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Immune checkpoint blockade (ICB) has become a standard anti-cancer treat-
ment, offering durable clinical benefits. However, the limited response rate of
ICB necessitates biomarkers to predict and modulate the efficacy of the
therapy. The gut microbiome’s influence on ICB efficacy is of particular
interest due to its modifiability through various interventions. However, gut
microbiome biomarkers for ICB response have been inconsistent across dif-
ferent studies. Here, we identify TANB77, an uncultured and distinct bacterial
clade, as the most consistent responder-enriched taxon through meta-analysis
of ten independent ICB recipient cohorts. Traditional taxonomy fails to dis-
tinguish TANB77 from unrelated taxa, leading to its oversight. Mice with higher
gut TANB77 abundance, either naturally or through transplantation, show
improved response to anti-PD-1 therapy. Additionally, mice injected with
TANB77-derived pilin-like protein exhibit improved anti-PD-1 therapy
response, providing in vivo evidence for the beneficial role of the pilin-like
protein. These findings suggest that pilins from the TANB77 order may
enhance responses to ICB therapy across diverse cohorts of cancer patients.

Cancer immunotherapy, particularly immune checkpoint blockade
(ICB) therapy, has marked a significant breakthrough in oncology,
providing durable clinical benefits and transforming the treatment
landscape for various malignancies. ICB therapies, which include
antibodies targeting PD-1, PD-L1, and CTLA-4, function by blocking
the interaction between immune checkpoint molecules and its
ligand, leading to reactivation of immune system'”. Despite these
advancements, the overall response rate (ORR) to ICB therapy varies
widely among patients, with a substantial proportion failing to
achieve significant clinical benefit**. The limited response rate
underscores the importance of identifying biomarkers to predict

responders and developing combination therapy to enhance ICB
efficacy.

Multiple studies have revealed associations between the gut
microbiome and ICB response, identifying specific gut microbial taxa
that are differentially abundant between responders and non-
responders to ICB therapy”°. State-of-the-art research includes clin-
ical trials demonstrating that fecal microbiota transplantation (FMT) to
patients can improve therapeutic outcomes" ™, as well as longitudinal
studies observing shifts in the gut microbiome composition during ICB
treatment. Despite these promising developments, significant chal-
lenges remain. Results across studies have shown limited consistency,
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with different taxa being associated with ICB response. A compre-
hensive meta-analysis highlighted the complexity and cohort-
dependency of gut microbiome associations with ICB response,
revealing limited reproducibility of microbiome-based signatures
across cohorts”. Furthermore, there is a lack of mechanistic under-
standing of how specific gut microbiota influence ICB efficacy, which
hinders the development of reliable microbiome-based biomarkers
and therapeutics.

In this study, we identified TANB77 order as a consistent meta-
genomic biomarker for ICB response, with its higher abundance cor-
relating with better clinical outcomes after treatment across ten
independent cohorts of patients. The TANB77 order is an uncultured
and distinct bacterial clade often overlooked in previous analyses due
to taxonomic discrepancies outside the Genome Taxonomy Database
(GTDB) system'®. We found that an exclusively conserved pilin-like
protein derived from TANB77 can stimulate dendritic cell (DC) acti-
vation through the TLR4 signaling pathway in vitro and its direct
injection enhanced ICB efficacy in mice. These findings highlight the
potential of TANB77 order and its pilin-like proteins to serve as bio-
markers and modulators of ICB response.

Results

TANB77 order was identified as a strong predictor of ICB
response and prognosis

We collected fecal samples from non-small cell lung cancer (NSCLC)
patients (n=49) enrolled at Yonsei Cancer Center (YCC) in Korea
before the initiation of anti-PD-1 therapy as a discovery cohort (here-
after referred to as YCC_1* cohort). The samples underwent ultra-deep
whole metagenome sequencing (WMS) (>30Gbp on average), sub-
stantially deeper than similar studies (Supplementary Fig. 1). The
patients were classified as responders (R, n=18) or non-responders
(NR, n =31) based on the Response Evaluation Criteria in Solid Tumors,
version 1.1 (RECIST 1.1)"” (Methods). The R and NR groups showed no
significant differences in age, sex, smoking history, ECOG status, his-
tology, and antibiotic treatment history (Supplementary Table 1).

The taxonomic abundance of the patients’ gut microbiota was
profiled based on GTDB taxonomy'® using Kraken2'® with the HRGM
database”, which is presented as the primary results in this paper,
along with mOTUs3%, and MetaPhlAn4?' (Methods). No significant
difference in alpha and beta diversity of the microbial community was
detected between the R and NR groups (Supplementary Fig. 2a-f).
Using a multivariable analysis, we found several differentially abundant
taxa significantly enriched in either R or NR groups. Seven out of the
top ten responder-enriched taxa (based on multivariable MaAsLin2*
test P value) corresponded to the bacterial order TANB77 and its sub-
taxa (Fig. 1a), while the relative abundance of the TANB77 order was
6.1-fold higher in R compared to NR patients (two-tailed Mann-Whitney
U test, P < 0.01) (Fig. 1b). The enrichment of TANB77 in responders was
also detected using mOTUs3 and MetaPhlAn4 taxonomic profiles
(Supplementary Fig. 2g, h). Notably, taxa previously reported to be
associated with ICB response in studies with similar designs®° showed
limited reproducibility (Full analysis results are available, see Data
availability).

Based on the relative abundance of TANB77, receiver operating
characteristic (ROC) analysis revealed an area under the ROC curve
(AUROC) of 0.737 for predicting responders (Fig. 1c). We next tested
whether TANB77 was predictive of prognosis in patients undergoing
anti-PD-1 treatment. We stratified anti-PD-1 recipients into high- and
low-TANB77 groups based on the TANB77 abundance threshold
defined by the maximum Youden index in the ROC curve. Progression-
free survival (PFS) and overall survival (OS) were significantly higher in
the high- compared to the low-TANB77 group (two-tailed log-rank test,
P<0.05) (Fig. 1d, e). Furthermore, we performed Cox regression ana-
lysis to investigate whether the observed positive effect of TANB77 on

clinical outcome was dependent on other factors known to be asso-
ciated with immunotherapy response, such as oncogene mutations®,
smoking history*, and PD-L1 expression®. Results showed that the
abundance of TANB77 was a significant factor for the reduced hazard
ratio of both PFS and OS (Fig. 1f, g, Supplementary Table 2). Notably,
high expression of PD-L1 was a positive factor for PFS, whereas onco-
genic mutation (EGFR or ALK) and antibiotic use were negative factors
for PFS and OS, respectively.

Higher abundance of TANB77 consistently linked to better ICB
response in diverse cohorts

Next, we examined whether the observed association between TANB77
and the ICB response could be reproduced in other independent
cohorts. We established a validation cohort by performing WMS on
fecal samples from an additional cohort of 51 NSCLC patients who
underwent anti-PD-L1 therapy (hereafter referred to as YCC_2" cohort,
Methods Supplementary Table 1). Additionally, we collected publicly
available WMS datasets on fecal samples from eight independent
cohorts of ICB therapy recipients®'%%, The datasets varied in immu-
notherapy type, cancer type, sequencing technology, and geo-
graphical location. We selected baseline samples before the first
immunotherapy treatment and standardized the response evaluation
criteria in accordance with the YCC cohort. The final dataset included
660 fecal WMS samples (265 R and 395 NR), from ten independent ICB
recipient cohorts. (Methods Supplementary Table 3).

Consistent with the previous cross-cohort study, the gut com-
munities differed significantly by cohort (PERMANOVA test,
P <0.0001) (Supplementary Fig. 3). SIAMCAT?® analysis reaffirmed that
the variance in most taxa was explained more by cohort than by ICB
response. However, we noted that the variance of TANB77 was
explained more by ICB response than by cohort. Additionally, TANB77
showed the highest ratio of variance explained by ICB response to the
variance explained by cohort consistently across different taxonomic
profilers (Supplementary Fig. 4).

We next performed a meta-analysis using MMUPHin* and
identified consistent biomarkers by giving more weight to taxa that
were enriched in the same direction (either toward R or NR) across
multiple cohorts (Methods). We found that the TANB77 order was
most consistently enriched in responders, while the Hungatella
genus was most consistently enriched in non-responders (Fig. 2a).
Although the enrichment of TANB77 was not statistically significant
in all individual cohorts, the direction of enrichment was consistent
across all cohorts and the enrichment in the pooled sample was
significant (Benjamini-Hochberg corrected MMUPHin g-value
<0.001) (Fig. 2b, c). This high level of consistency in TANB77
enrichment toward responders was confirmed with different micro-
bial taxonomic profilers (Supplementary Fig. 5a-d). To further
examine the consistency of our findings, we compiled six
datasets®”?*73% containing fecal 16S rRNA sequences of ICB therapy
recipients, consisting of 125R and 96 NR (Supplementary Table 4).
Taxonomic profiling using a refined set of TANB77 16S rRNA
sequences followed by batch correction”’ and LEfSe analyses®
(Methods) revealed a major family of order TANB77, CAG-508, as a
significant responder-enriched taxon (Supplementary Fig. 6). Nota-
bly, CAG-508 was the only taxon to be enriched for ICB responders
by both WMS and 16S rRNA sequencing analyses. The enrichment of
TANB77 in responders was also reproduced in cancer-type-specific
and nivolumab recipient-specific analyses (Supplementary Figs. 7, 8).

We next examined whether the higher abundance of TANB77
correlates with better clinical outcomes in ICB recipients. We divided
the patients into high- and low-TANB77 groups based on the threshold
defined by the maximum Youden index in ROC analysis in individual
cohorts. We observed prolonged PFS in the Gopalakrishnan, Peters,
and YCC_2nd cohorts (one-tailed log-rank test, P<0.05) (Fig. 2d).

Nature Communications | (2024)15:10726


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55388-3

a b c
5 p=0.0064** 10 4 —
@ Not significant @ Species 16-01 — . -—- Random prediction
O Significant @ Genus 3 . The point maximizing .
(coef>2&p<0.01) M Family A O_TANB77 ] Youdes'’s index /7
4 - |@® TANB77 & Significant A Order or higher A Ve
7 0.8 /
~ 1 s
5 s/
Z o
3 4 = ®
= 5 1e-02 o ° 5 0.6
G @ ] ° >
: 8 : %
g g ] g
T o 9 a
2 1. g 04
o © 1 =
o
=
©
4 o 1e-03 4
1 x Gl 0.2 -
o0 1 | AUROC: 0.737
T T T T T T T D E— — 00 T T T T T T
4 3 2 -1 0 1 2 3 4 NR R 0.0 0.2 0.4 0.6 0.8 1.0
NR-enriched R-enriched Response False positive rate
MaAsLin2 coefficient to Response
f g
os
d PES e Category PFS HR (95%Cl) Category HR (95%Cl)
os . - -
EGFR or ALK Antibiotics | _ »
4 i =0.0056**| =—te £5.077 (1.61-16.02 p=0.0025"1 ——7.531 (2.04-27.86)
10 —— High-TANB77 1.04 —— High-TANB77 A”z‘[‘)‘_a“"’” P | ( ) EGF[;ea‘mAT_IE |
—— Low-TANB77 —— Low-TANB77 ntibiotics 13.015 (0.10-9.14 or Al 3.523 (0.92-13.46
08 X Censored X Censored treatment | -015 (0.10-9.14) muta:on ‘ ( )
.84 0.8 Pathology L ge 1.355 (0.49-3.74,
> . LUAD vo Lk - 1.170 (0.50-2.72) >65 —!"‘— -355 (0.49-3.74)
= £ Patholo
2] 3 X — F0.613(0.12312)  LUAD ve LUGR - 0.804 (0.26-2.47)
8 06 3§ 069 A ‘ Previous line I
& g o8 £ 0.554 (0.23-1.32) therapies > 2 - 0.623 (0.20-1.95)
< T i | Sex |
2 044 § Smoking —_— L % _ 0.578 (0.11-3.05,
g 0.4 s 04 former current I 0.434 (0.08-2.28) .y fem.a|e I { )
@ = Previous line -L1 expression — 0.561 (0.06-5.20
02 a os therapies = ———J‘ £0.403 (0.16-1.03) > 50 | ( )
-4 -4 Smokin:
High-TANB77 —— Pe0.000410214 (0.090.50) former oo —'—:— 0.452 (0.08-2.55)
0 p:0_00‘17 ‘ ‘ ‘ ‘ 00 p:0_01?: ‘ ‘ ‘ ‘ PD-L1 expresfigg lp=0.0145* | 0.058 (0.01-0.57) High-TANB77 —— p=0.035" 0.337 (0.12:0.93)
= h
0 5 Tﬂo y wih 20 25 0 5 T1.o y 11 20 25 5 9 e 13 2 4 0 1 2
ime (Month) ime (Month) log,,(HR) log,o(HR)

Fig. 1| Abundance of the TANB77 order in the gut microbiome is predictive of
immunotherapy response and prognosis in a cohort of non-small cell lung
cancer patients recruited at the Yonsei Cancer Center (YCC_Ist). a Volcano plot
showing taxa enriched in responders (R, n =18) or non-responders (NR, n=31) in
the YCC_1st cohort, produced by MaAsLin2 multivariable analysis. The horizontal
dashed line indicates the unadjusted two-sided MaAsLin2 P=0.05 threshold, and
the vertical dashed line indicates the |[MaAsLin2 coefficient | = 2 threshold. A posi-
tive MaAsLin2 coefficient means taxa are enriched in responders. TANB77 and its
sub-taxa are highlighted in red. b Relative abundance of TANB77 in R and NR
patients. Significance was evaluated by a two-tailed Mann-Whitney U test. The
center line of the boxplot represents the median, the bounds of the box represent
the 25th, and 75th percentiles, and the whiskers represent the minimum and

maximum values within the 1.5 interquartile range from the lower and upper
quartiles. ¢ Receiver operating characteristic (ROC) curve illustrating the retrieval
of responders based on the relative abundance of TANB77, with the area under the
ROC curve (AUROC) indicated. d, e Kaplan-Meier plots representing progression-
free survival (PFS, d) and overall survival (OS, e) of high- and low-TANB77 groups.
Significance was evaluated by a two-tailed log-rank test. f, g Multivariate Cox
regression models of PFS (f) and OS (g) in the YCC_1Ist cohort. Horizontal bars
denote the 95% confidence interval (CI) of the hazard ratio (HR) for each category.
Vertical marks indicate the HR. Significant categories are depicted by blue
(decreasing HR) and red (increasing HR) bars, with their two-sided Cox regression
test unadjusted P-values indicated (*P < 0.05, *P < 0.01, **P<0.001).

In the Routy cohort, which provides categorical metadata on whether
PFS is above or below 3 or 6 months, high-TANB77 patients were more
frequent in the group with longer PFS at both the 3-month and
6-month thresholds (one-tailed Fisher’s exact test, P< 0.01). Similarly,
both Lee-PRIMM-UK and Lee-PRIMM-NL cohorts showed a higher ratio
of high-TANB77 patients in the group with PFS longer than 12 months,
although the significance test was not passed for the Lee-PRIMM-NL
cohort (Fig. 2e). Overall survival was significantly longer in the high-
TANB77 group in the Derosa and YCC_2nd cohorts (one-tailed log-rank
test, P<0.05) (Fig. 2f). In the Frankel cohort, we observed that the
tumor size growth was significantly lower in the high-TANB77 group
(one-tailed Mann-Whitney U test, P<0.01). However, in the Matson
cohort, there was no significant difference (one-tailed Mann-Whitney U
test, P>0.05) (Fig. 2g). Overall, a significant correlation between
higher TANB77 abundance and better ICB efficacy was observed in 8
out of 10 independent cohorts (Fig. 2h). Notably, even in the cohorts
that did not reach statistical significance showed the same trend of
correlation between higher abundance of TANB77 and better clinical
outcomes. These results were also reproduced when classifying
patients into TANB77 positive and negative groups based on
MetaPhlAn4 and mOTUs3 profiles (Supplementary Fig. 9).

TANB77 is a distinct bacterial order with taxonomic dis-
crepancies outside the GTDB system

The GTDB taxonomic classification system, which is based on 120
ubiquitous single-copy proteins, defines TANB77 as a bacterial order
within the class Clostridia®’. The TANB77 order has been consistently
maintained throughout the updates of GTDB from r80 (November
2017) to r220 (April 2024) (Supplementary Fig. 10a). In contrast, non-
GTDB taxonomies annotate TANB77 inconsistently. NCBI taxonomy
places TANB77 genomes into several polyphyletic clades, many of
which lack taxonomic resolution and include genomes not classified as
TANB77 by GTDB taxonomy* (Fig. 3a). MetaPhlAn4?”, a widely used
taxonomic profiler in metagenomics, uses its own taxonomy of species
genome bins (SGBs). In MetaPhlAn4, TANB77 is represented by 120
SGBs from 27 families, 24 orders, 21 classes, and 6 phyla (Supple-
mentary Fig. 10b). Similarly, clades containing at least one TANB77 SGB
also contain many non-TANB77 SGBs (Supplementary Fig. 10c). Such
discrepancy is also observed in another widely used taxonomic pro-
filer, mOTUs3? (Supplementary Fig. 10d). Furthermore, this issue
persists in the 16S rRNA-based taxonomy, where the taxonomy cor-
responding to TANB77 order was inconsistent across SILVA*, RDP%,
and EzBioCloud*® databases (Supplementary Data 1).
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These discrepancies in the taxonomy of TANB77 may explain why
previous studies failed to detect TANB77 as an ICB response marker.
None of the clades (and even none of the combinations of clades)
outside of GTDB can accurately represent TANB77. Consequently, the
TANB77 signal has likely been dispersed or confounded with other taxa
in previous works. We compared the meta-analysis results of the ten
cohorts of ICB recipients using the MetaPhlAn4 or mOTUs3 taxonomy
and those using the GTDB-converted taxonomy. The results showed
that when using the MetaPhlAn4 or mOTUs3 taxonomy, the signals of
features belonging to TANB77 were spread out, resulting in less pro-
minent results compared to using the GTDB taxonomy (Supplemen-
tary Fig. Se, f).

Tumor progression

Despite discrepancies in taxonomy outside the GTDB, analyses
using the entire genome contents confirmed that TANB77 is a distinct
bacterial clade. In a previous study, where complete and circular
genomes of TANB77 were assembled using long-read sequencing
data®, genomes of TANB77 were exclusively clustered based on the
KEGG pathway and KEGG ortholog profiles. We also observed that
genomes of TANB77 possess a distinct GC content when compared to
other genomes of clades commonly misclassified by NCBI (Fig. 3b).
Analysis using traitar®® also revealed that TANB77 genomes exhibit trait
profiles significantly different from their closest genomes outside of
order TANB77, with the absence of many growth-related traits (Sup-
plementary Fig. 11a).
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Fig. 2 | Higher abundance of TANB77 consistently correlates with improved
clinical outcomes across diverse cohorts of ICB recipients. a Gut microbial taxa
showing consistent associations with ICB response in ten cohorts of immu-
notherapy recipients. The 50 taxa with the highest absolute consensus scores are
shown, along with their consensus scores and unadjusted meta-analysis P-values
(by MMUPHin, two-sided). Taxa are sorted by absolute consensus score. Taxa
within the TANB77 and Hungatella clades are highlighted in blue and red, respec-
tively. b MaAsLin2 effect size of TANB77 abundance as a predictor of immu-
notherapy response in individual cohorts and pooled samples. Center circle and
horizontal line denote the MaAsLin2 coefficient and 95% confidence interval (CI),
respectively. Statistically significant (two-sided unadjusted MaAsLin2 P < 0.05)
cohorts are highlighted in blue. ¢ Volcano plot representing MMUPHin coefficients
and two-sided unadjusted P-values. A positive coefficient represents responder-
enriched taxa. The x-axis scale was calculated using a symmetric log function.

d Kaplan-Meier (KM) plots representing progression-free survival (PFS) of high- and

low-TANB77 groups in the Gopalakrishnan, Peters, and YCC_2nd cohorts. Sig-
nificance was evaluated by a one-tailed log-rank test. e Number of patients with PFS
above or below certain months in the Routy, Lee-PRIMM-UK, and Lee-PRIMM-NL
cohorts. Patients were categorized into high- and low-TANB77 groups. Significance
was evaluated by a one-tailed Fisher’s exact test. f KM plots representing overall
survival (OS) of high- and low-TANB77 groups in the Derosa, Peters, and YCC_2nd
cohorts. Significance was evaluated by a one-tailed log-rank test. g Change in the
tumor size after immunotherapy treatment in the Frankel and Matson cohorts.
Significance was evaluated by a one-tailed Mann-Whitney U test. The center line of
the boxplot represents the median, the bounds of the box represent the 25th, and
75th percentiles, and the whiskers represent the minimum and maximum values
within the 1.5 interquartile range from the lower and upper quartiles. h Summary of
the association between high TANB77 abundance in the gut and ICB therapy out-
come in ten cohorts. Source data are provided as a Source Data file. (*P<0.05,
*P<0.01, **P<0.001).

To better understand in which ecosystems TANB77 can thrive, we
assessed the prevalence of TANB77 in the planetary-scale microbiome
resource SPIRE* (Methods). TANB77 genomes are predominantly
found in human oral, human gut, and non-human animal gut micro-
biomes (Supplementary Fig. 11b, c) and are infrequently detected in
infants, suggesting they likely establish later in life (Supplementary
Fig. 11d, e). Searches across various cultured bacterial genome
databases'*** revealed no TANB77 genomes, indicating that despite
their prevalence in the human microbiome, TANB77 remains uncul-
tured. TANB77 abundance showed a strong positive correlation with
the RF39 order and CAG-272 family, both of which are also uncultured
bacterial clades (Supplementary Fig. 11f, g). This suggests that these
uncultured clades with reduced genome sizes thrive in specific gut
environments. Among cultivated taxa, Coprococcus genus showed the
strongest positive correlation with TANB77 (Supplementary Fig. 11f, h).
In contrast, taxa showing a negative correlation included species like
Ruminococcus B gnavus, known to be enriched in diseases such as IBD
and CRC®. Those taxa with positive and negative correlations with
TANB77 were also observed as the most prominent high-TANB77 and
low-TANB77 group enriched taxa in 660 ICB recipients, respectively
(Supplementary Fig. 12).

The abundance of TANB77 in the mouse gut inversely correlates
with tumor progression after anti-PD-1 treatment

We further investigated the relationship between TANB77 levels in the
gut and ICB therapy response in a mouse model. Sivan et al. (2015)
reported that mice from the Jackson Laboratory (JAX) showed slower
tumor progression and better anti-PD-L1 therapy response than
Taconic Farms (TAC) mice*. Moreover, TAC mice transplanted with
JAX feces showed an enhanced response to ICB, demonstrating the
causal effect of the gut microbiome on immunotherapy response.
Here, we investigated TANB77 levels in the murine gut using 16S rRNA
data from the Sivan et al. (2015) study. We first classified the animals
into JAX and TAC phenotype mice (Supplementary Table 5). The JAX
phenotype mice had significantly higher TANB77 levels in their gut
microbiome compared to TAC phenotype mice (two-tailed Mann-
Whitney U test, P < 0.0001) (Fig. 4a). To assess whether the altered ICB
response in TAC mice after JAX feces transplantation was associated
with TANB77 abundance, we examined data from a cross-
transplantation experiment. Thus, we compared TANB77 abundance
between TAC mice transplanted with JAX feces (JAX to TAC) and TAC
mice transplanted with TAC feces (TAC to TAC). Interestingly, TANB77
abundance increased significantly during 14 days in JAX to TAC animals
(two-tailed Mann-Whitney U test, P<0.001), whereas TAC to TAC
individuals showed no significant difference (two-tailed Mann-Whitney
U test, P>0.05) (Fig. 4b). While TANB77 abundance was similar
between the two groups on day O (two-tailed Mann-Whitney U test
P>0.05), it ended up being significantly higher for JAX to TAC mice on

day 14 (two-tailed Mann-Whitney U test P<0.001) (Fig. 4b), where it
coincided with that in JAX donor mice (two-tailed Mann-Whitney U
test, P> 0.05) (Fig. 4c). This finding implies that the increased TANB77
originated from the JAX donor feces and could explain the improved
ICB response in JAX mice.

To substantiate the correlation between baseline gut TANB77
abundance and anti-PD-1 response, we performed 16S rRNA sequen-
cing on fecal samples of mice from two different vendors, followed by
tumor injection and anti-PD-1 or isotype treatment (Fig. 4d). The
composition of the gut microbiome differed between the two vendors
(PERMANOVA, P < 0.0001) (Supplementary Fig. 13a), with higher alpha
diversity in the Samtako mice (two-tailed Mann-Whitney U test,
P<0.0001) (Supplementary Fig. 13b), but similar TANB77 abundance
(two-tailed Mann-Whitney U test, P> 0.05) (Supplementary Fig. 13c).
Next, we examined the response to anti-PD-1 therapy. Mice from both
vendors responded to anti-PD-1 treatment, with the Samtako mice
displaying significantly reduced tumor growth (two-tailed Student’s
t-test, P<0.05) (Supplementary Fig. 13d) and longer survival (two-
tailed log-rank test, P<0.01) (Supplementary Fig. 13e) compared to
isotype controls. In the Orient mice, tumor growth did not differ sig-
nificantly between the two groups of mice (two-tailed Student’s ¢-test,
P>0.05) (Supplementary Fig. 13f), but the anti-PD-1-treated group
survived longer than the isotype-treated control (two-tailed log-rank
test, P<0.01) (Supplementary Fig. 13g). Although mice from the two
vendors had different gut microbiota, they shared similar baseline
tumor growth, response to anti-PD-1 therapy (two-tailed Student’s
t-test, P>0.05) (Supplementary Fig. 13h), and survival duration (two-
tailed log-rank test, P>0.05) (Supplementary Fig. 13i, j). We then
classified the animals into high-TANB77 and low-TANB77 mice based
on the median abundance of species belonging to the TANB77 order.
Interestingly, the high-TANB77 group mice showed a more significant
reduction in tumor volume after anti-PD-1 therapy than the low-
TANB77 group (two-way ANOVA followed by Tukey’s post hoc test)
(Fig. 4e). To pinpoint which taxon contributed most to immunother-
apy response, we investigated the gut commensals showing a negative
correlation with tumor growth in anti-PD-1-treated mice. The genus
UMGS1663, which belongs to the TANB77 order, displayed the stron-
gest negative correlation with tumor growth (Spearman’s correlation,
P<0.05) from days 11 to 14, 14 to 17, and 17 to 20 (Fig. 4f). Moreover,
half of the top ten taxa showing a negative correlation with the nor-
malized tumor growth belonged to the TANB77 order, and the TANB77
itself was ranked 6th among 253 taxa (Supplementary Data 2).

FMT from a high-TANB77 human donor to mice improves the
efficacy of anti-PD-1 treatment

We next conducted a human-to-mouse FMT experiment to investigate
whether the abundance of gut TANB77 was an indicator of being a
good donor for an improved ICB response (Fig. 5a). We first selected a
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high-TANB77 donor and a low-TANB77 donor from healthy individuals.
The relative abundance of TANB77 from the high-TANB77 donor was
0.0334, placing it in the top 5.75% compared to 660 ICB recipients and
in the top 14.75% compared to the global population. TANB77 was not
detected in the low-TANB77 donor based on GTDB-converted mOTUs3

Fig. 3 | TANB77 is a distinct bacterial clade that is misclassified in the NCBI
taxonomy system. a Comparative taxonomic classification of TANB77 genomes.
TANB77 genomes are classified into seven NCBI families shown on the right (the
relationship is highlighted in red lines), and the genomes within these NCBI clades
are classified into multiple GTDB orders on the left. b Comparison of GC content
between genomes classified as TANB77 and non-TANB77 genomes within the top
three NCBI families containing the most TANB77 genomes. Significance was eval-
uated by a two-tailed Mann-Whitney U test. (**P < 0.01, **P < 0.001).

profiling (Fig. 5b). The two donor samples had different microbial
compositions and alpha diversity (Supplementary Fig. 14a, full taxo-
nomic profiles are available, see Data availability). We treated mice
from the same vendor with an antibiotic cocktail to reduce the effect of
intrinsic TANB77 or other resident gut microbiota and confirmed gut
TANB77 to be below the detection limit (Supplementary Fig. 14b).
Next, we performed FMT with the feces of high- and low-TANB77
human donors, injected the mice with tumor cells, and finally applied
anti-PD-1 or isotype treatment.

Notably, mice that received FMT from the high-TANB77 donor
exhibited significantly better anti-PD-1 response in terms of tumor
growth (two-way ANOVA followed by Tukey’s post hoc test, P< 0.05)
(Fig. 5¢) and survival duration (two-tailed log-rank test, P<0.05)
(Fig. 5d) than low-TANB77 FMT recipient mice. Moreover, we found a
significantly higher proportion of Ki-67* PD-1" CD8" T cells (two-tailed
Mann-Whitney U test, P<0.01) that are likely proliferating T cells in
response to anti-PD-1 treatment*, among peripheral blood mono-
nuclear cells (PBMCs) in high-TANB77 FMT recipient mice subjected to
anti-PD-1 treatment compared to other mice (Fig. Se, Supplementary
Fig. 15a, Supplementary Fig. 16a-c).

Furthermore, we investigated murine gut microbiota using 16S
rRNA sequencing data from fecal samples collected before tumor
injection (D + 0). The taxonomic composition of the gut microbiome
revealed a clear distinction between mice that received FMT from high-
and low-TANB77 feces (PERMANOVA, P<0.0001) (Supplementary
Fig. 14c), with significantly higher alpha diversity in the former (two-
tailed Mann-Whitney U test, P < 0.01) (Supplementary Fig. 14d). These
results suggest that the taxonomic composition of fecal microbes from
FMT donors contributes to the different anti-PD-1 responses between
recipient groups. Accordingly, the elevated diversity of fecal micro-
biota may explain the improved ICB response. However, no significant
difference in alpha diversity of fecal microbiota between responders
and non-responders was detected for nine out of ten study cohorts
(Supplementary Fig. 2e, f, Supplementary Fig. 14e). Even though the
alpha diversity of gut microbiota was significantly higher in the Sam-
tako mice than in the Orient mice (Supplementary Fig. 13b), both dis-
played a similar ICB response (Supplementary Fig. 13h-j). These
findings suggest that the improved ICB response may not be caused by
the higher alpha diversity. Therefore, we applied sequential filtering
steps to identify candidate taxa that might specifically contribute to
the improved ICB response observed upon fecal transplantation
(Fig. 5f). The first filtering step in high-TANB77 FMT recipient mice
yielded nine taxa (> 2-fold enrichment; two-tailed Mann-Whitney U
test, P<0.05; LEfSe LDA >3) (Supplementary Table 6). The second
filtering step through taxa with greater abundance in high-TANB77
donors than in low-TANB77 donors (= 2-fold) retained only four taxa.
Finally, we filtered out taxa that were not responder-enriched in the ten
study cohorts of ICB recipients, which left a CAG-245 genus specific to
the TANB77 lineage. CAG-245 was significantly more abundant in high-
TANB77 FMT recipient mice (two-tailed Mann-Whitney U test, P < 0.01)
(Fig. 5g) and 2.65-fold higher in high-TANB77 donors than in low-
TANB77 donors. These results suggest that the improved anti-PD-1
response observed in high-TANB77 FMT mice may be attributed to
CAG-245, a genus that belongs to the TANB77 lineage.
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Fig. 4 | TANB77 abundance in the murine gut microbiome correlates with anti-
PD-1 (aPD-1) therapy response. a TANB77 abundance in JAX and TAC phenotype
mice. Significance was evaluated by a two-tailed Mann Whitney U test. The center
line of the boxplot represents the median, the bounds of the box represent the
25th, and 75th percentiles, and the whiskers represent the minimum and maximum
values within the 1.5 interquartile range from the lower and upper quartiles.

b Changes of TANB77 abundance in guts of “JAX to TAC” (blue, n = 6) and “TAC to
TAC” (red, n=6) mice after transplantation. The plot denotes average TANB77
abundance + SEM. Statistical significance was calculated by a two-tailed Mann-
Whitney U test. ¢ Relative abundance of TANB77 in JAX donor (navy, n=4) and TAC
recipient mice on day 14 (D +14). The plot denotes average TANB77 abundance +
SEM. Statistical significance was calculated by a two-tailed Mann-Whitney U test.

Normalized tumor growth

Normalized tumor growth Normalized tumor growth

d Schematic timeline of the mouse experiment relative to the tumor injection date.
e Tumor growth curve of high- and low-TANB77 mice subjected to aPD-1 or isotype
treatment. Data points and error bars represent the mean + SEM of tumor volume
from two independent experiments (aPD1 high-TANB77 =9, aPD1 low-TANB77 =12,
Isotype high-TANB77 =12, Isotype low-TANB77 =9). Significance was evaluated by
two-way ANOVA using Tukey’s multiple comparison post hoc test (all significant
comparisons are shown). f Correlation between normalized tumor growth and
relative abundance of the UMGS1663 genus in aPD-1 treated mice from day 11

(D +11) to D +14 (left), from D + 14 to D +17 (center), and from D +17 to D +20
(right). The plots share y-axis. Solid lines denote linear regression. Source data are
provided as a Source Data file. (n.s.: not significant, *P < 0.05, *P < 0.01, **P< 0.001,
P < (0.0001).

Sequence abundance of pilin-like proteins of TANB77 correlates
with ICB response

TANB77 is an order-level taxonomic clade that includes largely het-
erogeneous bacterial species. We could not observe any subclade of
TANB77, such as family, genus, or species, that is more predictive for
immunotherapy response than TANB77 (Figs. 1a, 2a). Therefore, we
hypothesized that gene products exclusively shared among the
TANB77 bacterial species may be responsible for the increased
responses to ICB treatment. We found a stretch of 10-14 genes that are
highly conserved in the TANB77 genomes (Methods). Among the
129 species in the order TANB77,122 ( ~ 95%) species carry a single copy
of the conserved gene cluster in their representative genomes. We
selected a genomic region for the gene cluster from HRGM_Ge-
nome_2725 (s CAG-245 sp000435175) based on intactness and con-
cordance and assigned gene identification numbers for the 12
conserved genes, from 927 through 938, based on the order of
genomic loci (Fig. 6a, b). To confirm their exclusive presence within
the order TANB77, we searched against the entire gut microbial pro-
teins encoded in 5,414 HRGM species genomes. We found that all
proteins encoded in the gene cluster except protein 930 have no or
only a few homologous proteins outside the TANB77 lineage (Sup-
plementary Fig. 17). Based on evidence from orthologous groups,
protein domains, transmembrane topology (Supplementary Fig. 18),
and 3D structural homology (Supplementary Fig. 19, Table 1, Meth-
ods), we hypothesized that the gene cluster encodes a pilus structure.
Specifically, we propose that the first 5-6 genes encode the pilus

assembly machinery, while the subsequent genes encode pilin pro-
teins (Fig. 6b).

We next investigated the abundance of metagenomic sequencing
reads for the seven pilin-like proteins (from protein 932 to 938)
derived from gut microbiomes of immunotherapy recipients. The
sequence abundance of the pilin-like proteins exhibited a strong
positive correlation with the relative abundance of TANB77 order
(Pearsonr=0.943, P <1e-300) (Supplementary Fig. 20). Of interest, it is
worthwhile to note that some non-responders, despite having a high
abundance of TANB77, had lower-than-expected levels of pilin-like
protein sequences. We identified the most abundant TANB77 species
in these non-responders to be CAG-492 sp900553225 in the Derosa
cohort sample (SRR15373054), and CAG-492 sp000434335 in the Routy
cohort sample (ERR2235228) and Derosa cohort sample
(SRR15372921), which were among the few exceptional
TANB77 species that lack the pilus gene complex (Fig. 6a).

A pilin-like protein of TANB77 can stimulate dendritic cells (DCs)
via TLR4 signaling pathway

Based on the correlation between the sequence abundance of
TANB77 species’ pilin-like proteins and ICB response, we hypothesized
that the pilin-like proteins might function as pathogen-associated
molecular patterns (PAMPs) and activate antigen-presenting cells
(APCs), specifically DCs, which are known for recognizing microbial
molecules and activating the adaptive immune system**, Among the
seven pilin-like proteins, we selected the potential minor pilin, 938, as
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Fig. 5| FMT from a high-TANB77 human donor to mice improves the efficacy of
anti-PD-1 treatment. a Timeline of human-to-mice FMT experiments. b Relative
abundance of TANB77 in high- and low-TANB77 donors compared to global
population (n =20,900) and ICB recipients (n = 660). Blue and red horizontal lines
indicate the relative abundance of high-TANB77 and low-TANB77 donor, respec-
tively. ¢ Tumor growth curve of high- and low-TANB77 FMT recipient mice sub-
jected to anti-PD-1 or isotype treatment. Each treatment group had six to eight mice
allocated per group (aPD1 high-TANB77 =7, aPD1 low-TANB77 = 8, Isotype high-
TANB77 = 6, Isotype low-TANB77 = 8). Data points and error bars represent the
mean + SEM. Significance was evaluated by two-way ANOVA using Tukey’s multiple
comparison post hoc test (all significant comparisons are shown). d Survival curve
for high- and low-TANB77 FMT recipient mice. Significance was evaluated by the

g_CAG-245 (TANB77 genus)

pairwise two-tailed log-rank test (all significant comparisons are shown).

e Proportion of Ki-67* PD'1* CD8" T cells in mice PBMCs on D +15. Significance was
evaluated by a two-tailed Mann-Whitney U test and the error bars represent
mean + SEM f Schematic diagram of sequential filtration steps to identify candidate
taxa responsible for improving the ICB response in high-TANB77 FMT recipient
mice. g Relative abundance of the CAG-245 genus in high- (n=13) and low-TANB77
(n=16) FMT recipient mice feces. Significance was evaluated by two-tailed Mann-
Whitney U test. b, g The center line of the boxplot represents the median, the
bounds of the box represent the 25th, and 75th percentiles, and the whiskers
represent the minimum and maximum values within the 1.5 interquartile range
from the lower and upper quartiles. Source data are provided as a Source Data file.
(n.s.: not significant, *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001).

an experimental target and synthesized the protein because minor
pilins are known to confer structural and functional uniqueness to the
pilus*’ (Fig. 6b, Supplementary Fig. 21, Methods). We observed that
the treatment of both mouse bone marrow-derived DCs (BMDCs) and
human monocyte-derived DCs with pilin 938 increased expression
levels of known activation markers such as CD80 and CD86 in a
dosage-dependent manner (Fig. 6¢, d, Supplementary Fig. 15b, Sup-
plementary Fig. 22a-d). The ability of pilin 938 to activate BMDCs was
found to be mediated by TLR4 signaling, as both BMDCs pre-incubated
with a TLR4 inhibitor (TAK-242) and TLR4 knockout BMDCs showed a
dramatic decrease in response to pilin 938 (Fig. 6e, f, Supplementary
Fig. 22e, f). However, blocking the TLR2 signaling did not reduce
marker expression when pilin 938 was treated (Supplementary
Fig. 22g, h), thus demonstrating that BMDC recognition and activation
are induced through the TLR4 signaling pathway. When BMDCs were
activated with pilin 938 and co-cultured with T cells, the T cells
demonstrated proliferative and functional responses similar to those
of BMDCs stimulated with LPS (Fig. 6g). Overall, our in vitro experi-
ments revealed that pilin 938 can activate DCs via TLR4 cell signaling,
leading to the proliferative and functional response of T cells.

In vivo administration of pilin 938 enhances the efficacy of anti-
PD-1 treatment

Observing the capability of pilin 938 to activate DCs, we next examined
whether direct treatment of mice with pilin 938 via intraperitoneal
injection could enhance the immunotherapy response, similar to the

effects observed with transferring high-TANB77 human fecal samples
to tumor-bearing mice. Using the same tumor model and anti-PD-1
treatment schedule as the FMT experiments, pilin 938 was co-
administered with anti-PD-1 (Fig. 7a). Compared to the outcome of
anti-PD-1 treatment alone, combined treatment of pilin 938 and anti-
PD-1 inhibited tumor progression and increased the survival rate
(Fig. 7b, c). As in the FMT experiment, peripheral blood mononuclear
cell (PBMC) analysis showed that mice co-administered with pilin 938
and anti-PD-1 exhibited an increased frequency of CD8" T cells
expressing Ki67* PD-1' compared to the frequency acquired from other
treatment methods (Fig. 7d), indicating that the treatment with pilin
938 had a similar effect to the transplantation of high-TANB77 fecal
samples.

Further analyses of CD8" T cells retrieved from draining lymph
nodes and tumors did not show significant phenotypic differences
except for the PD-1 level expression in CD8" T cells from lymph nodes
(Supplementary Fig. 23a-c). However, re-stimulating these cells with
PMA showed an increased frequency of CD8' T cells expressing both
IFNy and TNFa (Fig. 7e, f, Supplementary Fig. 23d). Additionally, we
conducted single-cell RNA sequencing on isolated lymphocytes from
the tumor to investigate changes in the tumor immune micro-
environment resulting from pilin 938 and anti-PD-1 treatment (Sup-
plementary Fig. 23e). Focusing on CD8" T cell subpopulations, we
found that proliferating CD8" T cell subsets were significantly
increased in the combination treatment group (Fig. 7g-i). The CD8' T
cell proliferation was further supported by single-cell TCR sequencing
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Fig. 6 | Pilin-like proteins exclusively conserved among TANB77 order aug-

ments responsiveness of adaptive immunity through TLR4 signaling in antigen
presenting cells. a Diagram of a pilus gene cluster conserved in TANB77. The tree

on the left represents the maximum likelihood phylogenetic tree of 129 repre-
sentative MAGs of TANB77 species. The center plot illustrates the length and

relative location of genes. The arrows represent coding sequences, and arrows with
the same color indicate homologous sequences, while gray arrows represent non-
conserved genes. The black lines represent contigs. The ‘x’ mark represents the end
of the contig. The heatmap on the right provides information on the source of the

genome and family. b A representative gene cluster derived from HRGM_Ge-

nome_2725, which is highlighted in red (a). The arrows represent coding sequences.
The products of genes 927 to 932 are potentially involved in assembly machinery,
and products of genes 932 to 938 are pilin-like proteins. Black triangles indicate the

predicted promoters. ¢, d Mouse BMDCs (c) and human monocyte derived

dendritic cells (d) were stimulated with indicated agonists targeting TLR2 and TLR4
and pilin 938 at indicated concentration for 24 hours. e After an hour of pre-
treatment with TAK-242 inhibitors, BMDC were stimulated for 24 hours with TLR
agonists and pilin 938 at the indicated concentration. f BMDC created from WT and
TLR4 knockout (KO) bone marrow were stimulated with LPS and pilin 938 to see the
TLR4 dependency of pilin 938 activation. g BMDCs were activated with either LPS
or pilin 938 before being pulsed with GP33-41, then, these cells were co-cultured
with P14 CD8" T cells. c-g The in vitro experiments were conducted in triplet (n = 3)
and the error bars represent mean + SEM. The data are representative of two
independent experiments except for (d) and (f) which were conducted once. The
statistical analysis was conducted using One-Way ANOVA Tukey’s multiple com-
parisons test other than (e) and (f) where student t-test was used for analysis.
Source data are provided as a Source Data file. (*P< 0.05, **P < 0.01, **P < 0.001,
P <(0.0001).
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Table 1| Functional annotation of putative pilus proteins

Protein index Protein Root level Protein domain® TMH; signal Sequence homology Structural homology
length (aa) eggNOG? peptide®
927 358 COG3745 1TMH CpaB
928 231 COG1192 TadZ
929 280 COG1192 IPRO27417 Cpak
930 640 COG4962 IPRO01482 1TMH TadA; CpaF (of Roseburia or TadA
Paenibacillus)
931 693 2DBEG 8 TMH TadC (First half); TadB(Se-
cond half)
932 165 PS51257 1TMH -
933 170 1TMH B
934 143 1 Signal peptide - -
935 146 1TMH -
936 237 1TMH R
937 178 2A0CU 1TMH -
938 621 28K4V 1TMH TadE; PilV (Partial)

“Description and abbreviation.
COG3475: Flp pilus assembly protein CpaB.

COG1192: ParA-like ATPase involved in chromosome/plasmid partitioning or cellulose biosynthesis protein BcsQ.

COG4962: Pilus assembly protein, ATPase of CpaF family.

2DBEG: Unknown function.

2A0OCU: Unknown function.

28K4V: Unknown function.

IPRO27417: P-loop containing nucleoside triphosphate hydrolase.
IPRO01482: Type II/IV secretion system protein.

PS51257: Prokaryotic membrane lipoprotein lipid attachment site profile.
TMH Transmembrane helix.

Genus name is italicized.

data, which demonstrated larger clonal expansion of proliferating
CD8'T cell subsets in the combination treatment group (Fig. 7j, k). This
clonal expansion mainly occurred in the combination treatment group
(Supplementary Fig. 23f), consequently reducing TCR diversity
(Fig. 71). These data suggest that in vivo administration of the pilin
from TANB77 can enhance responsiveness and proliferative ability of
CD8' T cells.

Discussion

In this study, we found that TANB77 is consistently enriched in
responders across diverse cohorts, and patients with a higher abun-
dance of TANB77 in their gut microbiome exhibit better responses to
ICB therapy. We validated the correlation between the abundance of
TANB77 and ICB efficacy through various mouse experiments. Fur-
thermore, we identified a gene cluster for pilus assembly exclusively
conserved within the TANB77 order and demonstrated the ability
of one of its pilin-like proteins to enhance ICB efficacy. The
consistent correlation of higher TANB77 abundance with better ICB
efficacy, along with enhanced ICB efficacy from the administration of
pilin 938, highlights the clinical impact of our findings in cancer
immunotherapy.

Recent advancements in technologies and methodologies have
enabled high-resolution profiling of the microbiome. Consequently,
the current trend in microbiome research focuses on strain-level
associations between the microbiome and host phenotypes®. Con-
trary to this trend, in this study, we identified an order-level taxon as a
biomarker. However, in cases where a common functional feature
among taxa of a monophyletic or paraphyletic group is responsible for
the host phenotype, such as the case of pilin-like proteins conserved
among the TANB77 order, the statistical signal for the association
could be weakened at the species or genus level. This could result in a
failure to identify the causal molecules. Our observations show that the
TANB77 order is the most predictive metagenomic feature for the ICB
responders. These results suggest that higher-level taxonomic features

from metagenome-wide association studies are also noteworthy and
should be considered.

TANB77 and its conserved pilin-like proteins may improve ICB
therapy through various routes. First, as biomarkers for patient stra-
tification, both TANB77 and its conserved pilin-like protein can enable
the selection of patients with a high probability of responding to ICB
therapy. Second, increasing TANB77 abundance in the gut microbiome
may enhance ICB response. This can be achieved through the mono-
culture of a strain belonging to the TANB77 order or by using pre-
biotics favored by TANB77. Third, TANB77 may be useful in selecting
FMT donors to enhance ICB efficacy. Lastly, TANB77 pilin-like proteins
may be developed as adjuvants to enhance immunogenicity during ICB
treatment. Given the challenges in cultivating TANB77, this represents
a valuable therapeutic option.

This study has several limitations and areas for improvement.
Firstly, the limited number of donors in the FMT experiments makes it
difficult to rule out the possibility that the improved response in FMT
recipient mice was influenced by factors other than TANB77. Secondly,
interactions with other taxa need further consideration. Given the
complexity of the gut microbiome, it is possible that TANB77 affects
host physiology in conjunction with other taxa linked to ICB response
in previous studies. Future research should explore the interactions
between TANB77 and other taxa that showed consistent enrichment,
especially the Hungatella genus, and other promising taxa identified in
previous studies’ %", Indeed, we observed significant enrichment of
some of the previously studied taxa in cohorts where TANB77’s sig-
nificance was weaker (Supplementary Fig. 24). Finally, the association
between TANB77 and the efficacy of ICB observed in this study is based
on a meta-analysis that includes data from various cancer types and
therapy types. Additionally, we confirmed that in human models,
patients with high levels of TANB77 are associated with positive ICB
responses in melanoma- and NSCLC-specific cohorts, as well as in
cohorts of nivolumab recipients. In mouse models, we also observed
that the abundance of TANB77 correlates with better efficacy of anti-
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Fig. 7 | In vivo administration of pilin 938 increases the proliferative and
functional ability of tumor-infiltrated CD8' T cell in combined with anti-PD-1
(aPD-1) treatment. a Schematic timeline of the mouse experiment relative to the
tumor injection date. b, ¢ MC38 tumor growth of mice injected with or without pilin
938 along with aPD-1 treatment (b) and its corresponding survival curves (c). The
significance between each group was calculated using the Mantel-Cox test. Each
treatment group had seven mice (n=7) allocated per group. d Frequency of Ki67*
PD-1" CD8" T cells from peripheral blood mononuclear cell (PBMC). (aPD1+Pilin
938=9, aPD1+PBS =10, Isotype+Pilin938 = 9, Isotype+PBS = 10) e, f Flow cytometry
plot (e) and bar graph (f) showing the cytokine expression frequency of tumor
infiltrated CD8" T cells stimulated ex vivo with PMA. Each treatment group had five
mice (n=5) per group. b-e Data points and error bars represent mean + SEM.

g UMAP plot showing subclusters of T cells integrated from all treatment types.

h Proportions of T cell subclusters in T cells for each treatment group. i Ratios of
proliferating CD8" T cells to Treg. j UMAP plots of T cells colored with TCR clonal
expansion status. k Cell count of clonal types from proliferating CD8" T cell subsets.
1Shannon index for indicating TCR diversity for T cells. For (b), the significance was
calculated using Two-Way ANOVA with Tukey’s multiple comparisons test (all sig-
nificant comparisons are shown), and for (c), the indicated significance was cal-
culated using pairwise two-tailed log-rank test (all significant comparisons are
shown). The significance shown in (d) and (f) were calculated using One-Way
ANOVA Tukey’s multiple comparisons test. Except for FACS and sequencing data of
tumor infiltrated CD8* T cells (e-1), which were conducted once, all other data (a-d)
are representative of two independent experiments. Source data are provided as a
Source Data file. (*P<0.05, **P < 0.01, **P< 0.001, ***P < 0.0001).
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PD-1 treatment. However, the association between TANB77 and ICB
efficacy may still be specific to cancer type, treatment type, drug type,
or host species, and the effect size may vary. As more data on ICB
responses accumulate in the future, it will become possible to perform
these detailed analyses and better understand the context-specificity
of the microbiome in modulating ICB response.

Methods

Whole metagenomic shotgun (WMS) sequencing on non-small
cell lung cancer (NSCLC) patients

For YCC_I* cohort, 49 patients with advanced NSCLC who started PD-1
inhibitor (nivolumab) treatment at Yonsei Cancer Center between
February 2018 and January 2019, were enrolled (ClinicalTrials.gov
identifier: NCT03486119). Clinical data, including patient character-
istics, driver gene mutation status, metastatic locations, response to
immunotherapy, and adverse events were prospectively collected and
analyzed. The patients were treated intravenously with nivolumab at
3.0 mg/kg body weight every two weeks. This study was approved by
the Severance Institutional Review Board (IRB No.4-2017-0788), and
informed consent was obtained from all participants. We performed a
prospective study investigating predictive biomarkers for atezolizu-
mab in NSCLC patients who failed prior platinum-based chemotherapy
(ClinicalTrials.gov identifier: NCT 04312308). Fifty-one patients who
were able to provide fecal samples were included in YCC_2" cohort.
Patients were enrolled in the clinical trial from April 2020 to April 2022.
Atezolizumab 1200 mg was administered once every three weeks, and
all clinical data were collected prospectively. This study was approved
by the Severance IRB (IRB No. 4-2019-0948), and informed consent
was obtained from all participants.

Fecal samples were collected before initial PD-1 treatment. Feces
were collected into a Stool Nucleic Acid Collection and Preservation
Tube (NORGEN BIOTEK; Cat 45630, 45660) and transferred to Mac-
rogen Inc. for WMS sequencing. For YCC_I* cohort, libraries were
prepared according to the TruSeq Nano DNA Prep Reference Guide
#15041110. DNA (100 ng) was fragmented using an LE220-plus Focused
ultrasonicator (Covaris). The fragmented DNA was end-repaired, and
the adapter sequences were ligated to ~350 bp fragments. After eight
PCR cycles, libraries were quantified using the Kapa Illumina Library
Quantification Kit (Kapa Biosystems; #KK4854). Next, 150bp x 2
paired-end reads were sequenced on an lllumina HiSeq4000 machine.
For YCC_2" cohort, the sequencing libraries were prepared following
the manufacturer’s protocol for the TruSeq Nano DNA High
Throughput Library Prep Kit (Illumina). In brief, 100 ng of genomic
DNA was sheared using adaptive focused acoustic technology (Cov-
aris), and the fragmented DNA was end-repaired to generate 5-phos-
phorylated, blunt-ended dsDNA molecules. After end-repair, DNA was
size-selected using a bead-based method. These DNA fragments
underwent the addition of a single ‘A’ base and ligation of the TruSeq
DNA UD Indexing adapters. The products were then purified and
enriched via PCR to create the final DNA library. The libraries were
quantified using qPCR in accordance with the qPCR Quantification
Protocol Guide (KAPA Library Quantification kits for Illumina
Sequencing platforms) and assessed using the Agilent 4200 TapeSta-
tion D1000 ScreenTape (Agilent Technology). Subsequently, paired-
end (2x150 bp) sequencing was performed by Macrogen Inc. using the
Illumina NovaSeq6000 platform.

Assessments of response and clinical data

Patients were evaluated for treatment response using chest posterior-
anterior radiography or chest computed tomography. Radiography
was performed at every cycle and tomography every two or three
cycles during treatment. In addition to regular follow-ups, images were
acquired at the physician’s discretion and used to evaluate the clinical
response to nivolumab according to the Response Evaluation Criteria

in Solid Tumors version 1.1”. The objective response rate was defined
as the proportion of patients achieving complete response (CR) or
partial response (PR), whereas the disease control rate was defined as
the proportion of patients with CR, PR, or stable disease (SD).
Progression-free survival (PFS) was defined as the time from the start
of anti-PD-1 treatment to disease progression or death. Overall survival
(0S) was defined as the time from the start of anti-PD-1 treatment to
death from any cause. We divided patients into responders (R) and
non-responders (NR) to anti-PD-1 treatment. According to RECIST
criteria’, R were defined as those with CR, PR, or SD for more than
6 months, while the remaining patients were defined as NR, similar to
another study®.

In most cases, tumor PD-L1 expression was determined immu-
nohistochemically using the PD-L1 22C3 pharmDx antibody (Dako
North America Inc.) or the Ventana PD-L1 SP263 antibody (Ventana
Medical Systems) as companion diagnostic. PD-L1 expression levels in
tumor cells were determined by the percentage of stained cells in each
section, which was estimated in increments of 5%. Patients in whom at
least 1% of the tumor cells were stained for PD-L1 were considered
positive.

Collection of public metagenomic sequencing data for immu-
notherapy recipients

We compiled fecal WMS samples from eight cohorts of immunother-
apy recipients® %", We only used WMS data from baseline fecal sam-
ples collected before the initial immunotherapy treatment. We re-
annotated the samples’ responses to standardize the response eva-
luation criteria with the YCC cohorts. Samples lacking metadata to
annotate responses were removed from the analysis. We excluded
datasets with insufficient patient numbers®*** or insufficient metadata
to standardize the criteria®.

We also compiled the fecal 16S rRNA amplicon sequencing data of
checkpoint inhibitor therapy recipients from a public dataset. Com-
pared to the WMS data, we applied relatively generous criteria to
guarantee a sufficient number of cohorts and samples for further
meta-analysis. Cohort information and detailed sample selection cri-
teria are described in Supplementary Table 3 and Supplementary
Table 4 for the WMS and 16S datasets, respectively.

Pre-processing of WMS data

For sequencing reads from the Illumina sequencing platform, we
removed adapter sequences and trimmed low-quality ends with
Trimmomatic v0.39%. We found that specific k-mers were abnormally
enriched at the end of long reads obtained from the lon Torrent
sequencing machine. Therefore, we trimmed all reads to 280 bp. Next,
all WMS reads were aligned to the human reference genome
(GRCh38.p7) using Bowtie2 v2.3.5°*; those with positive alignment
were considered human contaminants and were removed from further
analysis.

Taxonomic profiling with WMS data and taxonomy conversion
To obtain a taxonomic abundance profile, we used Kraken2 v2.1.1%,
MetaPhlAn v4.0.6%, and mOTUs v.3.0.1°°. For Kraken2, we used HRGM-
based custom database' and normalized the profiles according to
genome length. Kraken2 mapped the reads to leaf features (5414
HRGM species) and internal nodes using the lowest common ancestor
mapping algorithms. For leaf features, /, we normalized the abundance
by genome length.

#aligned reads;,

Abundance; =
genome length,

@
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For internal nodes, ¢, with child nodes C, we calculated the
abundance using the following equation:

#aligned reads,

A =
bundance, average genome length,

+> " Abundance, (2
ceC

Next, we obtained the relative abundance of taxon ¢ by normal-
izing the abundance by the read abundance of the root node, sum of
d_Bacteria and d_Archaea, and the classification rate of each sample.

Abundance,
Abundance,,,;
# classified reads
#total reads(af ter preprocessing)

Relative abundance, =
3

For MetaPhlAn4, we performed profiling using the database ver-
sion “mpa_vOct22 CHOCOPhIANSGB_202212” with the default para-
meters. To convert MetaPhlAn4 results to the GTDB taxonomy, we
used the “sgb_to_gtdb_profile.py” Python script provided by the tool’s
authors. For mOTUs3, taxonomic profiling was conducted using the
default parameters. Subsequently, we performed taxonomy conver-
sion according to the mOTUs3 to GTDB taxonomy mapping file pro-
vided by the authors. Briefly, if more than 80% of the genomes within a
single mOTU matched a consensus GTDB taxonomy, we converted it
to that GTDB taxonomy. If no consensus taxonomy was available, we
allocated the abundance according to the proportion of genomes
possessing a GTDB taxonomy that was shared by at least 15% of the
genomes.

Collection and refinement of 16S rRNA sequences of TANB77
The 16S rRNA sequence is relatively difficult to obtain from a
metagenome-assembled genome because it contains highly conserved
regions®. Therefore, to obtain a more inclusive 16S rRNA and perform
16S rRNA profiling of mouse TANB77, we compiled 16S rRNA sequen-
ces from three databases: HRGM, MRGM*¢, and GTDB*. We down-
loaded TANB77 16S rRNA sequences from HRGM, used barmap to
predict 16S rRNA sequences from TANB77 genomes in MRGM, and
collected small-subunit sequences from TANB77 genomes of GTDB
1202 genomes. Sequences shorter than 600 bp were excluded.

The predicted 16S rRNA sequences from MAGs may contain false
positives owing to contamination. To control the quality of 16S rRNA
sequences, we ran SINA v1.2.11°” and removed sequences with a quality
score <90. For the remaining 83 sequences, we generated a phyloge-
netic tree using FastTree v2.1.10°%. Next, we removed eight more
sequences according to the following criteria: annotation as Archaea
or Bacilli instead of Clostridia (SILVA* classification); large phyloge-
netic distance from the remaining sequences (average distance > 0.19);
and phylogenetic patterns that could not be explained by genome-
based classification. Finally, we selected a refined set of 75 TANB77 16S
rRNA sequences and annotated them based on the SILVA**, RDP¥’, and
EzBioCloud®® taxonomy with a 95% sequence match similarity thresh-
old. All sequence information pertaining to the generated genomes
and taxonomic classifications is available in Supplementary Data 1.

Taxonomic profiling with 16S rRNA sequencing data

We used the QIIME2 v2020.2%° pipeline to obtain taxonomic profiles
from 16S rRNA sequencing data. The sequences were denoised and
merged using QIIME2-embedded DADA2®. For profiling with the
GTDB™ classification system, we generated custom 16S databases. For
human fecal samples, we downloaded the 16S rRNA library from HRGM
and replaced existing TANB77 16S rRNA sequences with the 75 re-
defined ones. Similarly, for profiling of the mouse gut microbiome, we
used the small-subunit sequences of GTDB genomes and replaced
TANB77 16S rRNA sequences with 75 re-defined sequences.

Metagenomic data analysis

We performed a multivariate association study using MaAsLin2** v1.8.0
for the YCC cohorts. Clinical data (EGFR_ALK mutation status, PDL1
expression level, antibiotics treatment history, pathology, smoking
history, age, and sex) of the therapy recipients were considered as
confounders of microbial association. For the multiple cohort dataset,
The amount of variance explained by cohort or response was mea-
sured by the ‘check.confounder’ function of the SIAMCAT v1.10.1*
package. Meta-analysis and batch correction were carried out with the
‘lm_meta’ and ‘adjust_batch’ functions of the MMUPHin v1.4.0” library,
respectively. For meta-analysis we used cohort as a random effect,
immunotherapy response as the exposure variable, and sex and age as
covariates. To identify features that are significantly and consistently
enriched across multiple cohorts, we introduced the concept of a
consensus score. In each cohort, responder-enriched taxa with a
coefficient value greater than or equal to 1e-03 were assigned 3 points
if the p-value was less than 0.01, 2 points if the p-value was less than
0.05, and 1 point otherwise. Similarly, non-responder enriched taxa
with a coefficient value less than or equal to -1e-03 were assigned -3, -2,
or -1 points based on the same p-value cutoffs. It is worth noting that
taxa with an absolute coefficient value of 1e-03 or higher represent
between 2.3% to 4.0% of all taxa, depending on the cohort. This indi-
cates that the chosen threshold is sufficiently stringent to focus on the
most relevant taxa. The taxa with the highest absolute sum of these
scores were considered to show significant and consistent results
across multiple cohorts. To use MMUPHin and SIAMCAT, we gener-
ated a taxonomic profile at every taxonomic level, from domain to
species, and used each of them as an input to avoid redundant profiles.

Trait, habitat, and cultured status investigation of TANB77

To analyze the traits of TANB77 species, we compiled the repre-
sentative genomes of 120 TANB77 species from the Human Reference
Gut Microbiome (HRGM) and 9 complete and circular metagenome-
assembled genomes (MAGs) of TANB77. To compare the character-
istics of TANB77 with neighboring taxa, we also compiled the genomes
of the 100 closest species based on the phylogenetic tree of HRGM. We
analyzed their traits using Traitar v1.1.2.°%. To study the habitats of
TANB77, we analyzed 11,008 samples containing TANB77 genomes
provided by SPIRE*. The habitat and age group information were
analyzed through the microntology data provided by SPIRE. The
mOTUs3 profiles of all SPIRE samples were converted to GTDB tax-
onomy to analyze abundance correlations between TANB77 and other
taxa. Only human intestine samples annotated as adult and elderly (18
years and older) in microntology were included in the correlation
analysis.

All HRGM 120 TANB77 species were annotated as not isolated
based on HRGM metadata, indicating that no TANB77 genome origi-
nated from the PATRIC*/IMG*, HBC*, CGR*, and RefSeq*’ isolated
genomes. A total of 154 TANB77 genomes are listed in the GTDB r202
datasets®, and 116 have an assembly source annotation, such as
“derived from environmental sample” or “derived from metagenome”.
We further investigated the 115 isolated genomes from the recently
expanded cultured bacteria in the human gut microbial biobank
(hGMB)“. We annotated the 115 genomes with GTDB-TK®® but failed to
find any TANB77 genome among them.

The identification and functional examination of proteins
exclusively conserved among TANB77 lineage

To identify proteins exclusively conserved in TANB77, we used the 129
TANB77 MAGs analyzed in the aforementioned TANB77 genome
characteristics investigation. We predicted their genes using Prodigal
and performed all-versus-all pairwise sequence comparisons using
DIAMOND v2.0.15.153% blastp with “--ultra-sensitive’ parameter. Pro-
teins with >80% of sequence similarity, >80% aligned regions, and an
e-value < le-20 were considered conserved.
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If a conserved protein was present in >80% of TANB77 genomes
(i.e., 103 of 120 genomes), we used the protein as an anchor and
examined conservation of its neighboring protein coding genes on the
genome. If more than five coding genes in a row shared the same
genomic context, we define them as a conserved gene cluster. We
chose representative coding gene sequences from HRGM_Ge-
nome_2725 by considering intactness (harboring both start and stop
codons with no fragmentation) and concordance with others. We
aligned the protein sequences of the representative gene cluster
against the entire protein database of 5,414 HRGM species using DIA-
MOD blastp. We searched for homologous proteins with >50% simi-
larity and >50% aligned regions. We generated a protein similarity
network in which nodes and edges represent proteins and their
homologous relationship, respectively.

To find their closest orthologous group, we used eggNOG-
mapper®. Protein domain and cellular location were predicted by
InterProScan®® and DeepTMHMM®, respectively. The 3D structure of
the proteins was predicted by AlphaFold2 v2.2.3° using the mono-
mer_ptm model. Proteins with homologous proteins were searched
with the FoldSeek®® webserver, using all available databases™. Pro-
moter of the pilus genes are predicted by the CNNProm”.

We observed sequence and structural homology between the
protein 927 and a pilus assembly protein CpaB’. Protein 928 and
929 showed structural homology with other proteins for pilus
assembly, TadZ and CpaE’*”, respectively. In addition, protein
930 showed both sequence and structural homologies with ATPase for
pilus assembly, TadA and CpaF’>. Each half of the protein 931 has
structural homology with TadB and TadC’>”?, which are known to form
a platform of pilus as a dimer. About 25% N-terminus of the protein 938
has structural homology with known minor pilin, TadE, and pilV’% It
was difficult to infer functions of the proteins from 932 to 937 using
sequence or structural homology, partly because of their short
sequence length. Nevertheless, we annotated them as pilin-like pro-
teins because of the following reasons: (1) These proteins are encoded
in the same gene cluster together with the pilus assembly machinery
proteins, from 927 to 931. Since the TANB77 lineage belongs to the
Clostridia, which consists mostly of gram-positive bacteria, it is worth
noting that the conserved proteins from 927 to 931 appear to comprise
most of the machinery part of Tad pili formation’; (2) In contrast to
the proteins from 927 to 932, each of the protein 933, 934, 935, and 937
have their own promoter sequences, suggesting that they are subject
to independent regulatory programs that control their expression
(Fig. 5b); (3) The size of these proteins ranges from 143 to 236 amino
acids, and transmembrane topology consists of a short cytoplasmic
region followed by a transmembrane helix and a longer folded non-
cytoplasmic region, which is similar to that of the known pilin
proteins*’.

Estimating sequence abundance of pilin-like proteins

To ensure identification of homologous proteins within the TANB77
lineage, only pilin-like proteins between positions 932 to 938 were
selected for analysis. A total of 776 pilin-like protein sequences were
identified from 122 genomes of the TANB77 lineage. Pre-processed
metagenomic reads from 660 samples were aligned to the 776 pilin-
like protein sequences using DIAMOND blastx, and only reads with
>80% similarity and >80% aligned region were counted. For paired-end
sequencing samples, pairs were considered aligned if at least one of
the two reads aligned to the proteins. The relative abundance of each
pilin-like protein sequence was determined by dividing the number of
aligned reads by the total number of sequencing reads in the sample.

Mice

Six-week-old C57BL/6 female mice were purchased from Samtako Bio
Inc. and ORIENT Bio Inc. P14 TCR transgenic mice expressing a TCR
specific for the LCMV GP33-41 peptide were provided by Dr. Rafi

Ahmed (Emory University School of Medicine, Atlanta, GA, USA). The
TLR4 knockout mice bone marrows for the bone marrow-derived
dendritic cell (BMDC) experiment were provided by Dr. Jong-Hwan
Park (Chonnam National University, College of Veterinary Medicine,
Republic of Korea). The mice were allowed to acclimatize and main-
tained in a specific pathogen-free facility under a 12 h light/dark cycle
with unrestricted access to water and food (Cargill, Purina Lab Rodent
Chow, 95135) at Yonsei University. The experiments were conducted
after being reviewed and approved by the Institutional Animal Care
and Use Committee of Yonsei University(permit number IACUC-A-
202310-1735-01).

Cell culture and reagents
C57BL/6-derived colon carcinoma MC38 cells were cultured at 37 °C
with 5% CO, in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum (GE Healthcare UK Ltd.) and 1% penicillin/strepto-
mycin (Gibco Laboratories).

Tumor induction and treatment

C57BL/6 mice were inoculated subcutaneously with 5x 10° MC38 cells
on the flank. Once the tumors reached 30 to 50 mm? in size, the mice
were treated five times at 3-day intervals with anti-PD-1 mAb (200 pg/
mouse; clone RMPI-14) or rat IgG2a isotype control (200 pg/mouse;
clone 2A3) (both BioXcell). Tumor volume was routinely monitored
using a caliper and was calculated according to the formula: 0.5 x
length x width?,

Evaluating tumor growth rate and its correlation with micro-
biota abundance
We measured tumor growth fold-changes for intervals between PD-1
treatment dates (D+8 to D+11, D+11to D+14, D+14 to D+17, and
D +17 to D +20). For each anti-PD-1-treated mouse, we calculated the
normalized tumor growth rate by dividing the growth fold-change by
the average tumor growth fold-change of isotype-treated controls.
We profiled the murine gut microbiome using 16S rRNA sequen-
cing data from baseline fecal samples. If taxa with inclusive relations
shared the same profile across all mice, we only considered the profile
of the more specific taxon. For instance, because the Pasteurellaceae
family displayed an abundance profile identical to that of the Con-
servatibacter genus (belonging to the Pasteurellaceae family) across all
mice, we used only the profiles of Conservatibacter to avoid redundant
results. The Spearman correlation between microbial abundance and
normalized tumor growth was calculated at each time interval in anti-
PD-1-treated mice.

Collection and storage of mice fecal samples

After collecting fecal samples from individual mice, the samples
were minced, mixed with PBS, and vortexed until they were fully
homogenized. To exclude larger particles, homogenized samples
were filtered through a 40-um cell strainer (Falcon) and supplemented
with 10% glycerol (Sigma). The amount of PBS and glycerol
was calculated based on the weight of the collected fecal samples
(30 mg/mL). Finalized samples were stored at —80 °C before sequen-
cing analysis.

16S rRNA sequencing of mouse fecal samples
16S rRNA sequencing of murine fecal samples was conducted by
Macrogen Inc. Sequencing libraries were prepared according to the
16S Metagenomic Sequencing Library Preparation Part # 15044223
Rev. B. Briefly, DNA was quantified using PicoGreen and quality was
measured using a Nanodrop. The 16S rRNA sequences were PCR-
amplified using V3-V4 primers:

16S Amplicon PCR Forward Primer:

5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGN
GGCWGCAG ¥
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16S Amplicon PCR Reverse Primer:

5 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHV
GGGTATCTAATCC ¥

A limited-cycle amplification step was performed to add Illumina
sequencing adapters and demultiplexing indices. Library size was
verified on a TapeStation DNA screentape D1000 (Agilent). Sequen-
cing was performed on an lllumina MiSeq platform.

Antibiotics treatment and FMT

An antibiotic solution was prepared by adding ampicillin (1 mg/mL),
colistin (1mg/mL), and streptomycin (5 mg/mL) (Goldbio) into sterile
mice drinking water. The solution (200 pL) was administered daily for
three days by oral gavage. FMT was performed by thawing human fecal
samples and transferring 200 pL of the suspension by oral gavage to
mice that had recently received antibiotic treatment.

Preparation of pilin-like protein 938

A codon-optimized 938 complementary DNA (cDNA) for Escherichia
coliwas synthesized and cloned into the pBT7-N-HIS vector (purchased
from Bioneer, Inc., Republic of Korea). The recombinant plasmid was
transformed into E. coli BL21 DE3 (NEB, C2527), which was grown in
Lysogeny broth (LB) medium (BD DIFCO, 244620) supplemented with
ampicillin at 37°C until the culture reached an optical density at
600 nm of 0.5. Protein expression was induced with 0.5 M Isopropyl
B-D-1-thiogalactopyranoside (IPTG, Gold Bio, 12481C5), and the cells
were further incubated overnight (16 hours) at 37 °C. The cells were
harvested by centrifugation (4000 g for 20 min), and the cell pellet was
resuspended in lysis buffer consisting of 20 mM sodium phosphate
(pH 8.0), 500 mM NacCl, and 1x protease inhibitor (ApexBio, K1008).
The cells were sonicated on ice for 10 minutes (Sonics, VCX130) and
centrifuged (15,000 g for 10 min). The cell lysate was incubated with
Ni-NTA (nitrilotriacetic acid) agarose resin (QIAGEN, 30230) in a closed
centrifuge column (Thermo Scientific, 89897) for 2 hours at 4 °C on a
rotator mixer. The protein-bound NTA agarose resin was washed with a
volume of 30 mM imidazole buffer equivalent to twice the resin bed
volume. The proteins bound to the resin were detached and eluted
with 250 mM imidazole buffer. The elution fraction containing protein
938 with a 6x His-tag was transferred to a spin column (Sartorius,
VS04T31), and the protein was recovered and enriched following the
manufacturer’s instructions.

Endotoxin was removed using a Triton X-114 based LPS (Lipo-
polysaccharides) extraction method as described here™. Briefly, TX-
114 was added to the protein solution up to 1% v/v. The solution was
incubated at 4 °C for 30 min on a rotator mixer. The sample was
transferred to a water bath at 37 °C and incubated for 10 min, after
which it was immediately centrifuged at 20,000 g for 20 min at 37 °C.
This resulted in two separate phases: the upper part (aqueous phase
containing 938 protein) and the lower part (detergent phase con-
taining LPS). The upper part was carefully collected for further TX-114
removal. Bio-Beads SM-2 resin (Bio-Rad, 152-3920), which has a high
affinity for Triton, was added to the solvent containing protein 938,
and the mixture was incubated at 4 °C for 2 hours on a rotator mixer.
The solution was then centrifuged using a 0.22 um filter column
(Costar, 8160) at 10,000 g at 37°C for 4 min to remove the SM-2
resin. The collected solution containing protein 938 was further
purified using FPLC (Cytiva, Akta go) with a size exclusion chroma-
tography column (Cytiva, 28- 9909- 44), following the manu-
facturer’s manual. The purified protein 938 solution was enriched,
and the buffer was exchanged with PBS using a spin column (Sar-
torius, VS04T31). The concentration and purity of the final protein
938 solution were evaluated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and western blot
with an anti-His tag antibody (Santa Cruz, sc-8036) (Supplemen-
tary Fig. 20).

Mouse BMDC and Human Monocyte-derived DC generation and
pilin 938 treatment

To culture BMDCs, 7.5 x 10° bone marrow cells were seeded in non-
tissue culture-treated 6-well plates in 2 mL of complete medium sup-
plemented with GM-CSF (20 ng/mL, Creagen). On the third day of
culture, 2 mL of fresh medium was added with the same concentration
of GM-CSF. After seven days of culture, non-adherent cells present in
the supernatant were collected gently. The cells were transferred to
96-well round-bottom culture plates and pre-treated with either DMSO
or TLR inhibitors for one hour. A TLR4 inhibitor, TAK-242 or Resatorvid
(Selleckchem, S7455), was used at a concentration of 1M, while the
TLR2 inhibitor C29 (Selleckchem, S6597) was used at a concentration
of 10 uM. TLR agonizts were treated with a concentration of 50 ng/mL
and pilin 938 were treated as indicated in the Fig. 5 for 24 hours before
flow cytometry analysis. For human monocyte-derived DCs(hMo-DCs),
CD14" cells were isolated from human PBMC following the protocol
given from manufacturer. Then the cells were seeded in non-tissue
culture-treated 24-well plates in 1 mL of Mo-DC differentiation medium
(130-094-812, Miltenyi Biotec). On the second day of culture, 1 mL of
fresh Mo-DC differentiation medium was added. After four days of
culture, cells were collected and transferred to 96-well round-bottom
culture plates for stimulation with LPS or pilin 938 for 24 hours before
FACS analysis.

In vitro CD8" T cell proliferation assay

CD8" T cells were isolated from splenocytes of P14 mice using
magnetic-activated cell sorting (MACS) CD8" T cell isolation kit (Mil-
tenyi Biotec, 130-104-075). Purified T cells were labeled with Cell Trace
Violet dye (ThermoFisher, C34557) following the protocol provided by
the manufacturer and cultured with activated BMDCs at a ratio of 5:1 at
37°C for 60 hours. BMDCs were pulsed with GP33-41 peptide with
0.2ugmL™ for 30 minutes and washed twice before starting the co-
culture with CD8" T cells. In order to measure cytokine production, the
cells were supplemented with 0.2ugmL™ of GP33-41 peptide along with
GolgiPlug/GolgiStop 5 hours before analysis.

Cell isolation and MACS sorting for single cell-RNA sequencing
To retrieve mouse peripheral blood mononuclear cells (PBMCs),
three to four drops of blood were collected by the eye-bleeding
method. Histopaque-1077 (Sigma) was placed on blood samples
prior to centrifugation. PBMCs were resuspended in PBS containing
2% fetal bovine serum and plated in each well of a 96-well plate.
Draining lymph node, in this case, inguinal lymph node, were col-
lected and meshed through a 40pm strainer to retrieve the cells. In
ways to isolate lymphocytes from tumors, tumor tissue was digested
with a type IV collagenase and DNase I mixture for 40 min at 37 °C
shaking incubator. Lymphocytes were further isolated from the
digested samples after removing the red blood cells by ACK lysis
buffer (Gibco Laboratories). In order to purify the lymphocyte for
single-cell RNA sequencing, CD45.2 MACS sorting was conducted
following protocol provided by manufacturer. In brief, cells were first
stained with CD45.2-FITC antibody which were later separated using
a bead for anti-FITC (Miltenyi).

Staining and antibodies used for flow cytometry analysis

The cells were stained with antibodies against extracellular markers for
20 minutes at 4°C, along with the LIVE/DEAD kit (Invitrogen) to
remove dead cells through analysis. Intracellular staining was con-
ducted using the Foxp3 Fixation/Permeabilization Kit (ThermoFisher)
according to the manufacturer’s protocol. And for cytokines expres-
sion, intracellular cytokine staining was performed after cells were
incubated with PMA (50 ng/ml) and lonomycin (500 ng/mL) in the
presence of GolgiPlug/GolgiStop at 37 °C for 5 hours. Surface staining
was conducted first before using a BD Ctyofix/Cytoperm fixation/
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permeabilization kit (BD Biosciences) and followed the manufacturer’s
instructions.

Moreover, for BMDC staining process, the cells were washed with
PBS containing 2% fetal bovine serum and incubated with an anti-
mouse CD16/CD32 (93; ThermoFisher) blocker for 20 minutes at 4 °C
before proceeding to the staining process. All samples were acquired
on either CytoFLEX or CytoFLEX LX (Beckman Coulter) and analyzed
using FlowJo software. Antibodies against the following markers were
used for mice samples: CD4 (RM4-5), CD8 (53-6.7), CD25 (PC61), CD44
(IM7), CD69 (H1.2F3), Ly108 (330-A)), PD-1 (29 F.1A12), Tim3 (RMT3-
23), Ki67 (16A8), PD-L1 (10 F.9G2), CD11c (N418), I-A/I-E (M5/114.15.2),
and CD86 (GL-1) (all from Biolegend, clones indicated in parenthesis),
as well as CD11b (M1/70), CD40 (3/23), CD62L (MEL-14), CD80 (16-
10A1), CD90.2 (53-2.1), TNFa (MP6-XT22), and IFNy (XMG1.2) from BD
Biosciences and Foxp3 (FJK-16s) CD45.1 (A20), and CD101 (Moushil01)
were from Invitrogen eBiosciences. For staining human Mo-DC, PD-L1
(29E.2A3), HLA-DR (L243), CD1lc (S-HCL-3), CD86 (IT2.2), CD1lb
(ICRF44), and CD80 (2D10), were from Biolegend, CD14 (M@P9) from
BD Biosciences were used.

Processing of single-cell RNA sequencing data

We utilized CellRanger’® (v8.0.0) count with CellRanger reference
“GRCm39-2024-A” for quantifying raw expression counts for each
sample. To remove possible ambient RNA, we used CellBender’®
(v0.3.0) with “raw_feature_bc_matrix.h5” files from CellRanger out-
puts. As the initial raw count matrix, we used filtered count matrices
from CellBender outputs and selected cells that are also present in
filtered count matrices from CellRanger outputs. We used R-base
(v4.3.1) and Seurat (v5.0.1) for all single-cell analysis unless otherwise
stated. For initial quality control, we filtered cells with fewer than 200
genes, more than 7000 genes, more than 10% mitochondrial reads,
or more than 40000 reads. We additionally filtered possible doublets
with 5% expected doublet counts for each sample with
scDbIFinder” (v1.14.0).

For initial read count processing and clustering, we normalized
and scaled all genes with ‘NormalizeData’ and ‘ScaleData’ functions
from Seurat with default parameters. We selected 3000 highly vari-
able genes with ‘FindVariableFeatures’ function with vst method and
performed linear dimensional reduction with PCA methods with
‘RunPCA’ function on the scaled data with the selected variable
genes. We used 30 PC dimensions for constructing the k-nearest
neighbor (kNN) graph with ‘FindNeighbors’ and for UMAP visualiza-
tion with ‘RunUMAP’ function. For clustering, we used 0.5 resolution
and calculated kNN graph for ‘FindClusters’ function. After initial
clustering, we filtered clusters with cells with no PTPRC expression
for removing non-immune cells. We re-processed and clustered cells
after non-immune cell filtering with the same method above. We
annotated cell clusters as “Macrophage”, “Neutrophil”, “Monocyte”,
“DC”, “T”, and “NK” with their canonical markers and existence of cell
matched TCR sequences.

We selected T cells for subclustering analysis. We processed and
clustered the cells with the same parameters above except for
choosing 2000 variable genes instead of 3000. After initial T cell
clustering, we removed one cluster with NK cells (annotated as having
to TCR sequences) and another cluster with non-T cell markers. We
reperformed clustering after the initial filtering. We annotated cell
clusters as “Naive T”, “Proliferating CD8" T”, “Exhausted CD8" T”,
and “Treg.”

Processing and analysis of single-cell TCR sequencing data

We utilized CellRanger”® (v8.0.0) vdj with CellRanger VD] reference
“GRCm38-alts-ensembl-7.0.0” for quantifying TCR sequences for each
sample. We used filtered contig files from CellRanger VDJ outputs. For
analysis of TCR sequences, we used scRepertoire’® (v2.0.0) and

Seurat® (v5.0.1). We combined TCR sequences for the processed cells

with RNA sequencing profiles by matching cell barcodes from both
single-cell RNA and TCR sequencing with combineTCR and combi-
neExpression functions. For calling the TCR clones, we used combi-
nation of VDJC genes and CDR3 nucleotides (“strict” option from
scRepertoire). We annotated T cells with one clonal frequency as
having unique TCR clones and T cells with more than one clonal fre-
quency as having expanded TCR clones.

Cell composition and ratio analysis

For cell composition analysis with immune cells and T cells, we cal-
culated proportions of corresponding cell subtypes (clusters) for each
sample by dividing cell counts for each cell subtype by total immune
cells or total T cells from each sample. For cell subtype ratio, we divi-
ded one cell subtype with another cell subtype for each sample. All
plots were visualized with ggplot2 (v3.4.3) and patchwork (v1.1.3).

Statistics and Reproducibility

The differences in microbial abundance between high- and low-
TANB77 groups were analyzed using the MaAsLin2 test and the Mann-
Whitney U test, while meta-analyses were conducted using MMUPHin.
Progression-free survival or overall survival in patients was assessed
using the log-rank test and Cox regression analysis. If survival data
were provided categorically, they were analyzed using Fisher’s exact
test. Survival data in mice were analyzed with the log-rank test, and
changes in tumor size over time were compared using two-way ANOVA
with Tukey’s multiple comparison post hoc test. Differences in bio-
marker measurements were tested using Student’s t-test. For mouse
experiments involving different vendors, two independent experi-
ments were conducted, yielding similar results. However, in the FMT
experiments, replicating results was challenging due to the limited
availability of identical human fecal samples. For the BMDC experi-
ments, two independent experiments were performed with a sample
size of n=3 for each experiment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study have been deposited in
the Sequence Read Archive under accession codes PRINA678426 (fecal
whole metagenomic shotgun sequencing (WMS) of YCC_I** cohort),
PRJNA1130699 (fecal WMS of YCC_ 2™ cohort) and PRJNA771940
(murine gut microbiome 16S rRNA and fecal WMS of FMT donors).
The taxonomic profile and raw data are Provided in the Supplementary
Data and Zenodo [https://doi.org/10.5281/zenodo0.12786069]. Source
data are provided with this paper.
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