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Targeting the gut microbiotais a promising strategy to enhance the

efficiency of cancerimmunotherapy; however, success has been limited.
Here we combined metagenomic analysis and in silico prediction to identify
bacterial species associated withimmunotherapy response in patients with
non-small-cell lung cancer. We constructed a defined consortium (RCom)
of 15 bacterial species, most of which were isolated from responder patient
faeces, associated withimproved clinical response to anti-programmed cell
death protein1(PD-1) treatment. Metabolic models and in vitro experiments
revealed that RCom is a stable and cooperative community, and in vivo
experiments showed that RCom engrafts and produces immunom
odulatory metabolites. Oral administration of RComimproved the
anti-tumour activity of anti-PD-1 by increasing the intratumoural infiltration
and cytotoxic function of CD8" T cells in syngeneic tumour models and
across mice with heterogeneity in baseline gut microbiota composition.
RCom supplementation also limited anti-PD-1resistance in mice conferred
by faecal microbiota transplantation fromindividual non-responsive
patients. These findings suggest that RCom s a potential adjuvant to
improve responsiveness to anti-PD-1 therapy in cancer.

Immune checkpointinhibitors (ICls) are established as effective treat-
ments for abroad range of advanced cancers'. As the most widely used
ICIs, antibodies targeting programmed cell death protein1(PD-1) and its
ligand PD-L1are highly efficacious against advanced melanoma, renal
cell carcinoma and non-small-cell lung cancer (NSCLC)**. However,
only aminority of patients showed durable clinical responses to ICIs>®.
ICIs can also cause immune-related adverse events that are severe in
some cases’. Growing evidence supports arole for the gut microbiota
in shaping anti-tumour immune responses during treatment with
ICIs®'°. Many studies have shown that antibiotic treatments negatively
affect patient response to ICIs"2, Faecal microbiota transplantation
(FMT) from patients who responded to ICls into mice ameliorated

the anti-tumour effect of ICIs, whereas FMT from non-responding
patients failed to do so, thereby establishing a causal link between
the gut microbiota and anti-tumour activity of ICIs" ™", Pilot clinical
trials showed that FMT from patients who are responsive to anti-PD-1
may overcome resistance to PD-1blockade therapy'*". These findings
strongly suggest that the gut microbiota is a promising therapeutic
target of interventions designed to promote responsiveness to ICls.
Strategies for targeting the gut microbiota in cancer immuno-
therapyinclude FMT, dietary interventions and administration of pro-
biotics or defined microbial consortia'®°. Defined microbial consortia
may better maintain an ecological balance within the gut microbiota
than single-strain probiotics?** and be more scalable, reproducible and
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safe than FMT*?*, However, how to design and construct a microbial
community with the desired immunomodulatory function remains a
major challenge®. A consortium of 11 rare human-associated bacte-
rial strains has been shown to induce interferon-y (IFNy)-producing
CDS8' T cells and enhance the anti-cancer activity of ICIs in mouse
models®. This consortium was identified using a top-down gnotobi-
otic approach to narrow down the complex faecal microbiota from
a healthy human by antibiotic treatment in mice”. Recently, three
phaseland2trials combining microbial consortiawith ICIsin patients
with advanced-stage cancers have been conducted (NCT03686202,
NCT03817125 and NCT04208958)* . The preliminary data indicate
variable levels of microbial engraftment, which probably reflect the
variations in the native microbiota of each patient*”*°. Antibiotic use is
unlikely to be a useful strategy for promoting engraftment by deplet-
ing the native microbiota without impairing the efficacy of ICIs'**%*",
Interindividual microbial heterogeneity thus remains akey hurdle for
the design of clinicinterventions capable of reproducibly modulating
the microbiota.

In this study, we aimed to create a defined microbial consortium
that is capable of reproducibly modulating the gut microbiota to
enhance the anti-cancer efficacy of anti-PD-1treatment. We started by
rationally designing the bacterial community RCom with abottom-up
approach fromthe faecal microbiota of patients withadvanced NSCLC
whorespondedto anti-PD-1immunotherapy. Throughinvitroassembly
and characterization, the RComwasrevealed as astable and relatively
cooperative community. We then supplemented the RCom by oral gav-
age tomice, showing that the RCom members act together to establish
optimal engraftment and produce immunomodulatory metabolites.
Oral administration of the RComincreased the anti-tumour activity of
anti-PD-1in multiple tumour models despite a profound heterogeneity
ofthe baseline gut microbiota. Finally, we showed that supplementa-
tion of RComrestored the therapeutic efficacy of anti-PD-1in mice with
FMT from ICl-refractory patients. These results suggest the potential
clinicutility of our developed consortiuminimproving the efficacy of
IClimmunotherapy.

Results

Designing a clinic-responder-derived bacterial community

To design amicrobial consortium for modulating gut microbiota and
ultimately improving responsiveness to PD-1blockade therapy, we
examined the gut microbiome of 59 patients with advanced NSCLC
who received anti-PD-1 treatment (Fig. 1a and Extended Data Fig. 1a).
Patients with partial response or stable disease lasting at least 6 months
after treatmentinitiation were classified as responders, whereas those
with progressive disease or stable disease lasting less than 6 months
were classified as non-responders (Supplementary Table1)"*. To deter-
mine the gut bacterial species that were most prevalent and enriched
in responders, we performed metagenomic shotgun sequencing on
faecal samples collected from patients before starting the therapy
(Fig. 1b). The enrichment of bacterial species in responders versus
non-responders was compared using linear discriminant analysis (LDA)
of effect size (LEfSe). A total of 16 species were found to meet the criteria
of LDAscore of 3.0 ormore and a prevalence of 1.0 (occurringin all the
responders) (Extended Data Fig.1a,b).

Beyond promoting therapeutic responsiveness, modulation
of the gut microbiota is also expected to improve the safety of ICI
treatment”. The microbial signatures in patients with cancer, which
are associated with immune-related adverse events (irAEs) during
treatment with ICIs, have been reported®***. Thus, we removed one
species (Bacteroides intestinalis) that showed a higher abundance in
patients with severe (at least grade 3) irAEs (Extended Data Fig. 1b).
In addition, we searched all the available genomes for each species
and removed three species with most genomes encoding prominent
virulence factors, toxins or multidrug resistance (Extended DataFig.1b
and Supplementary Tables 2 and 3).

We next sought to enhance the engraftment capability of the
designed bacterial consortia. Beneficial intracommunity interactions
have been shown to be critical for natural microbial communities to
persist across multiple hosts****, However, it remains largely to be
explored whether interspecies interactions could be used to design
synthetic microbial consortia for modulation of host-associated
microbiota®®. We assessed the extent of potential resource competi-
tion and metabolic dependencies in the synthetic bacterial commu-
nities using genome-scale metabolic models (GEMs) for individual
species” and the species metabolic interaction analysis (SMETANA)
tool*® (Extended Data Fig. 1c). As the presence of multiple species
from the same genus may increase the risk for resource competition
within the community, Roseburia intestinalis was removed, resulting
in1lspecies as core members of the designed community (Fig. 1b and
Extended DataFig. 1c). These species could interact with other bacte-
rial speciesin the gut microbiota of responders. We hypothesized that
intracommunity metabolic cooperation may facilitate the persistence
of synthetic microbial communities across multiple hosts. Thus, addi-
tional members were examined based on simulations of community
metabolism. The candidates included the bacterial species that were
abundantinresponders (relative abundance of 1% or more on average)
but did not show significantly different abundance betweenrespond-
ers and non-responders. Dorea formicigenerans, Alistipes finegoldii
and Alistipesinops were alsoincluded in the simulations because they
were found to be associated with reduced risk of developing severe
irAEs®. These species were individually or combinatorially grouped
with the 11 core members, generating 511 bacterial communities with
sizes ranging from 12 to 20 (Extended Data Fig. 1c). For all these com-
munities, we computed the metabolic resource overlap (MRO) score
and SMETANA score (Supplementary Table 4), which provide ameasure
of potential metabolic competition and cooperation, respectively®®.
Among the communities that have higher SMETANA scores and lower
MRO scores, acommunity of 15 bacterial species (termed ‘RCom’) was
selected for further studies (Extended Data Fig. 1c).

The RCom consists of 5 Bacteroidetes and 10 Firmicutes spe-
cies (Fig. 1b). Cross-feeding interactions between these species were
predicted from the simulations (Fig. 1c). Notably, the interactions
between the Firmicutes and Bacteroidetes species in the RCom
were about 5 times more frequent than those in the 11 core members
(Extended Data Fig. 1d), suggesting an enhancement of interphylum
interactionsinthe RCom. Amongtheseinteractions, the cross-feeding
with the Firmicutes as receivers and Bacteroidetes as donors was pre-
dominant (Fig.1c). The metabolites predicted to be most exchangedin
the RComwere amino acids (Extended DataFig. 1e,f), whichis consist-
ent with previous experimental observations of amino acid exchange
in natural microbial communities®.

The cumulative abundance of the 15 bacterial species is signifi-
cantly associated with progression-free survival (PFS) in the anti-PD-
1-treated NSCLC cohort (hazard ratio (HR) 0.519, 95% confidence
interval (CI) 0.276-0.975, P= 0.041) (Supplementary Fig. 1a). To assess
whether the RCom abundance correlates with clinical outcomes of
ICIs in independent cohorts, we analysed two previously published
cohorts of ICI-treated patients with NSCLC (n =476, PRINA1023797;
n=325,PRJNA751792)*>*, Median overall survival (OS) of patients hav-
ing high abundance of the RCom s significantly prolonged compared
with patients havinglow abundance of the RCom (18.8 months versus
13.5 months, HR 0.735, 95% CI 0.604-0.894, P=0.0001) (Fig. 1d and
Supplementary Table 5). Among the 15species, atleast 5are more abun-
dantinresponder patientsin both cohorts (Supplementary Fig. 1b). We
also evaluated the abundance of the 15 speciesin anadditional cohort
of anti-PD-1-treated patients with advanced renal cell carcinoma or
NSCLC (n=187, PRJEB22863)", showing that 8 species are enriched
in responders (Supplementary Fig. 1b). Thus, the RCom comprises
anumber of species that are consistently associated with improved
response to ICI treatment in patients with cancer.
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Fig.1| A defined bacterial consortium derived from clinic responders to
anti-PD-1treatment. a, Schematic showing the design and construction of the
15-member community RCom. b, Relative abundance of the 15 bacterial species
inresponders versus non-responders among anti-PD-1-treated patients with
NSCLC as determined with metagenomic shotgun sequencing on faecal samples.
Coloured circles indicate the phylum of each species. The species in bold were
added to the community based on potential metabolic cooperation. Heat map
coloursrepresent the z-score (red and blue indicate high and low abundance,
respectively). Statistical significance was calculated by two-tailed Mann-

z score
3210123

Whitney Utest. FC, fold change. The prevalence of each bacterial speciesin the

responders (R) is also shown. ¢, Predicted cross-feeding interactions between

the RCom members (denoted by two-letter abbreviations). The edge width

represents the frequency of each interaction. d, Kaplan-Meier plot of OSin ICI-

treated patients with NSCLC according to cumulative abundance of the 15 species

inindependent cohorts. Pvalues for survival differences were calculated using

the two-sided log-rank test. HR and 95% Cl were estimated from the stratified Cox

proportional hazards regression model.

To isolate the RCom members from the responder microbi-
ota, diluted faecal samples from 4 patients responsive to anti-PD-1
(Supplementary Table 6) were cultured on 14 different media
(Supplementary Table 7), which allowed us to isolate 10 species of the
community (Extended DataFig. 2a,b). Multiple strains were detected
for these species, which agrees with their highly variable genomes as
shown by a recent study*’. To reduce intraspecies competition, we
selected arelatively rapidly growing strain from the culturedisolates
for each of the 10 species. The remaining 5 species of the community
were obtained from public collections. Thus, a consortium of 15 spe-
cieswas constructed for experimental characterization. For compari-
son, we also assembled 13 bacterial species that were isolated from
non-responder patients (Extended Data Fig. 2¢).

RComis a stable and cooperative community

Stability is a key factor to consider when designing bottom-up micro-
bial communities®. To examine whether the RCom is stable in vitro,
we studied the effect of different inoculation ratios on community
composition (Fig. 2a). We cultured the bacterial community on a
chemically defined medium (Supplementary Table 8) and deter-
mined the abundance of each member by quantitative PCR (qPCR)
(Supplementary Table 9). The community reached a stable configu-
ration by 48 h, with the range of cell densities for different species
spanning 4 orders of magnitude (Extended Data Fig. 3a). In addition
to equalratio for each of the 15 species, we tested 2 other inoculation
ratios, which aredirectly and inversely proportional tothe growthrate

of each species, respectively (Fig. 2a and Supplementary Table 10).
After 48 h of cultivation, the communities generated from 3 differ-
ent inoculation ratios had a nearly identical composition (Fig. 2b).
Thus, the steady-state community composition was stable despite
dramatic changes to inoculation ratios. We hypothesized that the
stability of the RCom results from the interactions between mem-
bers. We compared the utilization of various carbohydrates by the
RCom members. The 15 bacterial species were found to differ in their
preferences for the substrates tested (Extended Data Fig. 3b), sug-
gesting that these species partition their niches, thereby reducing
interspecies competition.

Toidentify interspecies interactions in the RCom, we performed
pairwise co-cultures for the 15 bacterial species and compared the
growth of individual species between co-cultures and monocul-
tures (Fig. 2c). The medium used was a chemically defined medium
containing all the essential components for growth of each species
(Supplementary Table 8). Either positive or low-level competitive
interactionsbetween the species were detected (Fig.2d), with a signifi-
cantly higher degree of positive interactions (Fig. 2e). This is consistent
with the GEM-based simulation results of interspecies interactions
described above. Among the 48 positive interactions detected, 16
were mutualistic interactions between Firmicutes and Bacteroidetes
species, and 9 were commensal interactions that benefit Firmicutes
species and are neutral to Bacteroidetes species (Fig. 2f). Almost all the
Firmicutes species gained fitness advantages frominteractions with at
least one Bacteroidetes species in the RCom (Fig. 2d).
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Fig.2|RComis astable and cooperative community. a, Schematic of the
inoculation shift experiment. Three different inoculation ratios were tested:
ratio 1denotes the same ratio for each of the 15 bacterial species, and ratios 2
and 3 areinversely and directly proportional to the growth rate of each species,
respectively. b, Communities generated from 3 different inoculation ratios
have a nearly identical composition at 48 h. The colour of each circle represents
the phylum of the corresponding species. Data shown are mean values from
threeindependent experiments. Correlation was assessed using two-tailed
Pearson’s test. The R?and Pvalues are shown. Rel. abund., relative abundance. c,
Schematic of the pairwise co-culture experiment. Data shown are mean values
ands.e.m. (n=3independent experiments). d, Pairwise co-cultivation of the
RCom members for 48 h. The abundance of each species from three independent
experiments was averaged and normalized to that from monocultures. The
resulting fold change (log,, transformed) is shown. See Extended Data Fig. 3a for
abbreviations of the RCom members. e, Box plots showing the absolute log;,-
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transformed fold changes in species abundance. Values represent the mean from
three independent biological replicates, comparing pairwise co-cultures with
their respective monocultures. The plots depict the minimum and maximum
values (whiskers), the upper and lower quartiles, and the median. P values were
calculated using two-tailed Mann-Whitney U'test. f, Number of mutualistic
and commensalisticinteractions between RCom members. g, Schematic for
detecting metabolic cross-feeding between Bacteroidetes and Firmicutes
species in the RCom. h, BC-labelling ratio of peptides from each species after
12 h of cultivation of the 10-Firmicutes-species community. Data shown are
from three independent biological replicates from C-labelled (orange)

and unlabelled (black) spent medium experiments. The box plots depict the
median, the upper and lower quartiles, and the rest of the distribution. Points
thatare 1.5 times the interquartile range beyond the upper and lower quartiles
are considered outliers and shown individually. Complete data are shownin
Extended Data Fig. 4b.

We used ®C isotope tracing in combination with liquid chroma-
tography-mass spectrometry (LC-MS)-based meta-proteomics and
exometabolomics to elucidate the metabolic dependencies of Fir-
micutes species on Bacteroidetes species in the RCom (Fig. 2g). Five
Bacteroidetes species were grown on the defined medium lacking
aminoacids and supplemented with *C-glucose for12 h, during which
glucose in the medium had been just exhausted. The spent medium
was added to the culture of the 10-Firmicutes-species community.
Extracellular C-labelled and unlabelled metabolites were quantified
using atargeted metabolomics approach®. We observed that the extra-
cellular concentrations of *C-labelled amino acids including glycine,
serine, lysine, histidine, tryptophan and proline decreased after 6 h
of cultivation (Extended Data Fig. 4a), suggesting that these amino
acids were produced by the Bacteroidetes species and consumed by

the Firmicutes species. Furthermore, we analysed the C incorpora-
tion into each of the Firmicutes species using a *C-based proteomics
method**. Thelabelled and unlabelled peptides were assigned to each
species based on reference peptides from samples of unlabelled amino
acid-supplemented cultures (Supplementary Table11). The degree of
BClabelling in each species-specific peptide was quantified. We found
thatthelabelling degree in the peptides of each Firmicutes species was
considerably increased compared with that in the unlabelled spent
media-supplemented cultures (Fig. 2h and Extended Data Fig. 4b).
This result indicates that the Bacteroidetes-supplied amino acids
were used for protein synthesis by each of the Firmicutes species. In
addition, we observed anincrease in the extracellular concentrations
of many metabolites including butyrate, butyrylglycine, ATP, inosine
monophosphate (IMP), hypoxanthine and inosine inthe cultures of the
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10-Firmicutes-species community (Extended Data Fig. 4c). Together,
these in vitro experimental results show that the RCom is a relatively
cooperative community, in which amino acids are involved in the
dependency of the Firmicutes species on the Bacteroidetes species.

RCom supplementation shapesintestineimmune responses
To determine whether the RCom hasimmunomodulatory functions,
we supplemented specific-pathogen-free (SPF) mice with the bac-
terial community by oral gavage (Fig. 3a). First, we evaluated the
engraftment of the RComin mice (Extended Data Fig. 5). Following
oral administration, the abundances of all the 15 species in faeces
were increased within 6 h and then significantly decreased after 24 h
(Supplementary Fig. 2a), suggesting that daily administration of
the RComisrequired. We then supplemented mice with the RCom
or phosphate-buffered saline (PBS) daily for 7 days and analysed
the immune responses of colonic lamina propria cells using flow
cytometry (Extended Data Fig. 6 and Supplementary Table 12).
Notably, the RCom-fed mice showed a remarkably increased per-
centage of CD8" T cells expressing IFNy, tumour necrosis factor
(TNF), granzyme B (GzmB) and CD107a in the colon but notin the
spleen (Fig. 3b,c and Extended Data Fig. 6a-d). These results indi-
cate that RCom administration induced the cytotoxic function of
CD8" T cells in the gut. The induction capability of the RCom was
not confined to CD8" T cells, but extended to CD4" T cells as well
(Extended Data Fig. 6e). RCom supplementation also resulted ina
decreased population of regulatory T (T,..) cells but an increased
population of natural killer (NK) cells in the colonic lamina propria
of mice (Extended Data Fig. 6a). By contrast, we did not observe
any significant responses of colonic CD8" T cells in mice sup-
plemented with the non-responder-derived 13 bacterial species
(13-mix) (Supplementary Fig. 3a).

We tested the immunomodulatory effect of RCom subsets
including only the 5 Bacteroidetes species (5-mix), only the 10 Firmi-
cutes species (10-mix-I) and 2 cross-phylum combinations (10-mix-II
and 10-mix-III) (Extended Data Fig. 2b). All of these RCom subsets
failed to induce the cytotoxic activity of colonic CD8" T cells in mice
(Fig.3c, Extended DataFig. 6¢,fand Supplementary Fig. 3b). Noinduc-
tion was also observed after treating mice with heat-killed RCom
(Extended Data Fig. 6g and Supplementary Fig. 3c). We observed
that supplementation with the RCom enhanced the expression of
CD80, major histocompatibility (MHC) class I and interleukin-12
(IL-12) on colonic lamina propria dendritic cells (DCs) in mice
(Extended Data Fig. 6h and Supplementary Fig. 3d). By contrast, all
the RCom subsets were incapable of stimulating IL-12 production by
colonic DCs (Extended Data Fig. 6h). This result is consistent with
the hypothesis that the RCom may induce CD8" T cell response via a
DC-dependent mechanism. Indeed, several commensal bacteria have
beenshowntobe capable of promoting T cell responses by modulating
the activation and maturation of DCs®*"**, Thus, our results suggest
that the live species of the RCom act together to boost the cytotoxic
function of colonic CD8" T cells in mice.

We examined the composition of caecal microbiota, which showed
that supplementation of the 5-mix increased the relative abundance
of the 5 Bacteroidetes species (Extended Data Fig. 5a). Thus, these
Bacteroidetes species, even with high abundance, were not sufficient
forimmunomodulation. However, the 10 Firmicutes species showed
much lower abundance in the 10-mix-I-fed mice than the RCom-fed
mice (Extended Data Fig. 5a). The abundance of several of these spe-
cies was even not increased by the 10-mix-1 supplementation. This
result showed limited levels of engraftment of the Firmicutes species
in the absence of the 5 Bacteroidetes species in the RCom, which is
consistent with the observed metabolic dependencies of the former
onthelatter species. Indeed, we observed anincreased abundance of
some of the Firmicutes species by the presence of the 5 Bacteroidetes
species inthe 10-mix-II- or 10-mix-Ill-fed mice (Supplementary Fig. 2b).

This is consistent with the idea that successful engraftment of the 10
Firmicutesinthe RComappears necessary forimmunomodulation. In
addition, we performed metabolomic profiling of caecal samples from
mice supplemented withRCom or its subsets. Anumber of metabolites
including butyrate, acetate, inosine, hypoxanthine and IMP showed
increased levels in the RCom-fed mice compared with the subset-fed
mice (Extended Data Fig. 5b).

Substantial evidence exists that an individual’s baseline micro-
biota influences the success of microbiota-targeting interventions**.
To test the engraftment capability of the RCom in mouse models pos-
sessing a variety of pre-existing gut microbiota, we used four cohorts
of SPF mice obtained from different commercial suppliers or the same
supplier but in separate shipment batches. Consistent with previous
findings*®*’, mice from different batches or suppliers varied substan-
tially in their baseline gut microbiota (Extended Data Fig. 7a-c). We
supplemented the four cohorts of mice with the RCom and determined
the colonic CD8' T cell response. RCom supplementation induced
production of IFNy, TNF, GzmB and CD107a by colonic CD8" T cells
from all the four cohorts of mice (Fig. 3d), indicating that the immu-
nomodulatory effect of the RCom was not influenced by the baseline
gut microbiota.

For each of the four mouse cohorts with different baseline micro-
biota, the relative abundance of most of the 15 species wasincreasedin
the caecal microbiota of RCom-fed mice (Extended Data Fig. 7d). How-
ever, therespective species and their increased abundances were not
the samein different cohorts. Indeed, the RCom-fed mice from differ-
ent cohorts showed distinct microbiome composition, as the baseline
microbiotaseemsto exertabigger effect onthe microbial composition
than the RCom supplementation (Extended Data Fig. 7e). An appeal-
ing hypothesis is that supplementation of the RCominduces the same
functions of the gut microbiome despite the variety of microbial com-
position. To identify the microbial metabolic processes and products
influenced by RCom supplementation, we performed metagenomic
shotgun sequencing and metabolomic analysis on caecal samples from
two cohorts of mice that were obtained from different commercial
suppliers. Functional profiling from metagenome-assembled genomes
(MAGs) revealed several metabolic modulesincluding butyrate synthe-
sisviabutyryl-co-enzyme A transferase (routel) and viabutyrate kinase
(routeII) and degradation of methionine, histidine, proline and adenine
ribonucleotide, which were enriched in the RCom-supplemented
mice from both cohorts (Fig. 3e, Extended Data Fig. 7f and
Supplementary Table13). Infact, degradation of methionine, histidine
and proline may lead to production of crotonyl-co-enzyme A that is fur-
ther converted to butyrate (Extended Data Fig. 7g)*°. Adenine ribonu-
cleotide degradation could produce purine metabolites including IMP,
inosine and hypoxanthine’. Inaddition, the biosynthetic modules for
tryptophan and vitamins (pantothenate, biotin and tetrahydrofolate)
were also enriched in the caecal microbiome of RCom-supplemented
mice fromboth cohorts (Extended Data Fig. 7). Interestingly, we found
that the same metabolic modules enriched in the RCom-fed mice were
encoded by the genomes of distinct bacteriain the two cohorts (Fig. 3e,
Extended DataFig. 7fand Supplementary Table 14). Thus, supplementa-
tion of theRCom to different baseline microbiotaincreased abundance
of the bacterial species that were taxonomically different but shared
the same metabolic functions, showing the functional redundancy and
stability of the RCom-supplemented gut microbiota. Consistent with
the findings of functional metagenomics, metabolomic profiling of
caecal contents showed increased concentrations of butyrate, acetate,
inosine, hypoxanthine and IMP in the RCom-fed mice fromboth cohorts
(Fig.3fand Supplementary Fig. 4), suggesting a potential mechanistic
role. Indeed, previous studies have shown that butyrate and inosine
produced by gut bacteria can enhance CD8* T cell cytotoxicity***2. Col-
lectively, these findings indicate that RCom supplementation shapes
metabolites produced by gut microbiota and promotes activation of
cytotoxic CD8' T cells.
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Fig.3|RComsupplementation shapes intestine microbiome functions and
immune responses. a, Schematic of the experimental set-up. SPF C57BL/6 mice
were supplemented with the indicated bacterial mixtures or PBS daily by oral
gavage for 7 days. b, Representative flow cytometry plots showing the expression
of IFNyand TNF by CD8" T cells in the colonic lamina propriaisolated from RCom-
and PBS-fed mice from two independent experiments. ¢, Percentages of colonic
IFNy*and TNF* cellsamong CD8" T cells from mice supplemented with RCom
(n=35), itssubsets 5-mix (n =4) and 10-mix-1 (n=5), or PBS (n = 4).d, Four cohorts
of SPF mice with different baseline gut microbiota were orally supplemented with
RCom or PBS. Percentages of IFNy*, TNF*, GzmB* and CD107a" of colonic CD8* T

cells were determined. Each circle represents an individual mouse. e, Metabolic
modules and their encoding MAGs enriched in RCom- versus PBS-supplemented
mice from two cohorts with different baseline microbiota. MAGs were
taxonomically classified according to NCBI RefSeq. Complete data are shown

in Extended Data Fig. 7f. f, Heat map showing elevated metabolites in the caecal
content of RCom- versus PBS-fed mice from the two cohorts. Complete data are
shown in Extended Data Fig. 7h. Baseline 1: PBS, RCom, n = 6 mice per group;
baseline 2: PBS,RCom, n =5 mice per group; baseline 3: PBS, RCom, n = 5 mice
per group; baseline 4: PBS, RCom, n =4 mice per group. Datain cand d are mean
values and s.e.m. Two-tailed unpaired ¢-test. NS, not significant.

RCom administration enhances anti-PD-1efficacy in mice

We next evaluated whether administration of the RCom could boost the
efficacy of PD-1blockade treatmentin tumour mouse models. First, we
tested whether the combination of RCom supplementation and admin-
istration of ananti-PD-1antibody (in the absence of tumours) could lead
to systemicimmune responses (Extended DataFig. 8a).Indeed, RCom
supplementation, when combined with anti-PD-1 treatment, signifi-
cantlyincreased the DC populationand production of IFNy and TNF by
CD8'Tcellsin the spleen of mice compared with heat-killed RCom-fed
mice (Extended Data Fig. 8b). Thus, RCom administrationinduced sys-
temic CD8" T cell activationinthe presence of anti-PD-1. We then exam-
ined the effect of prophylactic RCom supplementation on anti-PD-1
treatmentin tumour mouse models. SPF mice were daily supplemented
withthe RCom beforeinoculation of Lewis lung carcinoma (LLC) cells,
and tumour growth was monitored with or without administration of

ananti-PD-1antibody. Mice with RCom supplementation and anti-PD-1
treatment showed significantly reduced tumour size compared with
mice with the anti-PD-1only (Fig.4a), demonstrating that RCom admin-
istration increases the anti-tumour activity of anti-PD-1. By contrast,
no enhancement of anti-PD-1 efficacy was observed for mice supple-
mented withthe 13-mix (Extended Data Fig. 8c,d). Notably, supplemen-
tation of the RCom in the absence of anti-PD-1was unable to inhibit
tumour growth (Fig. 4a), showing that the anti-tumour effect of the
RCom was dependent on anti-PD-1treatment.

We observed that infiltration of CD8" T cells into the tumour was
significantly higher in mice treated with RCom plus anti-PD-1 than
mice with anti-PD-1 only (Fig. 4b). Accordingly, tumours from mice
with combined treatment of RCom and anti-PD-1revealed anincrease
in the population of total CD8" T cells and activated CD8" T cells
(Extended DataFig. 8f). Moreover, RCom supplementation enhanced
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cytotoxic CD8" T cell function as evidenced by increased frequencies
of IFNy*, TNF*, GzmB" and CD107a" within CD8" T cells in the tumour
andspleen (Extended Data Fig. 8g and Supplementary Fig. 5a). In addi-
tion, the proportion of IL-12* DCs in the tumour was increased by RCom
supplementation (Fig. 4c). To assess the role of CD8" T cells and DCs
in the anti-PD-1-promoting effect of the RCom, we treated mice with
an anti-CD8 antibody to specifically deplete CD8" T cells or injected
diphtheriatoxinto deplete DCs. The beneficial effect of the RCom was
completely abrogated in the mice depleted in CD8" T cells (Fig. 4d).
Depletion of DCs significantly diminished the positive effect of the
RCom on cytokine production by splenicand intratumoral CD8" T cells
(Fig. 4e, Extended Data Fig. 8h and Supplementary Fig. 5b), suggesting
that DCs arerequired for stimulating the CD8' T cell responses. Thus,
the anti-PD-1-enhancing effect of the RCom is dependent primarily
on CD8" T cells, probably mediated by triggering DC activation. Sup-
plementation with subsets (5-mix and 10-mix-I) of the RCom failed
to improve the efficacy of anti-PD-1 treatment or elicit anti-tumour
immunity (Extended Data Fig. 8e,g). Collectively, these results sug-
gest thatthe RCom species act together to enhance anti-PD-1-induced
anti-tumour immunity ina CD8' T cell-dependent manner.

We tested whether the RCom could enhance the anti-PD-1efficacy
in other cancer models. Administration of the RCom was found to
remarkably increase the anti-tumour activity of anti-PD-1in the B16-F10
melanoma and MC38 colorectal cancer models (Fig. 4f,g). Significant
improvement of the anti-PD-1treatment by the RComwas also observed
foradditional lung cancer modelsincluding CMT-167 adenocarcinoma
and ASB-XIV squamous carcinoma (Extended Data Fig. 8i,j). Toexamine
whether the RCom could synergize with anti-PD-1in mice with existing
tumours, we supplemented SPF mice with the RCom by oral gavage
3 days after tumour inoculation (Fig. 4h). Therapeutic supplementa-
tion of RCom in combination with anti-PD-1 treatment significantly
suppressed the growth of LLC or B16-F10 tumours in mice compared
with anti-PD-1only (Fig. 4i,j).

To examine whether the heterogeneity of gut microbiota influ-
ences the anti-tumour effect of the RCom, we supplemented the RCom
to three cohorts of SPF mice with different baseline microbiota for
each of the tumour models (Extended Data Fig. 9a). Only a small pro-
portion (-30%) of baseline bacterial taxa were shared by all the three
cohorts (Extended Data Fig. 9b). We found that despite the large variety
of the baseline microbiota, RCom supplementation in combination
with anti-PD-1led to reduced tumour size and weight of both LLC and
B16-F10inallthe three cohorts (Fig. 4k, and Extended Data Fig. 9c-f).
Accordingly, RCom supplementation induced functional CD8"
T cells in the tumour and spleen of mice from all the three cohorts
(Extended DataFig.9g). Therefore, enhancement of anti-tumourimmu-
nity and anti-PD-1 efficacy by the RCom was not influenced by alarge
variety of the baseline microbiota.

RCom supplementation circumvents resistance to anti-PD-1

We investigated whether supplementation of the RCom could over-
come resistance to PD-1 blockade in mouse models. FMT using fae-
cal samples from non-responder patients has been shown to convey
resistance to PD-1blockade in mice®. Thus, we reconstituted the gut
microbiotainantibiotic (ATB)-pretreated SPF mice through FMT using
donor samples from non-responder patients with advanced NSCLC
amenable to anti-PD-1 (Supplementary Table 15). We first evaluated
the combined efficacy of prophylactic RCom supplementation and
anti-PD-1therapyin LLC-bearing mice with humanized gut microbiota
(Extended Data Fig. 10a-c). FMT from the non-responder patients
conferred resistance to anti-PD-1 (Fig. 5 and Extended Data Fig. 10),
which is consistent with previously published results®”. Supplemen-
tation of the RCom was found to restore the anti-tumour activity of
anti-PD-1 (Extended Data Fig. 10d,e). Notably, the combination of
RCom and anti-PD-1 was able to cause tumour regression in mice
(Extended DataFig.10d,e). This therapeutic efficacy was accompanied

byincreased infiltration of CD8" T cells into tumours and promoted the
cytotoxic function of CD8' T cells (Extended Data Fig. 10f,g).

Finally, we tested RCom administration in a therapeutic setting.
SPF mice with FMT from non-responder patients were orally supple-
mented with the RCom after LLC tumour inoculation (Fig. 5a). The
three non-responder donors showed a large degree of heterogeneity
intheir faecal microbiota, with only 20% of bacterial taxa shared by all
ofthem (Fig. 5b and Extended Data Fig.10b). The engraftment of RCom
members in mice with FMT was not assessed. However, combined
treatment of the RCom and anti-PD-1led to a significant decrease in
tumour growth in mice with FMT from all the non-responder donors
(Fig. 5c,d). Therefore, therapeutic supplementation of RCom cir-
cumvented the anti-PD-1resistance in mice conferred by FMT from
non-responder patients.

Discussion

Administration of adefined microbial consortiumof cultivated species
provides a promising approach of modulating the gut microbiota to
improve the efficacy of ICIs, which integrates the benefits of the ecologi-
calbalance of FMT with the scalability and practicality of probiotics. In
this study, we designed and built a 15-member bacterial consortium,
RCom, from the faecal microbiota of anti-PD-1-responding patients.
Oraladministration of the RCom was found to improve the anti-tumour
activity of anti-PD-1inmultiple tumour models and in both prophylactic
and therapeutic settings. Moreover, therapeutic supplementation of
the RCom circumvented the anti-PD-1resistance in mice conferred by
FMT from non-responder patients. Although several microbial con-
sortia have been developed for improving ICI immunotherapy, the
available data from clinic studies indicate limited levels of engraft-
ment depending on the native microbiota of patients**°. Indeed, the
baseline gut microbiotaalsoinfluences the success of dietary interven-
tions, FMT and probiotic engraftment***"*3, However, interindividual
microbial heterogeneity has not been taken into account adequately
in previous designs of these microbiota-targeting interventions'. We
showed that despite a large variety of the mouse native microbiota
or the transplanted faecal microbiota from non-responder patients,
enhancement of anti-PD-1efficacy by the RCom was not influenced. Our
results suggest that administration of the RComis capable of reproduc-
ibly modulating the microbiotaclinically to augment the effectiveness
of ICI treatment.

Synthetic microbial consortia have been designed and assem-
bled for modulating host-associated microbiota?****, However, the
intracommunity interactions have rarely been incorporated into the
design. Here, through GEM-based predictioninsilico and experimen-
tal characterization in vitro and in vivo, the RCom was designed and
validated as arelatively cooperative community. The Firmicutes spe-
cies showed metabolic dependencies on the Bacteroidetes species
within the community, and supplementation of the latter species
was required for enhancing the engraftment of the former species in
mice. The intracommunity beneficial interactions probably enabled
successful engraftment of the RCom, especially the involved Firmi-
cutes species, inthe presence of alarge variety of baseline microbiota
(Extended Data Fig. 10h). We showed the functional redundancy and
stability of the RCom-supplemented gut microbiota. Supplementation
ofallthe RCom members to mice robustly increased bacterial produc-
tion of butyrate and acetate and degradation of adenine ribonucleotide
to produceinosine, hypoxanthine and IMP. Butyrate and inosine have
beenshown to be capable of modulatingimmune function (adetailed
discussion follows in the next paragragh). The RCom Firmicutes spe-
cies could make an important contribution to production of these
metabolites. More research is required to better understand the role
of individual RCom members in supporting community functions.

Several mechanisms by which the commensal bacteria shape
anti-tumour immunity have been reported®. Our results indicated that
enhancement of anti-PD-1-induced anti-tumourimmunity by the RCom
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Fig. 4| RCom administration enhances anti-PD-1efficacy in tumour mouse
models with a variety of baseline microbiota. a, SPF C57BL/6 mice were
s.c.injected with tumour cells, and an anti-PD-1antibody was injected i.p.
Supplementation of RCom or PBS daily by oral gavage started 1 week before
tumour inoculation. The tumour growth curve of LLC is shown. Control,
RCom, n=5mice per group; aPD-1, RCom + aPD-1, n = 4 mice per group. b,
Immunohistochemistry and quantification of CD8" T cells within LLC tumours
from RCom- and PBS-fed mice with anti-PD-1treatment. The arrows indicate
CD8' T cells. n =4 mice per group. ¢, Representative flow cytometry plots and
quantification of IL-12* of DCs within LLC tumours from anti-PD-1-treated mice
supplemented with RCom or PBS. n =4 mice per group. d, Effect of CD8" T

cell depletion on tumour weight at termination in anti-PD-1-treated mice fed
withRCom or PBS. An anti-CD8 antibody was injected i.p. for the depletion.
RCom + aPD-1, aPD-1+ aCD8, n =4 mice per group; aPD-1, RCom + aPD-

1+ aCD8, n=5mice per group. e, Tumour growth of LLCin DC-depleted and
anti-PD-1-treated mice supplemented with RCom or PBS. DCs were depleted
by intraperitoneal injection of diphtheria toxin (DT). n = 5 mice per group.f.g,

OO

OO

Tumour growth of B16-F10 (f) (n =4 mice per group) and MC38 (g) (RCom, aPD-1
n=4mice per group; control, RCom + aPD-1, n = 5 mice per group) in anti-PD-
1-treated mice supplemented with RCom or PBS in a prophylactic setting. h,
Schematic of the therapeutic experimental set-up. SPF C57BL/6 mice weres.c.
injected with LLC or B16-F10 tumours followed by intraperitoneal injections

of anti-PD-1. Supplementation of the RCom or PBS daily by oral gavage started

3 days after tumour inoculation. i,j, LLC (i) (n = 5mice per group) and B16-F10

(j) (aPD-1,n =4; RCom + aPD-1, n =5) tumour growth in anti-PD-1-treated mice
therapeutically supplemented with RCom or PBS. kI, Three cohorts of SPF mice
with different baseline gut microbiota were daily supplemented with RCom

or PBS and injected s.c. with LLC or B16-F10 tumours followed by anti-PD-1
treatment. The weight of the LLC tumour (k) (L1: n=4 mice per group; L2:n=5
mice per group; L3: «PD-1,n=5;RCom + aPD-1,n=4) and B16-F10 (I) (Bl:n=5
mice per group; B2: n =5 mice per group; B3: n = 4 mice per group) at termination
was measured. Data are mean values and s.e.m. Two-way ANOVA (a, e-g, i,j) or
two-tailed unpaired t-test (b—d, k, I). NS, not significant.
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Fig. 5| Therapeutic RCom supplementation circumvents the anti-PD-1

resistance in mice conferred by FMT from non-responder patients. a,

Schematic of the experimental set-up. FMTs of faecal samples from three non-

responder (NR) patients with NSCLC were individually performed in SPF C57BL/6

mice pretreated with ATB for 3 days. LLC tumours were inoculated 13 days later,
and daily gavage of the RCom was performed in combination with intraperitoneal

20
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Time after tumour
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injections of anti-PD-1. b, Shared and unique OTUs between the three FMT
donors. ¢,d, LLC tumour growth curve (c) and tumour weight at termination
(d) inRCom- and anti-PD-1-treated mice with FMT from the three NR donors. Data
are mean and s.e.m. n =4 mice per group (c and d). Two-way ANOVA (c) or
two-tailed unpaired ¢-test (d). NS, not significant.

isdependent on CD8" T cells. Supplementation of the RComincreased
intratumoralinfiltration and cytotoxic activity of CD8" T cells, and this
positive effect was strongly diminished in DC-depleted mice. These
results suggest that the RCom could improve anti-tumour responses
of CD8" T cells by triggering DC activation (Extended Data Fig. 10h).
Upregulation of IL-12 on DCs was observed for RCom-supplemented
mice, supporting an involvement of IL-12 in the induction of
CDS8* T cell responses®*’. Bacterial metabolites produced by the
RCom-supplemented gut microbiota, including butyrate andinosine,
could play acrucial role in promoting anti-tumour immunity. Indeed,
butyrate has been shown to boost CD8' T cell anti-tumour response
in an IL-12-dependent manner®, Inosine can promote DC-dependent
activation of anti-tumour T cells®. In addition, butyrate and inosine
can serve as an energy or carbon source for CD8" T cells*®*°. Further
studies are required to elucidate the mechanisms through which the
RCom-supplemented gut microbiota modulates the local immune
responses and anti-tumour immunity in the presence of anti-PD-1.

High abundance of the RCom is associated with improved clinic
outcomes in the cohort of this study and independent ICI-treated
cancer cohorts*%*, A number of the RCom species are consistently
enriched in ICI-responsive patients with cancer. Several of them (for
example, D. formicigenerans) are associated with reduced risk of severe
irAEs*. None of the RCom members have prominent virulence factors,
toxins or multidrug-resistance genes. Thus, administration of the
RCom couldbe safe and tolerable clinically. Altogether, our developed
consortium, RCom, holds promise to improve the success rate of ICI
therapy in patients with cancer.

Methods

Human study participants

Faecal samples were collected from patients with informed consent
at Shanghai Chest Hospital affiliated to Shanghai Jiao Tong Univer-
sity between October 2016 and July 2023. These patients had stage
I1IB or IV NSCLC with squamous or non-squamous histology and had
documented recurrence or progression after at least one previous
line of treatment (Supplementary Table 1). Patients with known epi-
dermal growth factor receptor mutations who previously received
tyrosine kinase inhibitors were also included. Patients did not receive
financial participant compensation. A total of 59 patients were
treated with PD-1 monoclonal antibody every 2 or 3 weeks. Tumour
response was assessed using the Response Evaluation Criteriain Solid
Tumours (RECIST), version 1.1 (ref. 12). Responders were defined by
complete or partial response, or stable disease for 6 months or more,
and non-responders were defined by stable disease lasting less than
6 months or progressive disease'. Faeces were collected before the
anti-PD-1 treatment according to the study protocol approved by
the Ethics Committee of Shanghai Chest Hospital (approval number
KS23014-A). Samples were suspended in20% glycerol in PBS, immedi-
ately frozen and stored at —80 °C.

Bacterial strains

To isolate bacterial strains enriched in responder patients, fae-
cal contents from four patients (Supplementary Table 6) were
filtered through a 200-pum cell strainer, serially diluted with
PBS and seeded onto agar plates with 14 different growth media
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(Supplementary Table 7). The media used for growing diverse micro-
organisms included brain-heart infusion (BHI), yeast extract-cel-
lobiose-haemin-cysteine-supplemented BHI (LYHBHI), yeast
extract-casein hydrolysate-fatty acids (YCFA), gut microbiota
medium, chopped meat medium, Gifu anaerobic medium, rein-
forced Clostridium media and fastidious anaerobe®. Plates were
incubated under anaerobic conditions (80% N,, 10% H,, 10% CO,) in
an anaerobic chamber (Thermo Fisher) at 37 °C for 2-4 days. Indi-
vidual colonies were picked, and the 16S rRNA gene was PCR ampli-
fied with universal primers (27F: 5-AGAGTTTGATCMTGGCTCAG-3’;
1492R: 5-GGTTACCTTGTTACGACTT-3’) and sequenced. The result-
ing sequences were compared with those in the 16S ribosomal RNA
sequence (Bacteria and Archaea) database at the National Center for
Biotechnology Information (NCBI) to determine closely related spe-
ciesorstrains. The obtained192 bacterial isolates were assigned to 104
strains belonging to 42 distinct species. Among them, 10 strains were
completely sequenced andincluded in the synthetic community RCom
based onadesign processillustrated in Extended DataFig. 1a. Five other
strainsinthe community (A. finegoldiiDSM 17242, A. inops DSM 28863,
D. formicigenerans DSM 3992, Dorea longicatenaDSM 13814 and Lach-
nospira eligens ATCC 27750) were obtained from public repositories.
These strains were originally isolated from human samples, and their
genomic sequences were obtained from GenBank. For comparison, 13
bacterial strains were isolated from faecal samples from non-responder
patients using the same method as described above.

Mice

All mouse experiments were conducted in accordance with proto-
colsapproved by the Institutional Animal Care and Use Committee of
ShanghaiJiao Tong University (IACUC number: A2025207). Mice were
randomly assigned to different experimental groups, and no animals
were excluded fromthe analyses. SPF female C57BL/6 mice (6-8 weeks
old) were obtained from two different commercial suppliersincluding
Charles River and Shanghai Lingchang Biotechnology. For the study
of batch effects, mice were obtained from the latter supplier in three
different shipment batches at least 1 month apart. SPF female BALB/c
mice and B-Cd11c-EGFP-DTR-Luc mice (6-8 weeks old) were purchased
from Shanghai Lingchang Biotechnology and Biocytogen, respectively.
All mice were kept at aroom temperature of 24 +1°C, room humidity
of30-70%and a12-12-hlight-dark cycle (7:00 a.m.-7:00 p.m.). After
acclimatizingto astandard dietrichin fibre (Purina LabDiet 5001) and
housing environment for 1 week, mice were randomly separated into
experimental groups.

Metagenomic analysis of faecal microbiota from patients

Frozen faecal samples were thawed, and DNA was extracted using
the SPINeasy DNA Kit for faeces (MP Biomedicals) according to the
manufacturer’s instructions. DNA concentration was determined
spectrophotometrically using a NanoDrop 2000 (Thermo Fisher).
Whole-genome shotgun libraries were prepared using the VAHTS
Universal DNA Library Prep Kit for Illumina (Vazyme), and 2 x 150 bp
paired-end sequencing was performed on an Illumina NovoSeq 6000.
The sequencing reads were adaptor removed, trimmed for quality
and filtered for host contamination using KneadData v.0.61 (http://
huttenhower.sph.harvard.edu/kneaddata) withthe humanreference
databases (GRCh37). Taxonomical annotation of metagenomic species
was performed using Kraken 2 v.2.0.9, which is based on exact align-
ment of short stretches of genes (k-mers), with a standard database
including NCBIRefSeq (>30,000 genomes). The relative abundances of
allthe annotated species were estimated and calibrated using Bracken
2 that computes the abundance of species in DNA sequences from a
metagenomic sample based on Bayesian statistical modelling. The
LEfSe method was used to compare the abundance of all bacterial
species according to the response of patients to anti-PD-1 treatment.
The species with differential abundance between responders and

non-responders (P < 0.05) were used as input for the LDA to calculate
aneffect size (LDA score).

Bacterial genome sequencing

The genomic DNA of the 10 isolated strains of the RCom was extracted
using the QlAamp DNA MiniKit (Qiagen). The genome sequences were
determined by using a whole-genome shotgun method as described
above. Allsequencing reads were trimmed and assessed for quality con-
trol by the Trimmomatic (v.0.32) software. Trimmed reads were assem-
bled using SPAdes v.3.10.1 with default parameters, and the assembly
quality was checked using QUAST v.4.5. The bacterial genomes were
searched for putative toxins and virulence factors according to the
Comprehensive Antibiotic Resistance Database (CARD, https://card.
mcmaster.ca) and the bacterial Virulence Factor Database (VFDB,
https://www.mgc.ac.cn/VFs) atathreshold of 70% of identity and 70%
of gene length coverage.

Metabolic interaction simulations

GEM s for individual bacterial species were downloaded from AGORA
(assembly of gut organisms through reconstruction and analysis)
(https://www.vmbh.life/files/reconstructions/AGORA). These GEMs
were used asinput for SMETANA v.1.0 to compute the MRO and SMET-
ANA score of synthetic communities as reported previously**. MRO
was used to assess metabolic competition by measuring the overlap
between the minimal nutritional requirements of allmember species on
the basis of their genomes. The SMETANA score provided ameasure of
all possibleinterspecies dependencies under agiven nutritional condi-
tion. Simulations were carried out on the basis of aminimal medium?,

In vitro growth experiments

The chemically defined (CD) medium (Supplementary Table 8) used
for bacterial cultivation was modified froma YCFA-defined medium®.
Totest the substrate-utilizing capability of individual species, bacterial
cells were cultured in 96-well flat-bottom plates with 200 pl per well
of the medium containing 2 g 1™ of b-glucose, D-fructose, b-xylose,
N-acetylglucosamine, mannose, cellobiose, fructo-oligosaccharide,
xylan, galactan, arabinoxylan, inulin, glycogen, starch or glucomannan.
After 72 h of anaerobic cultivation at 37 °C, optical density at 600 nm
(ODgq0) was measured and normalized to the maximum values within
each species and for the same substrate®.

For community growth experiments, individual bacterial spe-
cieswere precultured on LYHBHI or YCFA medium overnight, washed
twice with PBS and resuspended in the CD medium to OD, of ~0.2.
From the cell suspensions of 15 species, 50 pl each was pooled, and
100 pl of the mixture was used to inoculate 1.9 ml of fresh CD medium.
In addition to equal ratio, two other inoculation ratios were tested,
which were directly and inversely, respectively, proportional to the
final relative abundances of individual species after 48 h of growth
from an equally mixed inoculum (Supplementary Table 10). The com-
munity was cultured anaerobically at 37 °C for 48 h. Bacterial genomic
DNA was extracted using the QIAamp DNA Mini Kit (Qiagen), and the
abundance of each species was determined by qPCR.

Characterization of bacterial species interactions

To characterize pairwise interactions in the RCom, each species was
precultured on LYHBHI or YCFA medium overnight, washed twice with
PBS and resuspended in CD medium to ODg, of ~0.2. From the cell
suspensions of two species, 50 pleachwas pooled, and the mixture was
passed into 10-ml sterile tubes containing 1.9 ml of fresh CD medium.
The cultures of single species were used as controls. The co-cultures
and monocultures were grown anaerobically at 37 °Cfor 48 h,and the
abundance of each species was quantified by qPCR. The growth of the
species in co-culture was compared with that in monoculture. The
effect of one species on the other was classified into positive, negative
or neutral depending on the growth change of the other species. The
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identified positive interactions corresponded to atleast100% increase
inthe growth, and they were classified as mutualism and commensal-
ism based on the reciprocal effects.

To detect metabolic cross-feeding between Bacteroidetes and
Firmicutes species in the RCom, 5 Bacteroidetes species were culti-
vated in 5 ml of CD medium lacking amino acids (CD-AA). The medium
contained 1g 1™ of uniformly *C-labelled glucose ([U-*C]glucose) or
unlabelled glucose. Afterincubation for 12 h (a duration that ensured
that the glucose in the medium had been just exhausted), the culture
mediumwas collected by centrifugationat 3,500 x gfor 5 minatroom
temperature, followed by filtration with a 0.22-pm syringe filter. Then,
4 mlofthefiltered medium and 16 ml of fresh CD-AA medium contain-
ing 2 g 1" glucose were pooled. The medium was used to resuspend
PBS-washed cells of 10 Firmicutes species to OD,,~0.005 each, and the
community was grown anaerobically at 37 °Cfor 48 h. At theindicated
time points, the culture supernatant was collected by centrifugation
and used for metabolomic analysis. The cell pellets were used for
proteomic analysis.

gPCR analysis

The bacterial species-specific primers (Supplementary Table 9) were
designed based onrandomly selected species-specific genes by com-
paring the primer and target gene sequences against sequences in
public databases. The primers were synthesized by Beijing Tsingke Bio-
tech. The melting curve analysis for qPCR of mouse faecal DNA showed
asingle peak at-83 °C for each species. The specificity of each primer
set was further validated by qPCR of anon-target template composed
ofbacterial genomic DNA from the other 14 speciesinthe RComand 8
common speciesinthe humangut microbiota. The qPCR analyses were
performed using Hieff gPCR SYBR green master mix (Yeasen) on the
CFX96 thermal cycler (Bio-Rad). The amount of the bacterial species
was quantified by plotting astandard curve of varying concentrations
of its genomic DNA.

16S rRNA gene amplicon sequencing

The V3-V4 region of the bacterial 16S rRNA gene was amplified using
thefollowing primers: forward, 5-CCTACGGRRBGCASCAGKVRVGAAT
-3’;reverse, 5-GGACTACNVGGGTWTCTAATCC-3’. Theamplicons were
attached with dual indices and lllumina sequencing adaptors by PCR.
After purification and quantification of the PCR products, sequenc-
ing was carried out on a MiSeq platform (Illumina) using 2 x 250 bp
paired-end sequencing. The sequences were processed using QIIME2
v.2019.4. Filtered high-quality reads were clustered into operational
taxonomic units (OTUs) witha 97% pairwise-identity cut-off. Taxonomic
annotation was performed on the basis of the SILVA r132 database.

MAG assembly and functional annotation

DNA was extracted from mouse caecal samples and sequenced fol-
lowing the protocol used for human samples. Metagenomes of caecal
microbiotawere co-assembled within groups using MEGAHIT (v.1.2.9)
with default parameters. The contigs longer than 1,000 kb were binned
into MAGs using three different tools: MetaBAT2 (v.2.12.1), MaxBin
(v.2.2.4) and CONCOCT (v.0.4.0), which were then integrated with
MetaWRAP (v.0.8). MAG completion and contamination were assessed
using CheckM (v.1.1.2). MAGs were conservatively kept in the local
MAG database if they were >50% complete and <10% contaminated.
De-replication of MAGs at 99% identity was carried out using dRep
(v.2.6.2). The MAGs were taxonomically classified with the NCBI RefSeq.
Functional annotation of the MAGs was performed using a recently
reported workflow®. Briefly, the level of completeness for a given Kyoto
Encyclopediaof Genes and Genomes module inthe genomes was deter-
mined using the program ‘anvi-estimate-metabolism’inanvi’o (v.7.1).
The program ‘anvi-compute-functional-enrichment’ was then used to
determine whether agiven metabolic module was enrichedinagroup
of genomes. The enrichment scores for metabolic modules within

groups were computed by fitting abinomial generalized linear model
tothe occurrence of each complete metabolic module in each group.

Subcutaneous tumour models and bacterial supplementation
To prepare the bacterial communities for in vivo experiments, indi-
vidual species were grown on LYHBHI or YCFA medium overnight and
washed with PBS, and appropriate volumes of cell suspensions were
mixed. The mixture (200 pl) containing about 4 x 108 colony-forming
units (CFU) of each bacterial species was daily supplemented by oral
gavage to SPF C57BL/6 mice. PBS was used as a control. A heat-killed
bacterial mixture was obtained by heating at 99 °Cfor1h. After gavage
of the indicated bacterial mixtures for 7 days, caecal contents were
collected. DNA was extracted for PCR analysis and metagenomic
sequencing, and metabolites were extracted for metabolomic analysis.

LLC cells (catalogue number CRL-1642), B16-F10 melanoma cells
(catalogue number CRL-6475) and MC38 colorectal adenocarcinoma
cells (catalogue number AC337600) were obtained from ATCC. CMT-
167 lung adenocarcinoma cells (catalogue number BFN60808932)
bearing an oncogenic KRAS G12V mutation and ASB-XIV pulmonary
squamous carcinoma cells (catalogue number BEN60904188) were
purchased from Shanghai Bluefbio Biology Technology Development.
Cells were cultured in RPMI1640 (HyClone) or DMEM (HyClone) with
10% fetal bovine serum (FBS, SuperCulture) and 100 U ml™ penicillin
and streptomycin at 37 °Cin the presence of 5% CO,. SPF C57BL/6 mice
weresubcutaneously (s.c.) injected with 4 x 10°LLC cells, 2 x 10° B16-F10
cells,3 x10°MC38 cells or 2 x 10° CMT-167 cells on day 0. BALB/c mice
were s.c. injected with 1.5 x 10° ASB-XIV cells. For the bacterial sup-
plementation groups, the bacterial mixture was orally given to mice
starting 1 week before tumour inoculation (prophylactic approach)
or 3 days after tumour inoculation (therapeutic approach). Daily sup-
plementation of the bacterial cocktail continued until the end of the
experiment. Mice were intraperitoneally (i.p.) injected with 200 pg PD-1
monoclonal antibody (clone RMP1-14, BioXCell) on days 8, 11, 14 and
17 after LLC or MC38inoculation orondays 5, 8 and 11 after B16-F10 or
CMT-167 inoculation. Anti-PD-1(100 pg) was given once on day 8 after
ASB-XIV inoculation. For depletion of CD8" T cells, administration of
200 pganti-CD8 monoclonal antibody (clone 2.43, BioXCell) weekly by
intraperitonealinjectionstarted 2 daysbefore LLCinoculation. For DC
depletion, diphtheria toxin (50 ng per gofbody weight, Listbio) wasi.p.
injected into B-Cd11c-EGFP-DTR-Luc mice on days -9 and -8. Tumour
size was measured 3-4 times per week and volume was determined as
length x width? x 0.5. According to animal ethics, mice were euthanized
when tumour volume reached 1,500 mm?. Otherwise, mice were eutha-
nized at the indicated time points, and tumour weight was measured.

For FMT experiments, frozen faecal materials from patients with
NSCLC amenable to anti-PD-1were thawed for use. SPF C57BL/6 mice
were treated with ampicillin (1g1™), streptomycin sulfate (5g 1) and
colistin sulfate (1g17) for 3 days via drinking water. After a 1-day anti-
biotic washout, 200 plof the faecal suspension was transferred by oral
gavage into each antibiotic-pretreated mouse ondays-17,-15and -13.
The RCom was administered daily from day -7 for the prophylactic
approach or from day 3 for the therapeutic approach. LLC cells were
injecteds.c.onday 0, and anti-PD-1injection and tumour measurement
were performed as described above.

Histological analysis

Tissue sections (5 um) were prepared from paraffin-embedded tumour
samples. The slides were heated in antigen retrieval solution (Ser-
vicebo). Endogenous peroxidases were blocked with 3% H,0,, and
unspecific antibody binding was blocked with 3% BSA in PBS. A primary
anti-CD8 antibody (Servicebo) was applied at 4 °C overnight. The
slides were thenincubated with the secondary antibody (HRP-labelled
goat anti-mouse IgG, Servicebo) for 50 min at room temperature.
After DAB staining, the slides were counterstained with haematoxylin,
dehydrated and fixed. Images were captured using a Pannoramic 250
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FLASH microscope (3DHISTECH). Quantification of positive cells was
performed using Image ] software (v.1.52a).

Flow cytometry analysis

Colonic lamina propria cells were isolated as described previously®*.
Briefly, colons were opened longitudinally, and adipose tissue and
lymph nodes were removed using forceps. After washing with PBS to
remove luminal contents, the samples were incubated in PBS contain-
ing 1 mM dithiothreitol, 30 mM EDTA and 10 mM HEPES for 10 min
and then in PBS containing 30 mM EDTA and 10 mM HEPES for 10 min
at 37 °C in a shaking water bath to remove the mucous layer and epi-
thelial cells. The remaining lamina propria layer was cut into small
pieces and incubated in 4 ml of RPMI 1640 medium containing 10%
FBS, 0.5 mg ml™ type VIl collagenase (Sigma-Aldrich) and 0.15 mg ml™
DNase I (Sigma-Aldrich) for 55 min at 37 °C in a shaking water bath.
The digested tissues were homogenized by vigorous shaking and then
filtered through a 70-um cell strainer.

For analysis of intratumoural CD8" T cells and DCs, tumours were
cut into small pieces and digested using a tumour dissociation kit
(MiltenyiBiotec) as per the manufacturer’sinstructions. Theresulting
cellsuspensionwas passed through a 70-um cell strainer. After centrifu-
gation, the pellets were incubated in ACK lysis buffer (eBioscience) for
5 minat room temperature to remove red blood cells, and RPMI1640
mediumwas added. Pelleted cells were resuspended in PBS containing
2% FBS for further staining. The spleens were homogenized and filtered
through a 70-pm cell strainer followed by removal of red blood cells.

For surface staining, the following antibodies were used: anti-CD45
(AF700, Invitrogen), CD3 (BV711, Biolegend), CD4 (BV786, BD Bio-
sciences), CD8a (BV650, Biolegend), TCRf (PerCP-Cy5.5, Biolegend),
CD44 (BV785, Biolegend), CD62L (APC-R700, BD Biosciences), NK1.1
(FITC, eBioscience), B220 (PerCP-Cy5.5, BD Biosciences), CXCR3
(BV421, Biolegend), I-A/I-E (Percp-cyS5.5, BD Biosciences), CD86 (PE,
BD Biosciences), CD80 (APC, BD Biosciences), CD103 (FITC, eBiosci-
ence), CD11c (BV785, Biolegend), CD11b (AF700, Biolegend), H-2Kb
(PE/Cy7, Biolegend), Ly6G (BV786, BD Biosciences), Siglec F (BV421,
BD Biosciences) and CD64 (BV711, Biolegend). For cytokine detec-
tion, single-cell suspensions were stimulated with 100 ng mI” PMA
(Sigma-Aldrich) and 1 pg ml™ ionomycin (Sigma-Aldrich) in the pres-
ence of GolgiStop (BD Biosciences) at 37 °C for 4 h. After surface
staining, cells were permeabilized using a Cytofix/Cytoperm fixation
and permeabilization kit (BD Biosciences). The following antibod-
ies were used for detection of cytokines and proteins: IFNy (BV421,
BD Biosciences), GzmB (PE, Invitrogen), TNF (PE/Cy7, eBioscience),
CD107a (FITC, BD Biosciences), IL-2 (BV605, Biolegend), IL-12 (APC/
Cy7, Biolegend), Foxp3 (APC, Invitrogen) and Ki67 (PerCP-Cy5.5, BD
Biosciences). The flow cytometry gating strategies are described in
Supplementary Fig. 6. Comprehensive details for all antibodies have
been compiled in Supplementary Table 16. All data were collected on
aBD LSRFortessa X-20 (BD Biosciences) instrument and analysed with
FlowJo software (v.10.0, TreeStar).

Proteomic analysis

Proteomic samples were prepared as described previously with minor
modifications®. Briefly, approximately 1 x 10° bacterial cells were resus-
pendedin 500 pl of lysis buffer containing 6 M guanidinium chloride,
5 mM Tris(2-carboxyethyl)phosphine (TCEP) and 100 mM Tris-HCI
(pH7.4).Cellswerelysed by sonicationonice, and the supernatant was
collected after centrifugation at 20,000 x gfor 20 min at4 °C. Protein
was precipitated by methanol and chloroform. The dried protein pellet
was resuspended in 8 M urea and alkylated with 50 mM chloroaceta-
mideand 10 mM TCEP in 50 mM ammonium bicarbonate for 30 min at
30 °C. TCEP was used to quench the excessive alkylating reagents. The
protein mixture was diluted with100 mM ammonium bicarbonate to
ensure that theurea concentration wasless than1Mand then digested
with 10 ng pl™ trypsin (mass spectrometry grade, Promega) at 37 °C

for 2 h. Proteins were further digested with 20 ng pl™ trypsin at 37 °C
overnight. Samples were desalted using SepPak cartridges (Waters),
vacuum dried and resuspended in 0.1% formic acid.

Samples containing 1 ug of peptides were analysed by an
ultrahigh-performance liquid chromatograph (EASY-nLC 1200,
Thermo Fisher) coupled to aquadrupole-orbitrap mass spectrometer
(Q-Exactive HF-X, Thermo Fisher). Peptides were separated witha C18
reverse-phase analytical column (25 cm by 75 pm internal diameter,
1.9 pm particle size; Shanghai Easymass). The column was maintained
at 55 °C with a flow rate of 300 nl min™. Solvent A was water with 0.1%
formicacid, and solvent B was 80% acetonitrile with 0.1% formic acid.
The gradient of B was as follows: 0 min, 3%; 3 min, 8%; 105 min, 28%;
112 min, 45%; 113 min, 100%; and 120 min, 100%. The parameters of
the mass spectrometer were set as follows: ion spray voltage, 2 kV, and
capillary temperature, 350 °C. Full-scan mass spectra with mass range
350-1,500 m/z were acquired with a resolution of 60,000. The filling
time was set atamaximum of 50 ms withalimitation of 3 x 10°ions. The
mostintenseions (up to20) fromthe full-scan MS were selected for MS/
MS. Anormalized collision energy of 30% was used, and the fragmenta-
tionwas performed after afilling time of 25 ms for each precursorion.
MS/MS spectra were acquired with a resolution of 15,000.

Datawere analysed using MetaProSIP, KonstanzInformation Miner
(KNIME, v3.6.2) and OpenMS as described previously**. Briefly, LC-MS
raw data were converted to mzML format using ProteoWizard, which
were further processed by KNIME to identify unlabelled peptides and
their C-labelled isoforms. Data were searched against the combined
reference proteomes for the 10 Firmicutes species in the RCom. The
target-decoy strategy was used to construct a second database of
reverse sequences for estimating the peptide false discovery rate. The
unlabelled peptides were identified with OpenMS MSGFPlusAdapter.
MetaProSIP was then used to detect the labelled peptides, extract the
related peaks and calculate the labelling ratio. Proteins were inferred
from the identified peptides by requiring a minimum of two unique
peptides per protein. Peptides that were identified in only two out
of the three replicates and had a high coefficient of variation (>25%)
were filtered out. The detected species-specific peptides are shown
inSupplementary Table 11.

Metabolomic analysis
Metabolite extraction from mouse caecal contents was performed as
described previously®. In brief, -50 mg frozen caecal contents were
resuspended in -20 °C 80% methanol and homogenized with 1-mm
zirconia-silica beads (Biospec) in a tissue homogenizer (Bertin).
After incubation at —20 °C for 20 min, the samples were centrifuged
at20,000 x gfor10 minat4 °C, and the supernatant was collected for
LC-MS analysis. Quality control samples were prepared by pooling
aliquots of all caecal samples and mixing thoroughly.

Metabolites were analysed using an ultrahigh-performance lig-
uid chromatograph (UltiMate 3000, Thermo Fisher) coupled to a
quadrupole-orbitrap mass spectrometer (Q-Exactive, Thermo Fisher).
To increase the coverage of metabolomic profiling, two different LC
procedures were carried out®. Polar metabolites were separated with
aLunaNH2 column (100 mm x 2 mm internal diameter, 3 pm particle
size; Phenomenex). The injection volume was 3 pl. Mobile phase Awas
20 mM ammonium acetate (pH9.0) and Bwas acetonitrile. The column
was maintained at 15 °C with asolvent flow rate of 0.3 ml min, and the
gradient of Bwas as follows: 0 min, 85%; 10 min, 45%; 15 min, 2%; 18 min,
2%;18.1 min, 85%; and 25 min, 85%. The mass spectrometer was runin
electrospray ionization negative (ESI") mode. Nonpolar metabolites
were separated by reverse-phase chromatography using an XSelect
HSS T3 column (100 mm x 3 mm, 2.5 pm; Waters). The injection volume
was 10 pl. Mobile phase Awas 0.1% formicacid in water and Bwas 0.1%
formicacidinmethanol. The columnwas maintained at40 °Cwithasol-
vent flowrate of 0.4 ml min™, and the gradient of Bwas as follows: 0 min,
0%; 10 min, 50%; 14 min, 98%; 16 min, 98%; 16.1 min, 0%; and 18 min,
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0%. The mass spectrometer was operated in electrospray ionization
positive (ESI') mode. The parameters of the mass spectrometer were
setasfollows:ionspray voltage, +3.5 kV/-3.0 kV; capillary temperature,
320 °C; probe heater temperature, 350 °C; and sheath and auxiliary gas,
35and 10 arb. units, respectively. Mass spectrawere acquired using full
scanover 70-1,000 m/zat 70,000 resolution. LC-MS data processing
was performed as described previously*. Briefly, datawere processed
with Compound Discoverer v.3.3 (Thermo Fisher) followed by signal
drift correction and quality checks using quality control samples to
generate adatamatrix consisting of retention time, m/z value and peak
intensity. The accurate mass and acquired MS/MS spectrawere used for
metaboliteidentification by matching within-house spectral libraries
and online databases (mzCloud and Human Metabolome Database).
Metabolite concentrations were determined by using a calibration
curve generated with varying concentrations of the chemical standard.

Short-chain fatty acids were analysed using an
ultrahigh-performance liquid chromatograph (ExionLC AD,
SCIEX) coupled to a hybrid triple-quadrupole/linear ion trap
mass spectrometer (QTRAP 5500, AB SCIEX). Based on a previous
method with modifications®®, the caecal samples were mixed with
an internal standard (4-methylvaleric acid) and derivatized with
3-nitrophenylhydrazine-hydrochloride (3NPH-HCI, Sigma-Aldrich)
plus (N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochlo-
ride (EDC-HCI, Sigma-Aldrich) at 37 °C for 1 h. After centrifugation,
1pl of the sample was injected into the LC-MS instrument with a
C18 column (100 mm x 2.1 mm internal diameter, 2.6 pm particle
size; Phenomenex).

Statistical analyses

No statistical methods were used to predetermine sample sizes, but our
sample sizes are similar to those reported in previous publications®.
Data collection and analysis were not performedblind to the conditions
of the experiments. Data distribution was assumed to be normal, but
this was not formally tested. Statistical analyses were performed using
GraphPad Prism (v.8.4.3) or SIMCA (for metabolomic analysis). The
two-tailed unpaired Student’s t-test (parametric) or two-tailed Mann-
Whitney Utest was used for all comparisons between two groups. Cor-
relation of bacterial abundances fromdifferentinoculation ratios was
assessed using two-tailed Pearson’s test. Tumour growth curves were
analysed by two-way ANOVA. The Kaplan-Meier method was used to
estimate PFS or OS of patients, with the differences between the groups
calculated with the log-rank test. HR was determined using stratified
or simple Cox proportional hazard models. Differential abundances of
bacterial species between patient groups across cohorts were analysed
using MaAsLin2 linear models. Details including statistical tests, exact
values and definition of n are provided in each figure legend.

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

Data availability

Whole-genome shotgun sequencing data of human faecal sam-
ples (accession number PRJNA1195622), genomic sequences of the
10 isolated strains (PRJNA1312235), 16S rRNA (PRJNA1193840) and
whole-genome shotgun sequencing data (PRJNA1196516) of mouse
caecalsamples have been deposited inthe National Institutes of Health
Sequence Read Archive. The proteomics data have been deposited in
the PRIDE repository (PXD064618). Source data are provided with
this paper.

Code availability

The code for metabolicinteraction analysis and Cox regression analy-
sis of survival generated in this study is available via GitHub at http://
github.com/zhouhaiyan5555/RCom (ref. 69).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Design of the defined bacterial consortiumRCom. a,
Schematic of the design process. The key criteria for selecting the 15 bacterial
species for the RCom are shown in colored boxes. Based on metagenomic
shotgun sequencing of faecal samples from anti-PD-1-treated NSCLC patients,
the bacterial species enriched (LDA score > 3.0) and prevalent (prevalence =1.0)
intheresponder group were identified. For safety, the species associated with
>grade 3irAEs or harboring putative toxins or multiple drug-resistant genes
were excluded. Lastly, ametabolically cooperative community was predicted
based on metabolic interaction simulations. b, Selection of bacterial species
based on enrichment and prevalence in responders and safety rule. The bacterial

species that meet the criteria are shown in green boxes, whereas those excluded
are denoted by bold X. ¢, Metabolic model-based prediction of interspecies
interactions in bacterial communities. Calculated competition (MRO) and
cooperation (SMETANA) scores for different sizes of bacterial communities are
shown on the right. The SMETANA score was normalized by community size.
Arrow indicates the RCom. d, Number of predicted intra- and inter-phylum cross-
feeding interactions within the 11 core members and the RCom. e, Metabolite
classes predicted to be exchanged between the RCom members. Compound
classification is based on the Human Metabolome Database (HMDB). f, Top 20
potential cross-fed compounds in the RCom. Amino acids are indicated in brown.
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Extended Data Fig. 2| Construction of the bacterial community RCom. a, and 10-mix-IIl) tested in vivo are indicated by colored boxes. ¢, For comparison, 13
Schematic showing the isolation of RCom members from faecal samples from bacterial strains were isolated from faecal samples from non-responder patients.
anti-PD-1-responsive patients. b, A neighbor-joining phylogenetic tree of the 15 Most of them are enriched in non-responders. Heatmap shows their relative
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ribosomal RNA sequence database. The RCom subsets (5-mix, 10-mix-I, 10-mix-Il,
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letter abbreviations of the RCom members are indicated. b, Heat map showing
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Extended Data Fig. 4 | Metabolic cross-feeding in the RCom as revealed by
3C-proteomic and exometabolomic analyses. a, Five Bacteroidetes species
were grown in a chemically defined medium containing ®C-labelled or unlabelled
glucose, and the spent medium was added to the culture of the 10-Firmicutes-
species community. Extracellular concentrations of *C-labelled amino acids
during cultivation of the Firmicutes community were measured by LC-MS

and normalized to the values at the start of the culture (O h). Data shown are
mean +s.d. (n=3independent experiments). b, Datashown are from three
independent biological replicates from *C-labelled (orange) and unlabelled

(black) spent medium experiments. The box plots depict the median, the upper
and lower quartiles, and the rest of the distribution. Points that are 1.5 times
theinter-quartile range beyond the upper and lower quartiles are considered
outliers and shown individually. ¢, Heat map showing the changes in extracellular
concentrations of metabolites after 6 h cultivation of the 10-Firmicutes-

species community. The concentration values at 6 h are averaged from three
independent experiments and normalized to the values at the start of the culture
(0 h). The resulting fold changes (log,, transformed) are shown.
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Extended Data Fig. 5| Engraftment of the RComin SPF mice. a, SPF mice
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10mix-I, n=5) daily by oral gavage for 7 days. The abundance of each of the
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b, Heat map showing the changed metabolites in the caecal content of mice
supplemented with the indicated bacterial mixtures. Elevated metabolites in
RCom- versus subset-supplemented mice are highlighted in red. Exact Pvalues
are provided in Source Data. Dataina are mean and s.e.m. Two-tailed unpaired
t-test. NS, not significant.
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Extended Data Fig. 6 | RCom species act together to modulate colonic
immune responses. a, SPF C57BL/6 mice were supplemented with bacterial
mixtures or PBS daily by oral gavage for 7 days. The colonic lamina propria cells
were analyzed by flow cytometry. Heat map showing the top 15 differentially
abundantimmune features between RCom- and PBS-supplemented mice. b,
Representative flow cytometry plots show the expression of GzmB and CD107a
by colonic CD8' T cells from RCom- or PBS-fed mice. c-e, Percentages of
colonic GzmB* and CD107a’ cellsamong CD8* T cells (c), splenic IFNy*CD8" and
TNF'CD8" T cells (d), or colonic IFNy*CD4" and TNF'CD4" T cells (e) from mice

supplemented with RCom (n =5), its subsets 5-mix (n = 4) or 10-mix-I (n=5),

or PBS (n=4).f,g, Percentages of IFNy*, TNF* of colonic CD8" T cells from mice
supplemented with RCom subsets 10-mix-Il or 10-mix-IIl (f) (n = 5 mice per group)
or heat-killed (HK) RCom (g) (PBS, n=6; HK, n=5;RCom, n=5). h, Percentages

of CD80*, MHC class I', and IL-12" of colonic DCs from mice supplemented with
RCom or its subsets. PBS, n =4 or 5; 5-mix, n = 4;10-mix-1, 10-mix-Il, 10-mix-1II,
RCom, n=5mice per group. Datain c-h are mean and s.e.m. Two-tailed unpaired
t-test. NS, not significant.
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Extended Data Fig. 7| RCom supplementation in mice harboring a variety of
baseline gut microbiota. a, Four cohorts of SPF C57BL/6 mice were obtained
from different commercial suppliers or the same supplier but in separate
shipment batches. The baseline caecal microbiota were analysed by 16S rRNA
sequencing. Phylogenetic composition of common bacterial taxa at the phylum
levelis shown. b, Alpha diversity of baseline caecal microbiota composition. c,
Principal coordinate analysis (PCoA) of baseline microbiota composition using
weighted UniFrac distances. d, Four cohorts of SPF C57BL/6 mice with different
baseline gut microbiota were orally supplemented with RCom or PBS for 7 days.
The abundance of each of the 15 species in caecal samples was determined

by qPCR and normalized to 16S rRNA level. e, PCoA plot of caecal microbiota
compositionin RCom- and PBS-fed mice from the four cohorts. f, Metabolic
modules and their encoding MAGs enriched in RCom- versus PBS-fed mice

from two cohorts (baselines1and 2) as determined by metagenomic shotgun
sequencing. MAGs were taxonomically classified according to NCBI RefSeq.

g, Butyrate synthetic pathway in gut bacteria. Each circleinb-e represents an
individual animal. Baseline 1: PBS, RCom, n = 6 mice per group; Baseline 2: PBS,
RCom, n=5mice per group; Baseline 3: PBS, RCom, n = 5 mice per group; Baseline
4:PBS, RCom, n =4 mice per group. Datashowninb and d are mean and s.e.m.
Two-tailed unpaired ¢-test.
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Extended Data Fig. 8 | RCom species act together to enhance anti-tumour
immunity and anti-PD-1efficacy. a,b, SPF C57BL/6 mice were i.p. injected with
an anti-PD-1antibody. Supplementation with RCom, heat-kiled (HK) RCom, or
PBS daily by oral gavage started one week before anti-PD-1 treatment. Schematic
ofthe experimental setup is shown (a). Percentages of IFNy" and TNF*in CD8*
Tcellsand DCsin CD45" cells in spleens from the mice were determined by

flow cytometry (b) (n = Smice per group). c-g, SPF C57BL/6 mice were injected
s.c.with LLC tumour followed by anti-PD-1 treatment. Supplementation of
theindicated bacterial mixtures daily by oral gavage started one week before
tumor inoculation. Schematic of the experimental setup is shown (c). Tumour
weight at termination in PBS- (n =4) or RCom- (n = 5) or 13-mix-fed (n = 5) mice
(d) and tumor growth in mice supplemented with RCom- (n = 5) or 5-mix (n=5)
or 10-mix-I (n = 4) or PBS (n =5) (e) were measured. Percentages of CD8" T cells
in CD45" cells, CD44" cellsin CD8" T cells, Foxp3* (Treg) cellsin CD4" T cells,

NK cellsin CD45" cells, macrophage (Mac) in CD45" cells in the tumours (f)
(n=4mice per group), IFNy*, TNF*, GzmB*, CD107a" among CD8" T cellsin the
tumour (g) (10-mix-1, n=4; RCom, 5-mix, PBS, n = 5 mice per group) from mice
supplemented with RCom or its subsets were determined by flow cytometry. h,
Effect of DC depletion on proportions of IFNy"and TNF*among CD8* T cellsin the
tumour from mice supplemented with RCom or PBS. DCs were depleted by i.p.
injection of diphtheria toxin (DT).n = 5 mice per group. i,j, SPF C57BL/6 or BALB/c
mice were injected s.c. with CMT-167 or ASB-XIV tumours followed by anti-PD-1
treatment. Supplementation of RCom or PBS daily by oral gavage started one
week before tumour inoculation. Schematic of the experimental setup is shown
(i) (n = 5Smice per group). Tumour weight of CMT-167 and ASB-XIV at termination
was measured (j) (aPD-1, n = 5; RCom+aPD-1, n = 6). Data are mean and s.e.m.
Two-way ANOVA (e) or two-tailed unpaired t-test (b, d, f-h, j). NS, not significant.
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Extended Data Fig. 9 | Enhancement of anti-PD-1 efficacy by RCom was not
influenced by baseline microbial variations. a, Schematic of the experimental
setup. Three cohorts of SPF mice with different baseline gut microbiota (L1, L2,
L3,and B1, B2, B3, respectively) were subject to inoculation of LLC or B16-F10
tumours followed by anti-PD-1treatment. Daily administration of the RCom
started one week before tumour inoculation. b, Shared and unique OTUs
between the three baseline microbiota. ¢,d, LLC tumour growth curve (c) and
tumour weight at termination (d) in the three cohorts of anti-PD-1 treated mice

supplemented with RCom or PBS. e,f, B16-F10 tumour growth curve (e) and
tumour weight at termination (f) in the three cohorts of anti-PD-1 treated mice
supplemented with RCom or PBS. g, Percentages of IFNy*, TNF', and GzmB'* cells
among CD8" T cellsin the LLC tumour and spleen of the three cohorts of mice, as
determined by flow cytometry. L1: n=4 mice per group; L2: n =5 mice per group;
L3: aPD-1, n=5;RCom+aPD-1,n = 4.Bl:n = 5mice per group; B2: n=5mice per
group; B3: n=4mice per group. Data are mean and s.e.m. Two-way ANOVA (c, e)
or two-tailed unpaired t-test (d, f, g).
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Extended Data Fig. 10 | See next page for caption.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-026-02279-6

Extended Data Fig. 10 | RCom administration restores the anti-tumour
activity of anti-PD-1in mice with FMT from non-responder patients. a,
Schematic of the experimental setup in the RCom prophylactic approach. FMT
of faecal samples from three non-responder (NR) patients with NSCLC were
individually performed in SPF C57BL/6 mice pretreated with ATB. Mice were
inoculated with LLC tumour followed by injection of an anti-PD-1antibody.
Supplementation of the RCom or PBS daily by oral gavage started one week
before tumour inoculation. b, Faecal microbial composition of NR donors
analyzed by 16S rRNA sequencing. Phylogenetic composition of common
bacterial taxa at the phylum levelis shown. ¢, Shared and unique OTUs between
the three NR patients (NR3, NR4,and NR5).d,e, LLC tumour growth curve (d) and
tumour weight at termination (e) in RCom-supplemented and anti-PD-1-treated
mice with FMT from individual NR donors. NR3: n = 5mice per group; NR4:n=4

mice per group; NR5: PBS, aPD-1, n =4 mice per group, RCom+aPD-1,n=5.f,IHC
and quantification of CD8" T cells in LLC tumour from anti-PD-1treated mice
supplemented with RCom or PBS. Arrow indicates CD8 + T cells. n = 4 mice per
group. g, Percentages of IFNyY*CD8*, TNF*CD8",and GzmB*CD8" T cellsin the
tumour of anti-PD-1treated mice fed with RCom or PBS. n =5 mice per group.
Data are mean and s.e.m. Two-way ANOVA (d) or two-tailed unpaired t-test
(e-g). ns, not significant. h, Despite a profound heterogeneity of the baseline
gut microbiota, interspecies interactions within the RCom enabled its optimal
engraftment and production ofimmunomodulatory metabolites including
butyrate and inosine. Supplementation of the RCom increased intratumoral
infiltration and cytotoxic activity of CD8" T cells, probably mediated by
activation of DCs. Collectively, oral administration of the RCom robustly
enhances the efficacy of anti-PD-1 cancer immunotherapy in preclinic models.
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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.

Confirmed

>
>~
[5)

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

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.

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
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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  The metabolomics data were collected by UltiMate 3000 UHPLc and quadrupole-orbitrap mass spectrometer (Q-Exactive, Thermo Fisher).
The proteomics data were collected by an ultrahigh performance liquid chromatograph (EASY-nLC 1200, Thermo Fisher) coupled to a
quadrupole—orbitrap mass spectrometer (Q Exactive HF-X, Thermo Fisher).

FACS was performed by BD LSRFortessa X-20 (BD Biosciences, San Jose, CA).
Clinical data were regularly collected by our collegues in Shanghai Chest hospital.

Data analysis Statistical analyses were performed using GraphPad Prism (v.8.4.3) or SIMCA (for metabolomic analysis). The two-tailed unpaired Student’s t-
test (parametric) or two-tailed Mann-Whitney U test was used for all comparisons between two groups. Tumor growth curves were analyzed
by two-way ANOVA. The Kaplan-Meier method was used to estimate progression-free survival (PFS) and overall survival (OS) of patients, with
the differences between the groups calculated with the log-rank test. Hazard ratio (HR) from univariate Cox regression was used to determine
the association between RCom abundance and PFS/OS. Details including statistical tests, exact value, and definition of n are provided in each
figure legend.

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.
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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

Whole-genome shotgun sequencing data of human fecal samples (accession number PRINA1195622), genomic sequences of the 10 isolated strains
(PRINA1312235), 16S rRNA (PRINA1193840) and whole-genome shotgun sequencing data (PRINA1196516) of mouse cecal samples have been deposited in the NIH
Sequence Read Archive (SRA). The proteomics data have been deposited in the PRIDE repository (PXD064618). Source data are provided with this paper. The codes
for metabolic interaction analysis and Cox regression analysis of survival generated during this study are available at GitHub: http://github.com/zhouhaiyan5555/
RCom.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The outcomes were consistent across sexes. Therefore, we have chosen not to delineate the results by these factors to avoid
undue emphasis on distinctions that were not meaningful in the context of our study.

Reporting on race, ethnicity, or | In this study, no distinction of race or ethnicity was made at any point in the collection of human fecal samples or any other
other socially relevant analysis.

groupings

Population characteristics Human fecal samples were obtained from Chinese immunotherapy patients, the detail information were provided in
Supplementary Table 1, 6 and 15.

Recruitment Fecal samples were collected from patients with informed consent at Shanghai Chest Hospital affiliated to Shanghai Jiao Tong
University between October 2016 and July 2023.

Ethics oversight Feces were collected before the anti-PD-1 treatment according to the study protocol approved by the Ethics Committee of

Shanghai Chest Hospital (approval number KS23014-A).

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.

|Z| Life sciences |:| Behavioural & social sciences |:| 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 determine sample size for experiments in the manuscript. We followed protocols and reasonable sample
sizes from previously published studies.

Data exclusions = No data were excluded from analyses.
Replication All attempts at replication were successful. At least three independent replications were carried out for each quantification analysis.
Randomization Mice were randomly assigned to different experimental groups and no animals were excluded from the analyses.

Blinding Data collection and analysis were not performed blind to the conditions of the experiments.

Reporting for specific materials, systems and methods

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.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

IZl Antibodies IZ |:| ChlIP-seq

IZ Eukaryotic cell lines |:| |Z Flow cytometry

|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
|Z Animals and other organisms

|:| Clinical data

|:| Dual use research of concern

|:| Plants
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Antibodies

Antibodies used Antibodies for mice analysis:
Fixable viability stain 510(BD Biosciences, Cat# 564406, RRID: AB_2869572, 1:1000)
rat anti-mouse CD45, clone 30-F11, AF700 conjugated(Invitrogen, Cat# 56-0451-82; RRID: AB_396774, 1:400)
hamster anti-mouse CD3e, clone 145-2C11, BV711 conjugated(BD Biosciences, Cat#t 563123; RRID: AB_2687954, 1:400)
rat anti-mouse CD8a, clone 53-6.7, BV650 conjugated(Biolegend, Cat# 100742; RRID: AB_2563056, 1:400)
rat anti-mouse CD4, clone GK1.5, BV786 conjugated(BD Biosciences, Cat# 563331; RRID: AB_2738140, 1:400)
hamster anti-mouse TCRB, clone H57-597, PerCP-CyTM5.5 conjugated(Biolegend, Cat# 109227; RRID: AB_1575176, 1:400)
rat anti-mouse CD44, clone IM7, BV785 conjugated(Biolegend, Cat# 103059; RRID: AB_2571953, 1:400)
rat anti-mouse CD62L, clone MEL-14, APC-R700 conjugated(BD Biosciences, Cat# 565159; RRID: AB_2737397, 1:600)
mouse anti-mouse NK1.1, clone PK136, FITC conjugated(eBioscience, Cat# 11-5941-82; RRID: AB_465318, 1:400)
rat anti-mouse CD183 (CXCR3), clone S18001A, Brilliant Violet 421TM conjugated(Biolegend, Cat# 155907; RRID: AB_2832543, 1:400)
rat anti-mouse Foxp3, clone FJK-16S, APC conjugated(Invitrogen, Cat# 17-5773-82; RRID: AB_469457, 1:400)
rat anti-mouse IFN-y, clone XMG1.2, Brilliant Violet 421TM conjugated(Biolegend, Cat# 505829; RRID: AB_10897937, 1:400)
rat anti-mouse TNF alpha, clone MP6-XT22, PE-Cyanine7 conjugated(eBioscience, Cat# 25-7321-82; RRID: AB_11042728, 1:400)
rat anti-mouse CD107a, clone 1D4B, FITC conjugated(BD Biosciences, Cat# 553793; RRID: AB_395057, 1:400)
rat anti-mouse Granzyme B, clone NGZB, PE conjugated(Invitrogen, Cat# 12-8898-82; RRID: AB_10870787, 1:400)
mouse anti-human Ki-67, clone B56, PerCP-CyTM5.5 conjugated(BD Biosciences, Cat# 561284; RRID: AB_10611574, 1:400)
rat anti-mouse CD45R/B220, clone RA3-6B2, PerCP-CyTM5.5 conjugated(BD Biosciences, Cat#f 552771; RRID: AB_394457, 1:400)
rat anti-mouse CD11b, clone M1-70, APC-R700 conjugated(Biolegend, Cat# 101222; RRID: AB_493705, 1:600)
hamster anti-mouse CD11c, clone N418, BV785 conjugated(Biolegend, Cat# 117335; RRID: AB_11219204, 1:400)
rat anti-mouse F4/80, clone T45-2342, BV421 conjugated(BD Biosciences, Cat# 565411; RRID: AB_2734779, 1:400)
rat anti-mouse IA/IE MHC-II, clone M5/114.15.2, PerCP-CyTM5.5 conjugated(BD Biosciences, Cat#f 562363; RRID: AB_11153297,
1:400)
rat anti-mouse CD86, clone GL-1, PE conjugated(BD Biosciences, Cat#f 553692; RRID: AB_394994, 1:400)
hamster anti-mouse CD80, clone 16-10A1, APC conjugated(Biolegend, Cat# 104713; RRID: AB_313134, 1:400)
mouse anti-mouse H-2Kd/H-2Dd, clone 34-1-2S, PE-Cyanine7 conjugated(Biolegend, Cat# 114717; RRID: AB_2749955, 1:400)
rat anti-mouse IL-12/IL-23 p40, clone C15.6, APC/FireTM 750 conjugated(Biolegend, Cat# 505217; RRID: AB_2928031, 1:200)
rat anti-mouse Ly-6G, clone 1A8, BV786 conjugated(BD Biosciences, Cat# 569406; RRID: AB_3685040, 1:400)
rat anti-mouse Siglec F, clone E502440, Brilliant Violet 421TM conjugated(BD Biosciences, Cat# 565934; RRID: AB_2722581, 1:400)

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(e}
wv
c
=
=
o
<

Antibodies for mice treatment:

InVivoMab anti-mouse PD-1 (CD279), clone RMP1-14(BioXCell, Cat#f BE0146; RRID: AB_10949053), 200ug/mice

InVivoMab anti-mouse CD8a, clone 2.43(BioXCell, Cat#t BEOO61; RRID: AB_1125541), 100ug/mice

InVivoMAb rat IgG2a isotype control, anti-trinitrophenol, clone 2A3(BioXCell, Cat#f BEOO89; RRID: AB_1107769), 200ug/mice

Antibodies for immunohistochemistry:
Recombinant anti-CD8 alpha Rabbit mAb(Servicebio, Cat# GB15068; RRID: AB_3431943)
HRP-labeled goat anti-mouse IgG(Servicebio, Cat#f GB23301; RRID: AB_2904020)

Validation All the antibodies are commercially available. Quality validations were performed by each manufacturer.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Lewis lung cancer (LLC) cells were purchased from ATCC, Cat# CRL-1642
B16-F10 cells were purchased from ATCC, Cat# CRL-6475
MC38 cells were purchased from ATCC, Cat# AC337600
CMT-167 lung adenocarcinoma cells (Cat# BFN60808932) and ASB-XIV pulmonary squamous carcinoma cells (Cat#
BFN60904188) were purchased from Shanghai Bluefbio Biology Technology Development Co., Ltd. (China)

Authentication Cell lines were authenticated by the vendor and no further authentication in the laboratory.

Mycoplasma contamination Cells were not tested for mycoplasma contamination.
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Commonly misidentified lines  no commonly misidentified lines were used in this 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 Specific pathogen-free 6 to 8 week old female C57BL/6 mice were supplied by Charles River Laboratories and Shanghai Lingchang
Biotechnology, SPF female BALB/c mice and B-Cd11c-EGFP-DTR-Luc mice (6—8 weeks old) were purchased from Shanghai Lingchang
Biotechnology and Biocytogen (China), respectively. These mice were housed in an animal facility in accordance with protocols
approved by the Institutional Animal Care of Use Committee of Shanghai Jiao Tong University.

Wild animals no wild animals were used in the study

Reporting on sex To minimize variability and facilitate randomisation, only females were used in the findings reported in this paper. Plans will be made
to confirm these results in males.

Field-collected samples  no field collected samples were used in the study
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Ethics oversight All animal experiments were approved by the Institutional Animal Care of Use Committee of Shanghai Jiao Tong University (IACUC
number: A2025207).

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

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A

Flow Cytometry

Plots

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

|Z| 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).
|:| 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 All protocols of the flow cytometry related experiments are described in detail in the “Methods" section.
Instrument BD LSRFortessa X-20 (BD Biosciences, San Jose, CA).
Software Data were analyzed with FlowJo software.
Cell population abundance The fluorescence levels of at least 100,000 cells were measured.
Gating strategy Detailed strategy were described in supplementary figure 6.

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