimentation of the
National Cancer Center (protocol numbers: K24-007 and K24-010) and
the Institutional Animal Experiment Committee of National Institute
of Advanced Industrial Science and Technology (protocol number:
2022-0413).

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

Data availability

Thewhole genome sequences of YB328 and P. vulgatus AE61 have been
deposited in the NCBI BioProject under accession PRJDB17635. The
16SrRNA gene sequences of the bacterial strainsisolated in this study
have been depositedin DDBJ, EMBL and GenBank under the accession
numbers LC719261 and LC744884-1.C744889, correspondingto strain
YB328, P. vulgatus strain AE61, S. intestinalis strain AE3, C. colicanis
strain AE66, E. lenta strain AE7, R. torques strain AE30 and E. ramosum
strain AM28. The metagenome and 16SrRNA gene amplicon sequencing
datagenerated in this study are available under BioProject accession
PRJDB17628. The datasets used in this study, including the HNSCC
cohort and the MONSTAR cohort, are not publicly available because
of their association with unpublished studies. Access to these datasets
is therefore restricted in accordance with institutional policies and
data protection requirements. Researchers interested in accessing
these data may submit a formal request to the corresponding author
H.N.The datasets for the Healthy Japanese cohort (the data have been
deposited in DNA Databank of Japan (DDBJ) under accession num-
bers DRP005906, DRP007219, DRP007221, DRP007218, DRP007222
and DRP007220), the MM cohort (BioProject PRINA928744)* and
the faecal metagenomics analysis of global abundance of YB328 in
healthy donors (BioProjects PRJEB6456, PRJEB21528, PRJNA422434,
PRJNA397112, PRJDB4176, PRJNA517801, PRINA529400, PRJEB27005,
PRJNA529124, PRJEB8094, PRJEB17896, PRJNA328899, PRJEB7369,
PRJEB6092, PRJNA268964, PRINA447983, PRJEB1220, PRJEB1690,
PRJNA289586, PRJNA421881, PRJEB17784, PRJEB5224, PRJINA504891,
PRJEB9576, PRJIEB6070, PRINA438847, PRJEB27928, PRJEB12357 and
PRJEB1786) were downloaded through the SRA. The RNA sequences
of bacteria-stimulated BMDCs are available from the Gene Expression
Omnibus under accession number GSE285376. The predicted pro-
teinsequences were analysed by matching against the COGs database
(release 3.10 in the Conserved Domain Database, https://www.ncbi.
nlm.nih.gov/research/cog-project/)%, the KEGG database (release
2019-11-18, https://www.kegg.jp/kegg/download/)*® and the VFDB
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database (release 2022.04, https://www.mgc.ac.cn/VFs/download.
htm)®. Source data are provided with this paper.

Code availability
No custom code was developed in this study.
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Extended DataFig.1| The microbiotasignificantly impacts the clinical
outcome of PD-1blockade therapy. a-i, Stacked bar plot of the bacterial
abundance aggregated at the family-level. Only families withan abundance of
>0.1% are shown. (a,n =50 patients). Shannon diversity of the faecal microbiota
inresponder (Resp) and non-responder (N-Resp) patients (b, n =15 patients;
f,n =35 patients). High/low Shannon diversity of the gut microbiotain patients
was stratified by ROC analysis (left) Kaplan-Meier curves (right) for PFS of
patients with high/low Shannon diversity of the gut microbiota (¢, g). InNSCLC
patients, the median PFSwas 266 days (95% CI, 0 to 696) for those with high
diversity, and 23 days (95% Cl, 20 to 25) for those with low diversity. In patients
with GC, the median PFS was 92 days (95% Cl, 17 to 166) for those with high
diversity, and 31days (95% Cl, 15to 47) for those with low diversity (c, g).

PCoA of the composition of the faecal microbiotabased on unweighted
Unifracdistances (d, h). Bar plots of the LDA scores of differentially abundant
taxainthe Resp and N-Resp groups as determined by LEfSe analysis (e, i).

j-1, Abundances of selected bacterial taxa. (j: family enriched in Resp/N-Resp
represented in Fig. 1f; I: bacterial genera previously associated with response
toimmunotherapy). The ROC analysis (left) and Kaplan-Meier curves for PFS
(right) for the enriched bacterial families in Fig. 1f were examined. High/low
abundances of the indicated bacterial families in patients were stratified by
ROC analysis (k). n =50 patients. m, Kaplan-Meier curves for the PFS of
patients stratified by the median cut-offfor eachindicated factor.n=50
patients.n, The correlations between bacteria that were significantly correlated
withthe clinical course and PD-1expressionby CD8' T cellsare shown.n=26
patients. (c, g, k, m) Kaplan-Meier curves were analysed by the two-sided log-
ranktest. (b, f) Two-sided unpaired t test,and data are presented as the median.
(j, ) Two-sided Mann-Whitney U test, and data are presented as the median.
(d, h) ANOSIM, with one-tailed significance computed by permutation (n =999
permutations). (n) The correlation was evaluated by two-sided Pearson’s
correlation analysis.
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Extended DataFig.2| FMT from patientsinfluences the diversity and
composition ofthe gut microbiota. a-g, GF mice transplanted with faeces
from Resps or N-Resps were subcutaneously injected with MC38 tumour cells.
Experimental scheme (a). Tumour growth curves (b, left: summary, right: each
mouse). n=4-8mice per group. c-g, The faecal samples were subjected to 16S
rRNA gene sequencing to analyse the bacterial composition. The alpha diversity
of the gut microbiotawas scored by the Shannonindex (c). Stacked bar plot of
the family-level taxonomic composition of the faeces of Resp-FMT/N-Resp FMT
mice. Only families with anabundance of >0.1% are shown (d). Differentially

abundant taxawere analysed by LEfSe, the symbol sizes are scaled by relative
abundance (e). The bar plot showed the LDA scores of differentially abundant
taxabetween the Resp and N-Resp groups (f). The relative abundance of
Ruminococcaceae (left) and Bacteroidaceae (right)(g). n = 14 mice per group.

(b, left), The average tumour sizes of the groups on acertain day of the
experimentare shown as dots and are presented as the mean + SD, two-way
ANOVA with the Tukey—Kramer method. Each dotindicates one mouse, and the
dataare presented as the median (c, g). (¢, g) Two-sided unpaired t test.
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Extended DataFig. 3 | Faecal transplantation from patients whoresponded
toPD-1blockade therapy inhibits tumour progression and augments
antitumourimmunity. a-1, ATB-SPF mice were transplanted with faeces from
Resp or N-Resp mice following the subcutaneous injection of tumour cells.
Experimental scheme (a). Tumour growth curves of MC38 (b, left: summary,
right: eachmouse) and EMT6 (c, left: summary, right: each mouse) tumour
models.n=5-6 mice per group. d-f, The frequency [representative staining
(left) and % summary (right)] of effector molecule expression [PD-1(d, n =10)
and CD62L/CD44 (e, n =12)] and cytokine (IFN-y/TNFa) production (f,n=12)

by CD8" T cells. g-i, TCRVp repertoire of PD-1'CD8" T cells (g, h). Numbers of
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skewed TCR VB clones (percentages of clones >10%) of PD-1'CD8" T cells (i).
n=12micepergroup.j-1, The expression [representative staining (left) and
MFIsummary (right)] of maturation markers [CD86 (j), CD40 (k) and CD8O (I)]
by DCs.n=6mice pergroup. (b, left; ¢, left), The average tumour sizes of the
groupsonacertainday of the experiment are shown as dots and are presented
asthemean £ SD. (d-1) Each dotindicates one mouse, and the data are presented
asthe mean (i) or mean + SD (d-f, h, j-1). (b, c) Two-way ANOVA with the Tukey—
Kramer method. (d-f, j-1), One-way ANOVA with Bonferroni correction. (i) Two-
sided Mann—Whitney U test.
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Extended DataFig. 4 |See next page for caption.



Extended DataFig.4|Abacteriumidentified fromthe faeces of Respsis
classified as the novel strain YB328. a, Genome-based phylogenetic tree
showing the position of strain YB328 in the family “Acutalibacteriaceae” in the
GTDBv220.Species names, strain identifiers and genome sequence accession
numbers are presentedinthetiplabels, if applicable. Scale bar represents10%
amino-acid substitutions persite.b, Abundance of the YB328-related bacteria
in: (upper panel) healthy Japanese individuals based on publicly available 16S
rRNA gene sequencing data of two cohorts (MORINAGA cohort:n =704
patients; NIBIOHN cohort: n=1280 patients), and (lower panel) individuals
from 21 countries across the world based on shotgun metagenomics data.

For the upper panel, each symbol represents adifferent dataset. For the lower
panel,abundances were calculated as the percentage of metagenomic reads

assigned to the YB328 reference genomein our custom GTDB-based database.

Textlabels on they-axisindicate the country of origin, and in parentheses the
BioProjectand the number of datasets included in the analysis. For the box
plots, the thick line within each box shows the median, the boxes represent the
interquartile range (IQR), and the whiskers extend to the furthest data point

within1.5times the IQR of the box. ¢, Faecal samples from patients, excluding
MSI-H patients (NSCLC: n=15; GC: n =32), were subjected to shotgun
metagenomic sequencing. Analyses of the relative abundances of the YB328
using Kraken2+Bracken withacustom version of the GTDB (left panel). High/
low bacterial abundance was stratified by aROC curve analysis (middle panel).
Kaplan-Meier curves (right panel) of the PFS of patients with high/low faecal
bacterialabundance are shown. d, High/low bacterial abundance of all GC/
NSCLC patients (NSCLC: n =22; GC: n =49), stratified by the median cut-
offvalue, was used to plot Kaplan-Meier curves of the PFS of patients.

e, Experimental scheme (left) and tumour growth curves (middle: summary,
right: each mouse). Average tumour sizes of the groups ona certain day of the
experimentare shown as dots and are presented as the mean + SD. n =4 mice
pergroup.f, YB328 colonisation detected in faecal sample by qPCR, n =3 mice
per group.g, Thetumour growth curves areshown. Eachline represents one
mouse. n=5-6mice pergroup. (c, left panel) Two-sided Mann—Whitney U test
and dataare presented as the median. (c, right panel; d) Two-sided log-rank
test.
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Extended DataFig. 5|See next page for caption.



Extended DataFig. 5| YB328 administration changes theimmunological
landscape of the TME. a-g, Experimental scheme (a). The frequency
[representative staining (left) and % summary (right)] of effector molecule
[perforin (b) and granzyme B (c)] productionby CD8" T cells. The frequency
[representative staining (left) and % summary (right)] of Foxp3* cellsin CD4"
Tcells (d) and PD-1expression by Foxp3*CD4" T cells (e). Expression
[representative staining (left) and MFIsummary (right)] of the maturation
marker CD8O (f) by CD11c*"MHCII" DCs. n = 5-12 mice per group. g, Shannon
diversity of microbiota after the administration of theindicated treatment.
n=4-6micepergroup. h-k, Experimental scheme (h). Tumour growth curves
(i,n=5-7mice pergroup). Profile of the TCR V[ repertoire in PD-1'CD8" T cells
(j, n=5micepergroup). Changesin the Shannonindex of microbiota diversity
(k, n=11-12mice per group).l, The correlation between the abundance of

YB328 and the Shannon index of microbiota diversity inall GC/NSCLC patients
(NSCLC:n=22;GC:n=49)inthisstudy. m, The experimental scheme is shown
(left panel). Tumour growth curves (middle panel: summary; right panel: each
mouse). n=3-5mice per group. n-o, ATB-SPF or N-Resp-FMT recipient mice
received theindicated bacterial treatment. Bacterial engraftment was assessed.
n=3-4mice pergroup. (b-g,j, k,n-0) Eachdotinthe summarygraphsindicates
onemouseintheinvivoexperiment. (b-g,j, 0) The dataare presented as the
means + SD. (m, middle) The average tumour size of the groups on a certain day
isshownasadot. (i, mleft panel) Eachlineindicates one mouse for the in vivo
experiment. (I) Each dotindicates one patient. (b-g) One-way ANOVA with
Bonferroni’s correction. (k) Two-sided paired t test. (I) The correlation
coefficient was evaluated by two-sided Pearson’s correlation analysis. (m) Two-
way ANOVA with the Tukey—Kramer method. (0) Two-sided unpaired ttest.



Article

CD80

a (gated on CD11c*MHCII* cells) 80 p <0.0001
1004 "‘[0_0?01
64
804 —~
3 S48
= o0 x
Q\‘Z w0 % 32
16
O S v v 0
0 10} 10° (}q, K 'l?’
N
CD80 (BVv421) &ﬁ&@«‘b
b ¢
YB328-stimulated DCs
® P. vulgatus-stimulated DCs
1.04
2
3
s [s® £
£ 05-|eg [5)
Q o
© £
0% Q
L O
00 T T T
0 200 400 600 800 Size (um2)
Size (um?)
C
LA 1 -s
i ey g m YB328
Vehicle mE T ee g M P, vulgatus
. 3 4 2 g Vehicle
o .
an 2 10
P. vuigatus Es traee S0 | 8
- 3 4 7 é 5
S
- LR Z
eel LN
YB328 33 ;;EI DROBORCO
Q X
. 3 4 2 Q\:\ O\i’) \:L(LOC)\’
o O
"

Extended DataFig. 6| YB328-stimulated BMDCs differentiate into mature
CD103°CD11b  cDCs and produce CXCL10 to attract CD8" T cells.a, BMDCs
were stimulated with P.vulgatus or YB328. The expression [representative
staining (left) and MFIsummary (right)] of the maturation marker CD80.n=6
wells pergroup. b, The complexity and size of DCs (n=30in each group from
Supplementary Video1) stimulated with YB328 or P. vulgatus were evaluated.
Arepresentative correlation model for DCsisshowninthe binary image. Scale
bar:10 um. ¢, Chemokine production by YB328-, P. vulgatus- or vehicle-treated
BMDCs was examined with a proteome profiler chemokine antibody array.
Representative data (left) and quantified as fold changes (right) are shown.
n=2technicalreplicates. (a) One-way ANOVA with Bonferroni correction. Each
dotinthesummary graphsindicates one well, and the data are presented as the
mean +SD. (b) Each dotindicates onecell. (c) Dataare presented as the mean.
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Extended DataFig.7|YB328-stimulated BMDCs deliver robust TCR signals
toactivate CD8" T cells.a-h, OT-1CD8" T cells were cocultured with bacteria-
treated BMDCs pulsed with the indicated antigen peptides (a-d, N4 peptide;
e-h, Q4H7 peptide). (a, e), Representative datashowing the expression of TCR
signalling molecules (p-ZAP70, p-JNK, p-Erk1/2, p-Akt and p-S6K) by CD8*
Tcells after stimulation with DCs pulsed with the indicated concentrations

of peptides. (b, f), Representative data of PD-1expression by CD8" T cells after

stimulation with DCs pulsed with theindicated concentrations of peptides.
(c,g), Representative data of CD62L/CD44 expressionby CD8" T cells after
stimulationwith DCs pulsed with the indicated concentrations of peptides.

(d, h), Cytokine (IFN-yand TNFa) production [representative staining (left) and
% summary (right)] by CD8" T cells after stimulation with DCs pulsed with the
indicated concentrations of peptides. n =3-4 wells per group. The data were
analysed by atwo-sided unpaired t testand presented as the mean + SD.
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Extended DataFig.8|YB328 treatmentinduces CD103'CD11b cDC
generation to augment antitumour immunity of anti-PD-1mAb.

a, Arepresentative gating strategy for evaluating the progeny of CD103*CD11b~
cDCsinBMDCsstimulated with YB328, P. vulgatus, or vehicle, corresponding
to Fig.4d.b-c, Representative staining (b) of the phenotype of CD103*CD11b"
c¢DCs (% summary:c, left panel) or CD103" DCs (% summary: ¢, right panel) in
theindicated organs of WT or Batf3”~MC38 tumour-bearing mice (n = 3).

d, Tumour growth curves (n = 6-9). e-f, ATB-SPF mice were subcutaneously
injected with MC38 cells and administered an anti-PD-1mAb, anti-CSFIR mAb
or control Ab with/without YB328 treatment. Changes in theimmunological
landscapeareshown (e, n = 3). The experimental scheme (f, upper panel) and
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Extended DataFig.9|YB328 treatmentinduces CD103'CD11b ¢cDC
generation and sensitises DCs to multiple TLRligands viaMyD88
signalling.a, The expression of TLRs (TLR1-TLR9) by GALT-isolated DCs was
examined (upper panel, experimental scheme). The diversity of the expression
of TLRs by DCs was calculated by the Shannonindex (lower panel), n =3-4. IEL:
Intraepithelial lymphocyte. b, Tumour growth curves of each mouseinFig.4n
areshown, n=5-6.c, Thefrequency of CD103"'CD11b" c¢DCs [representative
staining (left panel) and % summary (right panel)] in theindicated organs of WT
or MyD88"~ mice (n =3).d, Assessment of IRF signalling (upper panel) and
NF-kB activity (lower panel) in TLRreporter THP-1cells treated with/without
YB328 (n=3-4). e, Tumour growth curves of each mouse in Fig. 4s are shown.
(n=5-6).f, BMDCs were stimulated with YB328 or P. vulgatus at an MOl of 25
andthentreated with flagellin. OT-1CD8" T cells were cocultured with the

stimulated BMDCs pulsed with1nM N4 peptides. PD-1expression by CD8" T cells
[representative staining (left panel) and % summary (right panel)]isshown,n=5.
g. Tumour growth curves of each mousein Fig. 4t. are shown. n = 4-6 mice per
group.h,BMDCs were treated with the indicated TLR ligands. The levels
[representative staining (left panel) and MFI summary (right panel)] of p-S6K,
p-STAT3 and IRF8 are shown (n =4).i, Tumour growth curves (n = 3-4).j, Tumour
growth curves of each mouseinFig.4v.isshown.n=4-6.(b, e, g,i-j) Eachline
indicates one mouse for the in vivo experiment. (a, ¢) Each dot in the summary
graphsindicates one mouseintheinvivo experiment, and the dataare
presented asthe mean +SD. (d, f, h) Each dotin the summary graphsindicatesa
well, and the dataare presented as the mean = SD. (a, c-d), Two-sided unpaired t
test. (f, h) One-way ANOVA with Bonferroni’s correction.
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Extended DataFig.10 |Specific genomic traits and phenotypicfeatures of
YB328areinvolvedinantitumour effects and their responsible factors.
a,BMDCs were stimulated with bacterial strains that were isolated from Resps
orwere genomically similar to YB328.OT-1CD8" T cells were cocultured with
bacteria-treated BMDCs pulsed with N4 peptides (10 nM). The frequency
[representative staining (left) and % summary (right)] of PD-1expression by
CD8’ Tcells.n=3 wells per group. b, Tumour growth curves (left: summary,
right: each mouse). n =3-4 mice per group. c-f, Comparative genomics of
YB238 and other six strains (referred to as “Reference strains”) Venn diagram
indicating the number of genes unique to YB328 (c). Bar plots of the distribution
of genes annotated to different categories according to COG (d), KEGG (e), and
VFDB (f). Values were calculated for all genes of YB328 (red bars), genes unique
to YB328 (greenbars), and the other six strains (blue bars show the mean + SD).
g, BMDCs weretreated with each of four cell culture fractions of YB328 [G1:
cytoplasm, G2: cellmembrane, G3: culture supernatant (without membrane
vesicle) or G4: membrane vesicle] and cocultured with OT-1CD8" T cells

stimulated with N4 peptide-pulsed DCs. The expression of theindicated proteins
was measured by flow cytometry (n =3) and normalized between samples. cDC1:
CD103°CD11b" cDCs. h, Tumour growth curves (upper: summary, lower: each
mouse).n=4-6mice per group.i-m, BMDCs were stimulated with theindicated
bacterial strains. OT-ICD8" T cells were cocultured with bacteria-treated BMDCs
pulsed with N4 peptides (10 nM). Changesin the progeny of the CD103"CD11b~
population (i). The frequency [% summary (left) and representative staining
(right)] of PD-1expression by CD8" T cells (j). The expression of IRF8 (k), p-S6K
(I) and p-STAT3 (m) in BMDCs. The MFIsummary (left) and representative
staining (right) are shown. n = 3-4 wells per group. (a, i-m) Each dot indicates
onewell for theinvitroexperimentinthe summary data. (b, left; h, upper) The
average tumour sizes of the groups on the day of the experiment are shown
asdotsand are presented as the mean + SD. (b, right; h, bottom) Each line
represents one mouse. (a, i-m) Dataare presented as the mean + SD. (i-m) One-
way ANOVA with Bonferroni correction. (h) Two-way ANOVA with the Tukey-
Kramer method.
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Extended DataFig.11|YB328 treatmentincreases CD103°CD11b cDCs
intumour-related tissues toactivate CD8'T cells. a-c, ATB-SPF mice were
subcutaneouslyinjected with MC38 cells and treated with theindicated
bacteria. The phenotype and frequency [representative staining (left) and

% summary (right)] of DC populationsin the indicated organs were examined:
NdLNs (a) and SPs (b). n =4-6 mice per group. TCF-1expression by PD-1'CD8*
Tcellsintheindicated organs after theindicated treatment. Representative
staining (upper) and % summary (lower) (c). d-g, KikGR mice pretreated with
ATBwereinjected subcutaneously withMC38 cells and treated with the
indicated bacteria. Before bacterial treatment, KikGR mice were surgically
photoconverted. Migratory intestinal cells that expressed KikR* were profiled

intheindicated organs. The frequency [representative staining (left) and

% summary (right)] of KikR*CD103°CD11bDCs (d), KikR'PD-1'CD8" T cells (e),
KikR*Foxp3* T cells (f) and KikR*CD11b" cells (g) among CD45" cells.n=3-6
mice per group. h, WT GF mice were subcutaneously injected with MC38 cells
and were administered ananti-PD-1mAb with YB328 treatment. Faeces were
collected after the 24 h of the firstadministration of YB328. Tumour were
collected atdays 20. The presence of YB328 was examined. n.d., not detected.
n=7micepergroup.Eachdotinthe summary graphsindicates one mouse.
Allthedataare presented asthe mean +SD. (a, b, d-g) Two-sided unpaired
Student’sttest.
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Extended DataFig.12|The abundance of YB328is associated with the
response to anti-PD-1therapy inhuman cancers. a-c, Representative images
of multipleximmunohistochemical staining of tumours from GC patients (a)
and the calculated density ofimmune cells. Correlations between therelative
abundance of YB328in the gut microbiotaand the density of CD206 cells (left)
or CD14" cells (right) (b, n=20). Correlations between PD-1'CD8" T cells and
CD206" cells (left panel) or CD14" cells (right panel) infiltration (¢, n=24). The
correlation coefficient was evaluated by two-sided Pearson’s correlation. Scale
bar:200 um.d, YB328 abundancein faeces from patientsin the validation
cohort (n=21;NSCLC:7; GC:14). e, High/low YB328 abundance was stratified by a
ROC curve analysis (left panel) Kaplan—Meier curves for the PFS of patients with
high/low YB328 abundancein the validation cohort (right panel). f, Relative
abundance of the YB328 phylotype in the HNSCC cohort (n =16). g, h, Relative
abundance of the YB328 phylotype (g, h), and Akkermansia (g) in faecal samples
across datasets from multiple cohorts. [g: MONSTAR cohort” (MM n=16;

RCCn=44;GCn=32;ECn=29),h:Routy etal.* (n=20)]. A pseudocount was
added for visualization purposes, and the boxplots denote the median with a
interquartilerange, and the whiskers extend to the furthest data point within
1.5times theinterquartile range (g).i, ATB-SPF mice were subcutaneously
injected with B16F10-OVA cells,and OT-1CD8" T cells were transferred with/
without YB328 treatment. Experimental scheme (upper). Tumour growth
curves (lower left: summary, mean + SD; lower right: eachmouse). The graph
shows representative datafrom twoindependent experiments. n =3-4 mice
pergroup.j, k, Graphical summaries of the mechanism by which the gut
microbiota augments the antitumour efficacy of PD-1blockade therapy.

(k) was created using BioRender (https://www.biorender.com). Dataare
presented as the median (d) or mean = SD (f). (b-d, f-h) Each dot indicates one
patient. (d, f, g) Two-sided Mann-Whitney test. (e, right) Two-sided log-rank
test. (h) Two-sided paired t test. (i) Two-way ANOVA with the Tukey-Kramer
method.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O O OO0 0O 00
X X

X X K

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

LI X X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data were collected by BDFACS Diva software (ver8.0.3).
QuantitativePCR data were collected using QuantStudio Real-Time PCR Software (ver1.3).
Videos were collected using NIS-Elements AR software (ver5.01.00) or ZEN 2 software (black edition).
Confocal images were collected using ZEN 2 software (black edition).
Blot images were collected using LAS-4000 (GE Healthcare) with ImageQuant LAS4000 Control Software (ver1.2.0).
Absorbance values were measured using Skanlt Software Research Edition (ver6.1).
Luminescence values were measured using Gen5 software (ver3.10).
Images taken by the IVIS spectrum imaging system were collected using Living Image (ver3.2).
Multiplex immunohistochemistry staining images were collected using Vectra (ver3.0.7) and Phenochart Whole Slide Viewer (ver1.0.12).

Electron micrographs of cell structure of YB328 were obtained using scanning electron microscopy (SEM) (S-4500; Hitachi, Tokyo, Japan) and
transmission electron microscopy (TEM) (H-7600; Hitachi).




Data analysis Flow jo (version 10.8.1) was used for all flow cytometry analysis.
Microsoft Office excel 2016, GraphPad Prsim 8, SPSS (ver21.0), and R (ver4.02) were used for statistical analysis and graphs generation.

To identify the composition of the microbiome in 16S rRNA gene sequencing data, raw sequences were demultiplexed and quality-trimmed
using a FASTX-Toolkit (hannonlab.cshl.edu/fastx_toolkit/index.html, version 0.0.14) and BBtrim (bbmap.sourceforge.net, version 33.21). A
total of 20,000 reads per sample were randomly selected using seqtk (version 1.3-r106) for further analyses. The processed sequences were
clustered into OTUs defined at a 97% similarity cutoff using UCLUST version 1.2.22q. Representative sequences for each OTU were then
classified taxonomically by using RDP Classifier version 2.2 with the Greengenes 13_8 database. The bioinformatics pipeline QIIME (version
1.9.1) was used as the informatics environment for all relevant processing of raw sequencing data and calculation of bacterial relative
abundances.

For estimation of YB328 phylotype abundance in faeces from 16S rRNA sequencing, primers in the reads were trimmed using Cutadapt
(version 4.2) if applicable, and the analysis was performed using DADA2 (ver 1.26.0).

For whole-genome sequencing of bacteria, HiFi reads (Q20) were generated using SMRT Link ver. 13.0.0.207600 to remove overhang adapter
sequences and create consensus sequences based on the resultant subreads. Lima ver. 2.9.0 and pbmarkdup ver 1.0.3 were used for
removing ultra-low PCR adapter sequences and PCR duplex reads, respectively. The resulting reads were assembled using Flye ver. 2.9.5

-
QD
Q
(e
=
)
§o;
o)
=
o
=
_
D)
§o)
o)
=
S
Q
(93]
(e
=
S}
Q
<L

Phylogenetic tree showing the phylogenetic placement of YB328 and related taxa was constructed based on 120 single-copy marker genes
using GTDB-Tk v2.4.0 with GTDB release 220 reference data. Aligned protein sequences were then loaded into an ARB (version 7.0) database,
representative genomes were selected, and the data were exported with custom masks for uninformative sites. Approximate maximum-
likelihood phylogenetic trees were inferred using FastTree v2.1.1053, and the trees were visualised in ARB.

Genome gene identification was performed with Prodigal (version 2.6.3) with the default settings.

Predicted protein sequences were further analysed by matching against the Clusters of Orthologous Groups (COGs) database (release 3.10 in
the Conserved Domain Database, https://www.ncbi.nIm.nih.gov/research/cog-project/) using RPS-Blast (BLAST version 2.9.0+; E-value cutoff
of 0.01), the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (release 2019-11-18, https://www.kegg.jp/kegg/download/) and the
Virulence Factor Database (VFDB; release 2022.04, https://www.mgc.ac.cn/VFs/download.htm) by protein alignment using DIAMOND (version
2.0.13). Coding sequences unique to strain YB328 compared to other strains (see Extended Data Fig. 4a for genome accessions) were
identified using CompareM (version 0.1.2; https://github.com/dparks1134/CompareM) with default settings.

Taxonomic profiling using metagenomics sequencing data was performed by read-level taxonomic assignment by Kraken2(v 2.1.3), followed
by estimation of relative abundances using Bracken (v2.9). For this purpose, paired-end reads were processed using fastp (v0.23.2 or v0.24.0).
Reads were additionally filtered using NCBI’s BMTagger (v3.101) to remove reads derived from the human genomic DNA. Furthermore, to
reduce the potential of incorrect false-positive assignments, a representative human genome sequence (GRCh38) was also included in the
database.

RNA sequencing reads of BMDCs were generated and analyzed by using the lllumina DRAGEN Bio-IT Platform, following the alignment and
annotation by UCSC mouse reference genome (GRCm38.p6) from GENECODE.

Raw imaging data were processed and analyzed by ZEN 3.1 software (blue edition), inForm (version 2.5.1), Live image (version 4.7.3), or
Image) software (Fiji, version 2.0.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The whole-genome sequences of YB328 and P. vulgatus AE61 have been deposited in the NCBI BioProject PRIDB17635. The 16S rRNA gene sequences of the
bacterial strains isolated in this study have been deposited in DDBJ/EMBL/GenBank under the accession numbers LC719261, LC744884—.C744889, corresponding to
strain YB328, Phocaeicola vulgatus strain AE61, Sellimonas intestinalis strain AE3, Clostridium colicanis strain AE66, Eggerthella lenta strain AE7, Ruminococcus
torques strain AE30, and Erysipelatoclostridium ramosum strain AM28.

The metagenome and 16S rRNA gene amplicon sequencing data generated in this study are available under BioProject PRJDB17628.

The datasets used in this study, including the HNSCC cohort and the MONSTAR cohort, are not publicly available because of their association with unpublished
studies. Access to these datasets is therefore restricted in accordance with institutional policies and data protection requirements. Researchers interested in
accessing these data may submit a formal request to the corresponding author, H. N.

The RNA sequences of bacteria-stimulated BMDCs are available from GEO under accession number GSE285376.

The datasets for the Healthy Japanese cohort datasets (accession numbers DRP005906, DRP007219, DRP007221, DRP007218, DRP007222, and DRP007220), the
Routy et al. study (BioProject PRINA928744), and the faecal metagenomics analysis of global abundance of YB328 in healthy donors (BioProjects PRIEB6456,
PRIEB21528, PRINA422434, PRINA397112, PRJIDB4176, PRINA517801, PRINA529400, PRJIEB27005, PRINA529124, PRIEB8094, PRIEB17896, PRINA328899,
PRJEB7369, PRIEB6092, PRINA268964, PRINA447983, PRIEB1220, PRIEB1690, PRINA289586, PRINA421881, PRIEB17784, PRIEB5224, PRINA504891, PRJEB9I576,




PRJEB6070, PRINA438847, PRIEB27928, PRIEB12357, PRIEB1786) were downloaded through the Sequence Read Archive.
The predicted protein sequences were analysed by matching against the Clusters of Orthologous Groups (COGs) database (release 3.10 in the Conserved Domain

Database, https://www.ncbi.nIm.nih.gov/research/cog-project/), the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (release 2019-11-18, https://
www.kegg.jp/kegg/download/) and the Virulence Factor Database (VFDB; release 2022.04, https://www.mgc.ac.cn/VFs/download.htm).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Clinical specimens used in the GC/NSCLC discovery/validation cohort, HNSCC cohort, and MONSTAR cohort were obtained
from both male and female patients, and patient gender is indicated in Table 1-5, 8, Supplementary table 11 and
Supplementary table 12.

Population characteristics Patients who were 20 years old or older were enrolled in this study. Patients who had received antibiotics (ATB) or
microbiome intervention therapy within 1 month (NSCLC/GC cohort, HNSCC cohort) or 3 months (MONSTAR cohort) before
the initiation of treatment were excluded from this study.

Japanese patients with advanced NSCLC (n = 22) and GC (n = 49) who received anti-PD-1 mAb monotherapy (nivolumab or
pembrolizumab) were enrolled in this study (see Table 1-5).

Japanese patients with HNSCC (n=16) who received PD-1 blockade monotherapy (nivolumab or pembrolizumab) were also
enrolled (see Supplementary table 11).

In the MONSTAR cohort, Japanese patients with MM (n=16), RCC (n=44), GC (n=32) and EC (n=29) who received PD-1
blockade monotherapy (nivolumab or pembrolizumab) were enrolled (see Supplementary table 12).

Recruitment For the GC/NSCLC cohort, MONSTAR cohort, and HNSCC cohort, patients diagnosed with GC, NSCLC, MM, RCC, EC, or HNSCC
at National Cancer Center, Japan, or referred from other hospitals, were recruited.

All patients provided written informed consent prior to enrollment.

The possibility of researcher selection bias cannot be entirely excluded. However, patient enrollment was conducted
prospectively, and all analyzed cases were obtained during real-world clinical practice rather than in clinical trials, which
typically impose strict eligibility criteria. In addition, at the National Cancer Center, human biospecimens are biobanked under
a broad consent framework, and sample collection was conducted in parallel with routine diagnostic procedures. Therefore,
we believe that any potential bias was effectively minimized. Besides, the MONSTAR cohort is a multi-center collaborative
study, which reduces the risk of selection bias from any single institution. Each institute enrolled the majority of patients
who met the inclusion criteria, thereby minimizing potential selection bias.

Patients who received antibiotics (ATB) or microbiome intervention therapy within 1 month (NSCLC/GC cohort, HNSCC
cohort) or 3 months (MONSTAR cohort) before the initiation of treatment were excluded from this study due to these
therapies significantly affect the baseline microbiome composition.

Ethics oversight This study was approved by the institutional review boards of the National Cancer Center and conducted in accordance with
ethical guidelines, including the Declaration of Helsinki. All cohorts were conducted in a blinded manner and approved by the
National Cancer Center Ethics Committee (IRB protocol numbers: GC/NSCLC cohort, 2015-048 and 2017-007; HNSCC cohort:
2022-346; MONSTAR cohort, 2018-367). The GC/NSCLC and MONSTAR cohorts are registered in the UMIN Clinical Trials
Registry (https://www.umin.ac.jp/ctr/, IDs: UMINO00019129 and UMINO00036749, respectively). This information is
indicated in the Methods section of the manuscript.

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample sizes. Sample sizes for animal experiments were determined based on preliminary
pilot studies (Itahashi et al., Sci Immunol., 2022; Kumagai et al., Cancer Cell., 2022; Kumagai et al., Nat Immunol., 2020), and were in line with
standards in the field (Tanoue et al., Nature., 2019; Mager et al., Science., 2020; Gopalakrishnan et al., Science., 2018; Routy et al., Science,
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2018; Vétizou et al., Science., 2015; Sivan et al., Science, 2015).
Data exclusions  No data exclusions were needed.

Replication All'in vitro and in vivo experiments were conducted at least 2 times with similar results. Regarding reproducibility of the multiplex
immunohistochemistry staining data, three independent regions of interest (ROls; 682 um x 510 um) were analyzed per tissue sample.

Randomization  No randomization was performed in human study, because it was an observational study. In animal experiments, tumor-bearing mice were
randomly assigned to treatment groups prior to bacterial inoculation and anti-PD-1 mAb administration.

Blinding No blinded experiments were conducted in human study, because it was an observational study. All other animal studies were not blinded
due to requirements for cage labeling and staffing logistics.

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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Antibodies

Antibodies used The antibodies are described below and were validated by manufacturer and in previous publications.

Antibodies for flow cytometry in the human study:
(Antibody, clone, company, catalog number, color)

CD3, UCHT1, BD Biosciences, 557943, PerCP/Cy5.5
CD45RA, HI100, Biolegend, 304138, BV711

CD8, RPA-T8, Biolegend, 301046, BV785

FOXP3, 236A/E7, Thermo Fisher Scientific, 12-4777-42, PE
PD-1, MIH4, BD Biosciences, 564323, BV421

Antibodies for flow cytometry in animal experiments:
(Antibody, clone, company, catalog number, color)
B220, RA3-6B2, Biolegend, 103232, Alexa Fluor 700
CCR7, 4B12, Biolegend, 120124, PE/Cy7

CD103, 2E7, Biolegend, 121416, PerCP/Cy5.5
CD103, 2E7, Biolegend, 121426, PE/Cy7

CD115, AFS98, Biolegend, 135515, BV711

CD117, ACK2, Biolegend, 135108, APC

CD11b, M1/70, BD Biosciences, 563553, BUV395
CD11c, HL3, BD Biosciences, 612796, BUV737
CD11c, N418, Biolegend, 117334, BV605

CD11c, N418, Biolegend, 117319, Alexa Fluor 700
CD135, A2F10, Biolegend, 135313, BV421

CD135, A2F10, Biolegend, 135309, APC

CD19, 1D3/CD19, Biolegend, 152414, Alexa Fluor 700
CD3, 17A2, Biolegend, 100216, Alexa Fluor 700
CD3, 17A2, Biolegend, 100241, BV711

CD4, GK1.5, BD Biosciences, 564922, BUV805
CD40, 3/23, Biolegend, 124610, PE

CD44, IM7, BD Biosciences, 740215, BUV395
CD45.2, 104, Biolegend, 109838, BV510

CD45.2, 104, Biolegend, 109839, BV785

CD62L, MEL-14, BD Biosciences, 740660, BV711
CD8, 53-6.7, BD Biosciences, 612898, BUV805

CDS8, 53-6.7, Biolegend, 100750, BV785

CD80, 16-10A1, Biolegend, 104726, BV421

CD86, GL-1, Biolegend, 105014, PE/Cy7

Foxp3, MF-14, Biolegend, 126422, Alexa Fluor 700




Foxp3, MF-14, Biolegend, 126404, PE

Granzyme B, GB11, Biolegend, 515403, FITC

H-2Kb, AF6-88.5, BD Biosciences, 742862, BV711

IFN-y, XMG1.2, BD Biosciences, 554411, FITC

IRF4, IRF4.3E4, Biolegend, 646416, PerCP/Cy5.5

IRF8, V3GYWCH, Thermo Fisher Scientific, 12-9852-82, PE
Ki67, 16A8, Biolegend, 652424, PerCP/Cy5.5

MHCII, M5/114.15.2, Biolegend, 107606, FITC

MHCII, M5/114.15.2, Biolegend, 107614, APC

MHCII, M5/114.15.2, Biolegend, 107621, Alexa Fluor 700
NK1.1, PK136, Biolegend, 108730, Alexa Fluor 700

p-Akt (S473), M89-61, BD Biosciences, 561670, Alexa Fluor 647
PD-1, J43, BD Biosciences, 744549, BUV395

PD-1, RMP1-30, Biolegend, 109121, BV421

Perforin, eBioOMAK-D, Thermo Fisher Scientific, 12-9392-82, PE
p-Erk (Thr202/Tyr204), 6B8B69, Biolegend, 369510, BV421
p-JNK (T183/Y185), N9-66, BD Biosciences, 562480, PE

p-S6K (5235/5236), N7-548, BD Biosciences, 560434, Alexa Fluor 488
p-S6K (5235/5236), cupk43k, Thermo Fisher Scientific, 46-9007-42, PerCP-eFluor710
p-STAT3 (Tyr705), LUVNKLA, Thermo Fisher Scientific, 17-9033-42, APC
p-ZAP70(Y319), 17A/P-ZAP70, BD Biosciences, 561458, PE/Cy7
TCR VB 10([b], B21.5, BD Biosciences, 742822, BV650

TCR VB 17[al, KJ23, BD Biosciences, 744787, BV421

TCRVB 5.1, 5.2, MR9-4, BD Biosciences, 748930, BUV805

TCR VP11, RR3-15, BD Biosciences, 743679, BV650

TCR VP12, MR11-1, BD Biosciences, 553300, FITC

TCR VP13, MR12-3, BD Biosciences, 743990, BV421

TCR VB14, 14-2, BD Biosciences, 553258, FITC

TCR VB2, B20.6, BD Biosciences, 748770, BUV737

TCR VB3, KJ25, BD Biosciences, 751573, BUV615

TCR VB4, KT4, BD Biosciences, 745810, BB700

TCR VB6, RR4-7, BD Biosciences, 749465, BUV805

TCR VB7, TR310, BD Biosciences, 553216, PE

TCR VB8, F23.1, BD Biosciences, 751102, BUV615

TCR VB9, MR10-2, Biolegend, 139804, PE

TER-119, TER-119, Biolegend, 116220, Alexa Fluor 700

TNFa, MP6-XT22, Biolegend, 506327, BV421

TLR1, TR23, BD Biosciences, 565792, BV421

TLR2, QA16A01, Biolegend, 153011, PE/Cy7

TLR3, 11F8, Biolegend, 141906, APC

TLR4, UT41, Thermo Fisher Scientific, 12-9041-80, PE

TLRS, ACTS, Biolegend, 148108, PE

TLR6, C1IN2, BD Biosciences, 566005, BV421

TLR7, 4G6, Novus Biologicals, NBP2-25274F, FITC

TLRS8, 44C143, Novus Biologicals, NBP2-24917F, FITC

TLR9Y, M9.D6, Thermo Fisher Scientific, 17-9093-82, APC
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Antibodies for multiplex immunohistochemistry in human study:
(Antibody, clone, company, catalog number)

CD103, EP206, Cell Signaling Technology, 958355

CD14, SP192, abcam, ab183322

CD206, CL0387, Sigma-Aldrich, AMAb90746

CD8, C8/144B, Dako, M7103

CLEC9A, EPR22324, abcam, ab223188

IRF8, EPR20441, abcam, ab207418

PD-1, EPR4877(2), abcam, ab137132

Antibodies for confocal imaging:

(Antibody, clone, company, catalog number)

NFATc1, 7A6, Thermo Fisher Scientific, MA3-024

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody DyLight 488, polyclonal, Thermo Fisher Scientific, 35503

Antibodies for PD-L1 and MMR status evaluated by immunohistochemistry:
(Antibody, clone, company)

PD-L1, 22C3, Dako

PD-L1, SP142, Roche

PD-L1, SP263, Roche

MLH1, ESO5, Dako

MSH2, FE11, Dako

PMS2, EP51, Dako

In vivo study: Anti-PD-1 mAb (clone: RMP1-14) and control rat IgG mAb (clone: RTK2758) were obtained from Biolegend. Anti-CSF1R
mAb (clone: AFS98 ) was obtained from Bio X Cell.

Validation All antibodies used in this study are commercially available. Antibodies employed in flow cytometry, multiplex




Validation immunohistochemistry, confocal imaging, and immunohistochemistry were validated by the respective manufacturers for use in the
relevant species and applications, as stated on the manufacturers’ websites. Validation details can be found at the following URLs:
BioLegend (https://www.biolegend.com/ja-jp/quality/ product-development), BD Biosciences (https://www.bdbiosciences.com/en-
us/products/reagents/flow-cytometry-reagents/research-reagents/quality-and-reproducibility), Thermo Fisher (https://
www.thermofisher.com/jp/ja/home/life-science/antibodies/invitrogen-antibody-validation.html), Cell Signaling Technology (hhttps://
www.cellsignal.jp/about-us/cst-antibody-validation-principles), Sigma (https://www.merckmillipore.com/JP/ja/life-science-research/
antibodies-assays/antibodies-overview/Antibody-Development-and-Validation/cFOb.qB.8McAAAFOb64gQvSS,nav?
ReferrerURL=https%3A%2F%2Fwww.google.com%2F), abcam (https://www.abcam.co.jp/primary-antibodies/how-we-validate-our-
antibodies), Novus Biologicals (https://www.novusbio.com/5-pillars-validation?
srsltid=AfmBOo0qq8jfPHIU_P3RPaOOUD9drbBkp4EDHDCcE3v24vJ9EOYele8GDQ), Dako (https://www.agilent.com/en/product/dako-
omnis-solution-for-ihc-ish/primary-antibodies-for-dako-omnis).The information for the other antibodies is shown in the following
pages. https://diagnostics.roche.com/global/en/products/lab/pd-11-sp142-assay-us-export-ventana-rtd001232.html, https://
diagnostics.roche.com/jp/ja/products/tests/ventana-pd-11-_sp263-assay2.html. https://bioxcell.com/educational-articles/quality-
control/.

All antibodies were used according to the manufacturers’ instructions.

Eukaryotic cell lines
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Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The mouse MC38 colon cancer cell line was obtained from Kerafast (Cat#ENH204). TThe EMT6 mammary carcinoma and
B16F10 melanoma cell lines were obtained from ATCC (Cat# CRL-2755 and Cat# CRL-6475, respectively). B16F10-OVA cell
lines, derived from B16F10, was generated in-house. THP1-Dual™ hTLR7 cells (Cat#thpd-htlr7), THP1-Dual™ hTLRS cells
(Cat#tthpd-htIr8), and THP1-Dual™ hTLR9 (Cat#thpd-htlr9) reporter cell lines were obtained from InvivoGen.

Authentication The MC38, EMT6, and B16F10 cell lines were pre-authenticated by ATCC using short tandem repeat (STR) sequencing and
maintained at low passage numbers. OVA expression in B16F10-OVA cells was confirmed by flow cytometry. THP1-Dual™
hTLR7, THP1-Dual™ hTLR8, and THP1-Dual™ hTLR9 cells were not authenticated but were functionally validated for
responsiveness to their respective TLR agonists, serving as positive controls. All cell lines were used within 10 passages from
the initial banked vials.

Mycoplasma contamination All cell lines were regulatory tested and negative for mycoplasma contamination.

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

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Six- to 10-week-old GF C57BL/6 mice and BALB/c) mice were purchased from CLEA Japan (Tokyo, Japan). OT-I TCR transgenic mice
(kindly provided by Dr. W.R. Heath, University of Melbourne), MyD88-/- mice, TIr7-/-, TIr9-/-, and TIr7/9-/- mice (Oriental Bio Service,
kindly provided by Dr. S. Akira, WPI Immunology Frontier Research Center, Osaka University), Batf3-/- mice (The Jackson Laboratory,
kindly provided by Dr. K. Murphy, Washington University School of Medicine) and Kikume Green—Red (KikGR) mice (RIKEN
BioResource Research Center, kindly provided by Dr. M. Tomura, Kyoto University Graduate School of Medicine) were used. GF mice
were bred and maintained within the gnotobiotic facilities of the Central Institute for Experimental Animals or purchased from CLEA
Japan (Tokyo, Japan)/Sankyo Labo (Tokyo, Japan) and maintained within the gnotobiotic facilities of the National Institute of
Advanced Industrial Science and Technology. Other mice were housed in cages under SPF conditions, provided with standard food,
given free access to hypochlorous weak-acid water, and housed with a 12:12-hour light/dark cycle with lights on at 8:00 am. The
temperature was maintained at 22°C (20-26°C), and the humidity was 45% (40-60%).

Wild animals No wild animals were used in the study.

Reporting on sex experiments were performed using female and male age- and sex-matched mice.

Field-collected samples  No field-collected samples were used in the study.

Ethics oversight Animal care and experiments were conducted according to the guidelines of the animal committee of the National Cancer Center/
Institutional Animal Experiment Committee of National Institute of Advanced Industrial Science and Technology after approval by the
Ethics Review Committee for Animal Experimentation of the National Cancer Center (protocol numbers: K24-007, K24-010) and the

Institutional Animal Experiment Committee of National Institute of Advanced Industrial Science and Technology (protocol number:
2022-0413).

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

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Thisis not a clinical trial, but an observational study.




Study protocol All cohorts were conducted in a blinded manner and were approved by the National Cancer Center Ethics Committee (IRB protocol
numbers: GC/NSCLC cohort, 2015-048 and 2017-007; HNSCC cohort, 2022-346; MONSTAR cohort, 2018-367). The GC/NSCLC and
MONSTAR cohorts are registered in the UMIN Clinical Trials Registry (https://www.umin.ac.jp/ctr/) under the identifiers
UMINO000019129 and UMINO00036749, respectively.

Data collection Clinical data were collected from medical records.

Outcomes Since this was an observational study, no predefined outcomes were established.

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.

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

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

For human specimens:

To collect tumor-infiltrating lymphocytes (TILs), tumor tissues were minced and treated within 72 hours after surgery with a
TIL preparation protocol using an optimized tissue preservation reagent (Tumor & Tissue Preservation Reagent: TTPR) and TIL
isolation reagent (Tumor & Tissue Dissociation Reagent: TTDR), which were codeveloped with BD Biosciences, or were
treated immediately using the gentleMACS™ Dissociator.

For mouse specimens:

To isolate TILs and lymphocytes in lymph nodes, tissues were harvested and minced into small pieces, followed by digestion
with BD Horizon™ Dri TTDR reagent at room temperature for 20 minutes. After dissociation, the cell suspension was filtered
using a 70-um strainer and washed with PBS supplemented with 1% BSA. For intestinal tissues, small intestines (duodenum,
jejunum, and ileum) were excised. The intestinal contents were removed by washing with HBSS. Fat tissue was also removed.
Peyer’s patches and mesenteric tissues were cut carefully and digested in BD Horizon™ Dri TTDR reagent according to the
manufacturer’s instructions. Intestines were further opened longitudinally and cut into 5-mm lengths. Tissues were digested
by a Lamina Propria Dissociation Kit (Miltenyi Biotec) according to the manufacturer’s instructions.

FACSAria Fusion (for sorting), LSR Fortessa, or FACSymphony (for analyzing) from BD Biosciences were used for data
collection.

BDFACS Diva software (ver8.0.3) was used for data collection, and Flow jo (ver10.8.1) was used for analysis.

The cell populations were sufficient for downstream analysis. For cell sorting, cell purity confirmed by FACS was >95% after
sorting.

First we gated based on physical parameters (FSC-A vs SSC-A), then excluded doublets (FSC-H vs FSC-A and SSC-H vs SSC-A).
On the singlets, we selected for live cells using Fixable Viability Dye eFluor 780 (Thermo Fisher Scientific).CD8+ T cells as CD45
+CD3+CD8+, CD4+ T cells as CD45+CD3+CD4+, effector Treg cells as CD45+CD45RA-FoxP3highCD4+CD3+ (for human
samples) or CD45+Foxp3+CD4+CD3+ (for murine samples). Dendritic cells as CD45+CD11c+MHCII+. CD103+CD11b-
conventional dendritic cells as CD45+CD11c+MHCII+CD103+CD11b- (in vivo) or CD45+CD11c+MHCII+CD135+CD103+CD11b-
(in vitro). CD11b+ cells as CD45+CD11b+. CDPs were identified as Lin-CD117intCD135+CD115+CD11c-MHCII- BM cells. All
gating strategies are provided in the figures, extended data figures, and supplementary information.

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