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Article info Abstract

Article history: Background: The development of immune checkpoint blockade (ICB) has revolution-

Accepted April 20, 2020 ized the clinical outcome of renal cell carcinoma (RCC). Nevertheless, improvement of
durability and prediction of responses remain unmet medical needs. While it has been

Associate Editor: recognized that antibiotics (ATBs) decrease the clinical activity of ICB across various

malignancies, little is known about the direct impact of distinct intestinal nonpatho-
genic bacteria (commensals) on therapeutic outcomes of ICB in RCC.

Objective: To evaluate the predictive value of stool bacteria composition for ICB efficacy
in a cohort of advanced RCC patients.

Design, setting, and participants: We prospectively collected fecal samples from 69 ad-
vanced RCC patients treated with nivolumab and enrolled in the GETUG-AFU 26 NIVO-
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REN microbiota translational substudy phase 2 trial (NCT03013335) at Gustave
Roussy. We recorded patient characteristics including ATB use, prior systemic thera-
pies, and response criteria. We analyzed 2994 samples of feces from healthy volun-
teers (HVs). In parallel, preclinical studies performed in RCC-bearing mice that
received fecal transplant (FMT) from RCC patients resistant to ICB (NR-FMT) allowed
us to draw a cause-effect relationship between gut bacteria composition and clinical
outcomes for ICB. The influence of tyrosine kinase inhibitors (TKIs) taken before
starting nivolumab on the microbiota composition has also been assessed.
Outcome measurements and statistical analysis: Metagenomic data (MG) from whole
genome sequencing (WGS) were analyzed by multivariate and pairwise comparisons/
fold ratio to identify bacterial fingerprints related to ATB or prior TKI exposure and
patients’ therapeutic response (overall response and progression-free survival), and
compared with the data from cancer-free donors.

Results and limitations: Recent ATB use (n=11; 16%) reduced objective response rates
(from 28% to 9%, p < 0.03) and markedly affected the composition of the microbiota,
facilitating the dominance of distinct species such as Clostridium hathewayi, which
were also preferentially over-represented in stools from RCC patients compared with
HVs. Importantly, TKIs taken prior to nivolumab had implications in shifting the
microbiota composition. To establish a cause-effect relationship between gut bacteria
composition and ICB efficacy, NR-FMT mice were successfully compensated with
either FMT from responding RCC patients or beneficial commensals identified by
WGS-MG (Akkermansia muciniphila and Bacteroides salyersiae).

Conclusions: The composition of the microbiota is influenced by TKIs and ATBs, and
impacts the success of immunotherapy. Future studies will help sharpen the role of
these specific bacteria and their potential as new biomarkers.

Patient summary: We used quantitative shotgun DNA sequencing of fecal microbes as
well as preclinical models of fecal or bacterial transfer to study the association
between stool composition and (pre)clinical outcome to immune checkpoint block-
ade. Novel insights into the pathophysiological relevance of intestinal dysbiosis in the
prognosis of kidney cancer may lead to innovative therapeutic solutions, such as
supplementation with probiotics to prevent primary resistance to therapy.

1. Introduction

tion of RCC [16,17]. In addition, several arguments are
currently in favor of the influence of the intestinal microbiome

Metastatic renal cell carcinoma (RCC) has long been
considered an "immunogenic malignancy" susceptible to
different immunotherapies [1-3]. In this tumor type, the
prognostic role of the immune contexture was broadly
heralded. In both primary and metastatic RCC, CD38+
tumor-associated macrophages, immature dendritic cells,
absence of tertiary lymphoid organs or overt expression of
T-cell inhibitory receptors, and tumoral programmed death
ligand 1 (PD-L1) are associated with shorter overall survival
(0S) in both primary and metastatic RCC [4-9].

Despite the success seen with interleukin-2 [1,3], an
immuno-oncological revolution has been truly precipitated by
the regulatory approval of immune checkpoint blockers (ICBs),
agents that release latent anticancer immunity. After positive
trials in a second-line (2L) setting [10], Checkmate 214 study
combining anti-PD-1 and anti-CTLA-4 in first-line (1L)
metastatic RCC [11], as well as results from randomized
phase 3 trials JAVELIN Renal 101, KEYNOTE-426, and IMmotion
151, provides evidence that anti-PD-(L)1-based combination
therapy with anti—-CTLA-4 or tyrosine kinase inhibitors (TKIs)
has superior efficacy to standard care sunitinib [12-15]. In this
rapidly expanding field, patient stratification is now required
to predict tumor aggressiveness. Moreover, immune-related
adverse events are common and lead to complex treatment
paradigms. These obstacles can be overcome by exploring the
impact of neoangiogenesis/hypoxia patterns and Th1 geared
inflammatory profile to generate novel molecular classifica-

in oncogenesis and response to therapy, with some establish-
ing cause-effect relationships between the fecal composition
and clinical outcome in mice and humans. First, distinct
commensals exert protumorigenic effects, as observed in
colon and pancreatic cancers [18]. Second, antibiotics (ATBs),
the most common and significant cause of gut dysbiosis,
compromise the efficacy of ICBs or combination ICBs (CICBs),
independently of the tumor histology [19-21]. Third, micro-
biome profiling revealed different fingerprints between
responders (Rs) and nonresponders (NRs) to ICBs across
groups and countries [20,22,23]. Finally, certain immunosti-
mulatory bacteria species (Akkermansia muciniphila [20],
Bifidobacterium longum [23,24], and Bacteroides fragilis [25])
or strains (Enterococcus hirae 13144 but not 13344 [26]) can
elicit systemic immune responses and reprogram the tumor
microenvironment in mouse tumors treated with anti—CTLA-
4 and/or anti-PD-1 antibodies.

In 2018, our team reported the predictive value of the
metagenomic-based stool composition of a mixed cohort of
non-small cell lung cancer (NSCLC; n=60) and RCC (n=40)
patients at diagnosis [20] for progression-free survival (PFS)
at 3 mo or best outcome to anti-PD-1 blockade. Here, we
analyzed 69 metastatic RCC patients as a single and
independent cohort and described the imprinting of ATBs
and TKIs on microbial composition, identifying beneficial
commensals circumventing resistance to ICBs in the avatar
renal cell carcinoma (RENCA) murine model [20,27].



2. Patients and methods

A full description of materials and methods is available in the
Supplementary material. Hereafter, only the general procedures are
reported, especially taking into consideration the “guidelines for
reporting of statistics for clinical research in urology” provided in the
paper by Assel et al [28].

2.1. Patient characteristics and clinical study details

Inclusion criteria were patients with stage IV RCC and disease
progression during or after one or more prior regimens, who received
nivolumab intravenously (i.v.) 3mg/kg every 2 wk until disease
progression or intolerable toxicity in the NIVOREN GETUG-AFU 26 phase
2 trial (EudraCT: 2015-004117-24; NCT03013335) [29]. Computed
tomography scans were performed at baseline and every 8-12 wk for
the 1st year and then every 12-15 wk until disease progression. Tumor
response was assessed using the Response Evaluation Criteria in Solid
Tumors version 1.1 (RECIST v1.1; Fig. 1A) [30]. All patients were followed
up until death or data lock (September 2018). From February 2016 to
September 2018, a total of 85 patients with RCC were enrolled in the
NIVOREN GETUG-AFU 26 phase 2 trial at Gustave Roussy. In the

A

Microbiota translational substudy, we collected baseline (T0-T4) feces
from 69 patients (Fig. 1A). Results from 40 patients were previously
reported in a pooled analysis with 60 NSCLC patients [20]. Here, RCC have
been analyzed for the first time as a single cohort after inclusion of
additional patients. The demographic and clinical characteristics of the
patients are illustrated in Supplementary Table 1.

2.2, Collection of samples

Feces were prospectively collected according to International Human
Microbiome Standards guidelines (SOP_03_V1) [31] at different time
points: before the first nivolumab injection (TO, <1 mo before), after the
2nd (T4, 4 wk), after the 4th (T8, 8 wk), and after the 12th (T24, 24 wk)
injection (Fig. 1A). We reported that the microbiota did not change
significantly within TO and T4 [30]; T4 specimens were used as baseline
when TO samples were not available. Study name and ethics for this
translational part of the trial was “Oncobiotics - B2M”; ethics protocol
number was PP:15-013. All patients provided written informed consent
that was based on the principles of the Declaration of Helsinki. Blood was
prospectively collected before the first nivolumab injection. Study name
and ethics for this translational part of the trial was “GETUG-AFU 26” UC-
0160/1506.
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Fig. 1 — Antibiotics compromise the efficacy of PD-1 blockade and affect the intestinal composition of feces in advanced renal cell carcinoma patients.
(A) Patients with advanced renal cell carcinoma (n=385) were evaluated for clinical outcomes and correlative fecal microbiota (n=69) analyses prior to
and following initiation of anti-PD-1 blockade. Tumor response was assessed using the Response Evaluation Criteria in Solid Tumors version 1.1
(RECIST v1.1). (B) The best overall response was stratified by the use of ATBs (ATB group =11, patients who took antibiotics within 2 mo of prior anti-
PD-1 blockade; noATB group =58, patients who did not take antibiotics). The p value was obtained with two-tailed chi-square test; Yates correction and
significant p values are indicated with * (* p < 0.05, ** p <0.01, *** p < 0.001). (C) Beta-diversity ordination plot based on principal coordinate analysis
of normalized and standardized data of fecal microbiota composition in pretreatment (T0-T4) samples (n=69). Bacterial relative abundances were
obtained with MetaOmineR package developed in “R” by INRA. Percentage of variance embraced by each new coordinate is reported in percentages for
each axis. Ellipses describing the 95% of confidence are even depicted for each cohort. ANOSIM metrics was implemented with 999 permutations to
assess differences among ATB (gold) and noATB (blue) cohorts. (D) LEfSe graph was implemented in Python version 2.7 on bacterial species undergoing
two-stage Benjamini-Hochberg false detection rate at 10%, resulting in the identification of the most discriminant species for each cohort based on

LDA score.

ATB = antibiotic; CR=complete response; LDA =linear discriminant analysis; LEfSe =linear discriminant analysis of effect size; NR=nonresponder;
PR = partial response; PD =progressive disease; PD-1=programmed death 1; PFS =progression-free survival; R=responder; SD =stable disease.



2.3. Outcome measurements

Data regarding patient demographics and baseline characteristics
including tumor/treatment details (any treatment prior to nivolumab)
and recent ATB use (within 60 d of nivolumab) were collected
(Supplementary Table 1). Outcome measures of interest were objective
response rate (ORR), best overall response (BOR), and PFS. ORR was
defined as the number of patients with a complete response and/or a
partial response at any time based on RECIST. BOR was defined as the
investigator-assessed best response (complete response, partial re-
sponse, stable disease, or progressive disease) from the start date of
nivolumab to the end of treatment (for objectively documented disease
progression or subsequent therapy, whichever occurred first). PFS was
defined as the time from the start date of nivolumab to first documented
RECIST-defined tumor progression or death from any cause. All patients
were followed up until death or data lock (September 2018). Patients
were divided by the absence of progressive disease at 12 mo after
initiation of ICBs in PFS >12 mo (those with the absence of progressive
disease at 12 mo) or PFS <12 mo (who progressed in <12 months) and by
BORin Rs (those in complete response, partial response, or stable disease
for >6 mo) and NRs (who progressed or were in stable disease for <6 mo
or died) to nivolumab. Survival curves and corresponding p values (log-
rank test) were generated with Prism5 (GraphPad).

24. Metagenomic and network analysis

Total DNA was extracted from stool specimens and sequenced with lon-
Proton technology following MetaGenoPolis (INRA) workflow [32,33].
Cleaning, filtering, and classification of reads were performed with two
different pipelines: MetaOMineR and MetaPhlAn2 [34]. A full description
of both DNA purification and metagenomic pipelines is available in the
Supplementary material. Starting from abundance matrices, only taxa
that were present in at least 20% of all samples were considered, and then
raw data were normalized and standardized (Sci-Kit-learn version
0.20.3). Measurements of alpha-diversity (within sample diversity) such
as observed_otus and Shannon index were calculated at species level
(SciKit-Bio version 0.4.1). Exploratory analysis of beta-diversity (be-
tween sample diversity) was calculated using the Bray-Curtis measure of
dissimilarity and represented in principal coordinate analyses (PCoA),
while for hierarchical clustering analysis “Bray-Curtis” metrics and
“complete linkage” methods were implemented [35].

2.5. Statistical analysis

Supervised partial least square discriminant analysis (PLS-DA) and the
subsequent variable importance plot (VIP) were used to find out the most
discriminant bacterial species among the cohorts in respect to BOR. Two-
tailed Mann-Whitney U and Kruskal-Wallis tests were employed (SciPy
version 1.3) to assess the significance of pairwise and multiple
comparisons, respectively, considering a p value of <0.05. Cross-
correlation Pearson matrices for network analysis (metric = Bray-Curtis,
method = complete linkage) were generated and visualized with Gephi
version 0.9.2. All p values underwent a Benjamini-Hochberg two-stage
false detection rate (FDR) at 10% and were considered significant if <0.05.

2.6. Preclinical study details

Using a previously validated preclinical model, fecal microbiota transfer
(FMT) using patient’s stools was performed following 3 d of ATBs in
BALB/c mice [20]. Two weeks later, luciferase engineered RENCA cells
were orthotopically injected in the right kidney. Treatment began 7 d
after tumor inoculation (day 7). Mice were randomized to receive
intraperitoneally every 4 d anti-PD-1 monoclonal antibodies (mAbs) and
anti-CTLA-4 mAbs (CICBs) with or without oral gavage of commensals/

fecal samples from R patients or isotype control mAb. Tumor growth was
monitored by weighing the kidneys at sacrifice and by a longitudinal
follow-up of whole-body luminescence using IVIS Imaging System
50 Series (Analytic Jenap).

3. Results
3.1. ATBs compromise the efficacy of ICBs

Sixty-nine patients were included in this study during a
median follow-up period of 23.54 mo (range 0.66-32.21 mo).
Disease progression was observed in 61 patients, and
24 patients died. Among 69 patients included, 11 (16%)
received ATBs. Baseline characteristics of patients in the ATB
and noATB groups were not significantly different, excluding
the number of prior treatments (Supplementary Tables 1A
and 1B). Patients who received ATBs (n=11,16%) had a lower
ORR than the noATB subgroup (9% vs 28%, p < 0.03; Fig. 1B)
and lower PFS and OS (Supplementary Fig. 1). Based on prior
studies demonstrating higher diversity of the gut micro-
biome in R melanoma patients to anti-PD-1 blockade [22],
we first compared the median alpha-diversity in ATB versus
noATB group, and observed no significant differences across
multiple diversity metrics (Shannon or observed operational
taxonomic units or Simpson index, not shown). We then
performed PCoA for microbial beta-diversity, which provides
ameasure of the overall relatedness (orlack thereof) between
samples. Significant differences separated bacterial species
from feces of ATB versus noATB individuals (ANOSIM = 0.089;
p < 0.04; Fig. 1C). Using linear discriminant analysis of effect
size (LEfSe) [36], coupled to a pairwise comparison of relative
taxonomic abundances (for species having a prevalence of
>20%) within each level using bootstrapping of two-tailed
Mann-Whitney U tests (with 1000 permutations and
correction for continuity and ties), we concluded that
selected bacterial taxa were over-represented in noATB
stools such as Eubacterium rectale (p=0.02), while others
were over-represented in ATB fecal materials such as
Erysipelotrichaceae  bacterium_2_2_44A (p=0.02) and
Clostridium hathewayi (p < 0.02; Fig. 1D).

Altogether, we surmise that ATBs compromised the
clinical efficacy of ICBs in RCC patients, and altered the
taxonomic beta-diversity and composition of intestinal
microbiota.

3.2. Intestinal microbiota composition predicts clinical
outcome to ICBs in the cohort that did not take ATBs

Given the confounding factor of ATB uptake on microbiota
composition, we firstly considered only no-ATB patients
(n=58). We started analyzing whether metagenomic
profiles of baseline stools (T0-T4) could predict PFS (at 3,
6, 9, and 12 mo) or Rs versus NRs using BOR. The tax-
onomical annotation of each metagenomic species (MGS)
was performed based on gene homology to previously
sequenced organisms (using blastN against the nt and
whole genomic sequencing (Meta-Hit) [32] as well as the
MetaPhlAn database and pipeline [36]). Higher richness
(alpha-diversity) of the samples evaluated both at the gene
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Fig. 2 - Metagenomic analyses (MetaOmineR pipeline) of fecal samples predict response of anti-PD-1 mAb in renal cell carcinoma patients. (A) Shotgun sequencing of fecal microbiota in noATB baseline (TO-
T4) samples (n=58) with representation of gene richness and MGS count for all cancer patients according to PFS at 12 mo. Mean + SEM of count is depicted for patients who experienced PFS for >12 or <12
mo. (B) Beta-diversity ordination plot based on principal coordinate analysis of normalized and standardized data of fecal microbiota composition in noATB pretreatment (T0-T4) samples (n=58). Bacterial
relative abundances were obtained with MetaOmineR package developed in “R” by MetaGenoPolis. Percentage of variance embraced by each new coordinate is reported in percentages for each axis. Ellipses
describing the 95% of confidence are even depicted for each cohort. ANOSIM and PERMANOVA metrics were implemented with 999 permutations to assess differences according to R (complete response or
partial response or stable disease >6 mo, green) and NR (death or progressive disease or stable disease <6 mo, red). (C) Variable importance plot (VIP) was implemented within partial least square
discriminant analysis (inset differentiating NR and R), describing the 35 most discriminant species in descending order of importance. Arrows are depicted to highlight species of importance. Each bar report
the following information: (1) length, VIP score; (2) bar color, cohort in which the species has the highest mean relative abundance (high); (3) edge color, cohort in which the species has the lowest mean
relative abundance (low); (4) thickness, fold ratio (FR) among high and low; and (5) significance of Mann-Whitney U test among high and low (* p < 0.05, ** p < 0.01, *** p < 0.001). (D) Bar plots of relative
abundances (within the 0-1 interval) and prevalence of selected species (A. muciniphila and B. salyersiae). The p values for relative abundances were obtained after two-tailed Mann-Whitney U test, while p
values for prevalence were retrieved by chi-square test.

ATB = antibiotic; mAb = monoclonal antibody; MGS = metagenomic species; NR=nonresponder; PD-1=programmed death 1; PFS = progression-free survival; R=responder; SEM =standard error of the mean.



richness count (GC) or MGS levels correlated with the
clinical response defined by the absence of PD at 12 mo after
initiation of ICBs (Fig. 2A).

Then, we performed the PCoA (beta-diversity) using a
threshold of bacteria prevalence of >20%. When segregating
R from NR (according to BOR), we observed a significant
separation among the two groups (Fig. 2B), with over-
representation of distinct species including A. muciniphila
(p < 0.02), Bacteroides salyersiae (p=0.04), and Eubacterium
siraeum (p=0.01), and a trend toward Clostridium ramosum
(ns) and Alistipes senegalensis (ns) in the R group, using both
the MetaPhlAn2 (Supplementary Fig. 2) and the MetaOMi-
ner pipelines (Fig. C), and of E. bacterium_2_2_44A (p < 0.01),
C. hathewayi (p <0.01), and Clostridium clostridioforme in
the NR group (ANOSIM=0.727; p<0.0009, Fig. 2C), as
observed with ATB uptake (Fig. 1D). Both the prevalence and
the relative abundance of A. muciniphila and B. salyersiae
were higher in Rs versus NRs in RCC patients’ stools, using
either one of these catalogs (Fig. 2D and Supplementary Fig.
2C). Of note, according to the nomenclature taxonomy, C.
hathewayi is the same bacterium species as Hungatella
hathewayi [37].

Considering higher GC and MGS counts at baseline in
patients with PFS longer than 12 mo and almost significant
beta-diversity between Rs and NRs (BOR; Fig. 2A and 2B),
we addressed whether paired metagenomic profiles could
change over time under ICB therapy by performing a
longitudinal analysis of stools (TO, T4, T8, and T12)
correlating with BOR or PFS at 12 mo. When excluding
ATB usage (n=58), MGS count was significantly higher in R
patients than in NR patients at TO and T4 (Supplementary
Fig. 3A, left). Similarly, MGS count was significantly higher
in patients with PFS longer than 12 mo than in those with
PFS shorter than 12 mo at TO and T8 (Supplementary Fig. 3B,
left). Interestingly, we observed higher GC only in patients
with PFS longer than 12 mo compared with those with PFS
shorter than 12 mo at TO and T8 (Supplementary Fig. 3B,
left).

Finally, to perform a robustness test across at least three
clinical parameters (BOR, PFS3, PFS6, PFS9, PFS12), we took
into consideration all 69 individuals and found 27 reliable
MGS (out of 1347) contrasting R (n=21) and NR (n=6)
patients (based on the cliff delta for each MGS recovered in
>50% tests). Among these selected MGS, four were in
common with NSCLC microbiome profiles (listed in Supple-
mentary Table 2) [20], especially encompassing A. mucini-
phila associated with favorable outcome during anti-PD-1
blockade. Of note, the robustness of MGS for the prediction
was superior in long-term clinical readouts (not shown).

Altogether, we conclude that the alpha- and beta-
diversity of stool composition could be used to stratify
the RCC patient population in R and NR individuals and to
predict patients with PFS longer than 12 mo.

3.3. RCC-associated gut dysbiosis fingerprint
Given the commonalities observed between MGS resulting

from ATB-induced dysbiosis and species associated with
primary resistance (NR) to immunotherapy, and assuming

that NR patients harbor a "dysbiotic" fecal composition, we
analyzed MGS discriminating RCC cancer patients from
control adults (healthy volunteers [HVs], n=2994; descrip-
tion in the Supplementary material). Significant differences
in stool composition were observed between RCC patients
and HVs (PCoA not shown, p < 0.001; LEfSe; Supplementary
Fig. 5). Hence, by merging only significant species in each
intersection (ATB, yes/no; RCC, yes/no; NR, yes/no), we
found only two distinct species shared between the fecal
repertoires of diseased groups (ATB, yes; RCC, yes; NR, yes),
that is, C. hathewayi and C. clostridioforme. Conversely, no
common species were shared between the opposite groups.
Interestingly, A. senegalensis and C. ramosum were the only
two common spp. between R and “noATB” subgroups, while
Dorea longicatena, Dorea formicigenerans, E. rectale, and
Streptococcus salivarius were all shared between HVs and
“noATB” cancer patients (Supplementary Tables 3 and 4,
and Supplementary Fig. 5).

To further study the links between these commensals
relevant in RCC patients with the peripheral immune tonus,
we performed Pearson correlations on normalized and
standardized data between activation and exhaustion
markers on blood CD4" and CD8* T lymphocytes (assessed
in flow cytometry analyses at baseline) and the relative
abundance of these commensals. Indeed, we found positive
correlations between D. formicigenerans and CD8*CD69* T
cells (only in R patients, not shown) as well as negative
associations between C. clostridioforme and CD137/4.1BB
expressing CD4" T lymphocytes and memory CXCR5-CCR6-
CCR4-CCR10-CXCR3"CD8* T cells (Tcl; Supplementary
Fig. 6), supporting the potential link of these species with
the immune system.

34. Prior TKI and ATB uses are associated with distinct gut
microbiota “guilds” in RCC patients

The majority of RCC patients (n=47, 68%) received one
previous line of TKIs before starting nivolumab (Supple-
mentary Table 1). Sunitinib (n=49, 71%) or axitinib (n=13,
19%) were the most frequently administered TKIs. Co-
occurrence network analysis revealed six “species interac-
tion groups” referred to as “SIGs” [38], highlighting that
(1) ATBs and axitinib were the most powerful medications
shifting fecal microbiota (using cross-validation model,
predictive power for ATBs = 84%, for axitinib=81%, and for
sunitinib =69%), and (2) defined bacterial species drove the
stratification of the whole RCC network into “SIGs”, such as
A. muciniphila for Rs and D. formicigenerans for noATB
patients (random forest analysis; Supplementary Fig. 4).

3.5. Oral gavage with immunostimulatory or beneficial
commensals or feces from responding RCC patients rescues primary
resistance in RCC tumor-bearing mice

To further provide evidence of a cause-effect relationship
between microbiota composition and therapy outcome, we
humanized BALB/c mice gut microbiota sterilized by ATBs
with RCC patient stools 15 d prior to orthotopic inoculation
of luciferase engineered RENCA. Transfer of 15 human stool



specimens (five R and 10 NR patients, all no ATB users) by
oral gavage (referred to "FMT" henceforth) in ATB-treated
avatar mice that were subsequently implanted with RENCA-
induced significant responses (when mice received FMT
from R human donors) or resistance (when mice received
FMT from NR human donors) to ICBs. It should be noted that
we observed 27% of exceptions of concordance between
patient’s response and mouse recipient’s response to ICBs:
only four stool specimens above 15 FMT were used
(Supplementary Table 5, and Fig. 3A and 3B). However,
compensation of NR-FMT (that did not contain A. mucini-
phila or B. salyersiae) with oral administration of immu-
nostimulatory A. muciniphila or B. salyersiae or R-FMT prior
to each ICB cycle restored sensitivity to therapy (kidney
weight at sacrifice [Fig. 3D] and decreased luminescence
[Fig. 3C and 3E]). Despite strong co-occurrence of B.
salyersiae with other commensal species (Supplementary
Fig. 4A and 4B) varying in their identity in the R versus NR
networks (Supplementary Fig. 4C), the antitumor efficacy of

the former bacterium was not boosted by coadministration
of a neighboring species (Supplementary Fig. 7C).

In conclusion, bacteria contrasting R and NR in our
69 RCC cohort compensate the lack of responsiveness
observed with NR-FMT in avatar mice, establishing a cause-
effect relationship between favorable bacterial composition
of feces and clinical outcome.
3.6. Antiangiogenic TKIs induce an intestinal microbiota shift
Data from the co-occurrence network analysis revealed
“SIGs” (Supplementary Fig. 4). Interestingly, axitinib (simi-
lar to ATBs) appeared to influence SIG distribution markedly
within network topology (RF importance), more specifically
SIG2, centered by Odoribacter splanchnicus, belonging to the
same community as D. longicatena (Supplementary Fig. 4).
To assess the distinct bacteria related to TKIs, we compared
a subgroup of patients who had taken TKIs in 1L (within our
69 RCC patients’ stools, regardless of ATBs) with HVs. Over-
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mice. (A) Experimental setting: fecal microbial transplantation (FMT) was performed following 3 d of ATB in specific pathogen-free (SPF) BALB/c mice.
Two weeks later, luciferase engineered renal cell carcinoma (Luc'RENCA) were orthotopically inoculated and anti-PD-1 plus anti-CTLA-4 mAb (CICB) or
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ANOVA = analysis of variance; ATB =antibiotic; CICB=combination immune checkpoint blocker; DO = day of randomization; Dx =last IVIS measurement;
mAb =monoclonal antibody; NR=nonresponder; PD-1=programmed death 1; R=responder; RCC=renal cell carcinoma; RENCA =renal cell carcinoma;
SEM =sstandard error of the mean.




representation of A. senegalensis and A. muciniphila induced
by TKIs (LEfSe; Fig. 4A) was observed in these patients. Since
we enrolled patients after failure of 1L (or more) TKIs,
collection of feces preceding the introduction of TKIs was
not available to uncouple the effects of tumor progression
from that of TKIs on the microbiome shift. To circumvent
this limitation, we administered in two different mouse
genetic backgrounds a tumoricidal antiangiogenic dose of
various TKIs (sunitinib, axitinib, or cabozantinib) over 3 wk
and collected stools longitudinally. Strikingly, all three TKIs
markedly induced significant changes in the alpha- and
beta-diversity of the microbiota over time, in both BALB/c
(Fig. 4B) and C57BL/6 mice, with a common dominant
deviation of the microbiota composition (Supplementary
Fig. 8). In BALB/c intestines, there was a prototypic TKI
signature, with over-representation of Eubacterium copros-
tanoligenes, Vampirovibrio chlorellavorus, Longibaculum
muris, Parabacteroides goldsteinii, Alistipes timonensis, and
Faecalicatena contorta, with relatively lower dominance of
Neglecta timonensis, Adlercreutzia equolifaciens, and B. fragilis
15 d after TKI uptake (mean VIP score). Importantly,

A B

. TKIL =47

sunitinib and cabozantinib favored a higher abundance of
immunostimulatory A. senegalensis, as observed in humans
(Fig. 4A and 4B). Accordingly, in C57BL/6 intestines, there
was over-representation of the immunostimulatory E.
siraeum, among other species shared by all three TKIs
(Supplementary Fig. 8). Importantly, TKIs favored a higher
abundance of immunostimulatory A. senegalensis and A.
muciniphila (Fig. 4B), especially for cabozantinib. Overall,
TKIs induced a significant and prototypic microbiota shift
including immunostimulatory commensals that could be
harnessed to improve the efficacy of ICBs in RCC patients.

4. Discussion

RCC encompasses a wide spectrum of morphologically and
molecularly distinct cancer subtypes. The introduction of
targeted therapies (inhibiting vascular endothelial growth
factor [VEGF] receptor, platelet-derived growth factor,
c-Met, and AXL) and ICBs into clinical practice has improved
markedly the median OS in clear cell RCC patients, the most
common subtype. With 12 approved drugs acting through

B TKI_BALB/c =25

N Control adults n> 2500 )

ides_uniformis

\_prausnitzii

_eligens

=

Alistipes_putredinis

ides_vulgatus

Odoribacter
Bacteroidales_bacterium_ph8

Alistipes_shahii

8

,_distasonis
Bilophila_t

D; )

Ruminococcaceae_bacterium_D16 - I—

Clostridium_citroniae ~ IN——
Alistipes_finegoldii ~ I—
Clostridium_bolteae - IEEEE—

£ Alistipes._

Clostridiales_bacterium_1_7_47FAA - I
Clostridium_s
Clostridium_hathewayi -~

Bilophila_y
Lachnospiraceae_bacterium_3_1_57FAA_CT1 - I

Prevotella_copri

_rectale
Ruminococcus_sp_5_1_39BFAA

Collinsella_

_halli
Dorea_|

C ;_comes

Dorea_f

Lachnospiraceae_bacterium_7_1_58FAA - I
Ci ;_catus

T T
0 2
LDA score

B Ctrl_BALB/c =25
> Alistipes_ 1Si
Papillibacter_cinnamivorans s
Longibaculum_muris mms
Faecalicatena_contorta s
Lactobacillus_hominis
Parabacteroides_goldsteinii mmm——
Alistipes_timonensis Imm——"
Vampirovibrio_chlorellavorus s
Eubacterium_coprostanoligenes mmmmmmn
Lactobacillus_delbrueckii mummm—
Ruminococcus_faecis mmmmmmmmmmmm
Pseudoflavonifractor_capillosus mmmm—m
©=> Akkermansia_muciniphila
I Mailhella_massiliensis
I Bacteroides_fragilis
I Bacteroides_stercoris
[ Butyricicoccus_pullicaecorum
I Bacteroides_oleiciplenus
I Stomatobaculum_longum
I Absiella_tortuosum
s Acutalibacter_muris
s Neglecta_timonensis
I Flintibacter_butyricus
S |hubacter_massiliensis
I Adlercreutzia_equolifaciens
S Bacteroides_rodentium
I Acetatifactor_muris
T T T T T

=2, =1 0 1 2
VIP score

Alistipes senegalensis

o

Relative abundance (%)
=3 =3
) IS

=4
o

Axitinib Cabozantinib ~ Sunitinib

am TKI_BALB/c =25
Emm Ctrl_BALB/c =25

s ok

Prevalence (%)
Nooa ~ o
& 3 a 8

o

Axitinib Cabozantinib ~ Sunitinib

Akkermansia muciniphila

s TKI_BALB/c =25
Emm Ctrl_BALB/c =25

Relative abundance (%)

Axitinib

Cabozantinib ~ Sunitinib

Prevalence (%)
n IS o
3 3 3

o

Axitinib  Cabozantinib ~ Sunitinib

Fig. 4 - Fecal microbiota differences in patients and mice treated with TKI. Fecal microbiota compositional differences of (A) patients who underwent
first-line TKI treatment and control adults, and (B) BALB/c mice that underwent TKI treatment (axitinib, sunitinib, and cabozantinib) were analyzed.
Linear discriminant analysis of effect size and partial least square discriminant analysis coupled to variable importance plot (VIP) were implemented
for humans and mice, respectively, in order to describe the most discriminant species in descending order of importance. In humans, we considered
first-line TKI treatment (orange) compared with literature-based controls (green) (Fig. 4A), while in mice we considered the mean VIP score taken
from the combined TKI. Briefly, VIP scores of all bacterial species that were present in at least two mice VIP plots were averaged and classified in
descending order according to the species belonging to TKI (orange) or control (blue) cohort (Fig. 4B, arrows highlight relevant bacterial species).
Relative abundance and prevalence of the most discriminant species for TKI group, A. senegalensis, and A. muciniphila were reported. For the

three different TKIs (axitinib, sunitinib, and cabozantinib), a Mann-Whitney U test was used to assess statistical differences (* p <0.05, ** p < 0.01,

*** p <0.001).

1L=first line; Ctrl = control; LDA =linear discriminant analysis; TKI = tyrosine kinase inhibitor.



six different effective mechanisms, novel biomarkers are
needed to stratify and clarify this therapeutic landscape and
improve efficacy safely. Based on pan-omics approaches
integrating genetics, transcriptomics, immunoscoring, and
molecular stratifications, we can in part stratify subgroups
of patients with dismal prognosis that may benefit more
specifically from antiangiogenic therapies or immunothera-
pies. However, it appears that some tumors are a desert of
immune reactivities, while others are invaded with overt
inflammatory and/or exhausted cell infiltrates that do not
convey long-term protection, suggesting that the immune
tone of RCC patients is not properly triggered or controlled.

Our study highlights the potential of harnessing the
intestinal microbiome to better control the "cancer-
immune set point" [39], that is, the threshold beyond
which ICB triggers a clinical benefit. Mapping of the gut
holobiont to identify a minimalist ecosystem governing the
cancer-immune set point, and more specifically immuno-
genic versus tolerogenic commensals and medications
tilting their balance, remains an open conundrum. By
applying various bioinformatic and clinical subgroup
analyses (LEfSe, PLS-DA, VIP, and networks), we identified
a limited set of species (phylum Firmicutes, family
Clostridiaceae, species C. clostridioforme and C. hathewayi)
that were associated with primary resistance and enriched
by ATB use and metastatic cancer status.

The “C. clostridioforme group” comprises three principal
species that differ in virulence and antimicrobial suscepti-
bility despite similar colony and microscopic morphology.
Clostridium bolteae and C. clostridioforme are observed with
approximately equal frequency, but C. hathewayi is seen
with much greater frequency [40,41]. Infections with the “C.
clostridioforme group” are the second most frequently
isolated species of Clostridium, after Clostridium perfringens
[40,41]. C. hathewayi has been reported to be a part of the
pathobionts associated with the diagnosis of colon cancers
[42] and could mitigate antigen-specific T-cell responses in
mice [43].

Conversely, we identified some commensals associated
with favorable prognosis and the intestinal homeostatic
status, which belong to Eubacteriaceae (E. rectale and E.
siraeum), Lachnospiraceae (D. longicatena), and Verrucomi-
crobioaceae (A. muciniphila) families and to the Bacteroi-
dales order (Rikenellaceae family/Alistipes/A. senegalensis,
Bacteroidaceae family/Bacteroides/B. salyersiae). While A.
senegalensis and A. muciniphila alone or together within
minimalist communities were clearly associated with the
elicitation of adaptive immune responses beneficial against
murine cancers [20,44]|, Eubacteriaceae and D. longicatena
have been described as pivotal to keep in check the
homeostasis of the intestinal barrier [45].

Experiments initially conducted in mice showed that
broad-spectrum ATBs blunt the activity of ICBs against a wide
range of transplantable and orthotopic tumors, suggesting
that a minimalist intestinal ecosystem is required for the
function of the mammalian host immune system [46]. These
pioneering observations in preclinical models encouraged
retrospective analyses in cancer patients to determine
whether premedication with ATBs would influence the

clinical response to ICBs. In the literature, retrospective
analyses including >1800 patients assessed the impact of
ATBs taken shortly before or after the initiation of ICBs on
clinical outcome of patients treated with ICBs in several
malignancies [47]. Eleven out of the 12 analyses reported a
negative impact of ATB uptake on PFS and/or OS, mirroring
the murine data [19-21]. However, the impact of these
unexpected findings on the clinical management of cancer
patients remains controversial. Here, we describe how ATBs
(mostly beta-lactams and quinolones) affect the intestinal
composition of feces of 69 RCC patients. ATBs markedly
affected the beta-diversity, leading to the under-representa-
tion of Eubacteriaceae family members as already described
[48] (such as E. rectale) for the benefit of pathobiont species
(E. bacterium_2_2_44A and C. hathewayi). This microbiome
shift is associated with a reduced ORR during ICB therapy
(73% of primary resistance in the ATB vs 33% in the noATB
subgroups, p < 0.03).

Given the incidence of gastrointestinal toxicity associated
with TKIs, pioneering studies investigated TKI-induced
dysbiosis and the impact of ATBs on diarrhea and survival.
Pal et al [49] evaluated a population of 20 RCC patients
receiving VEGF-TKIs, and reported a positive and a negative
association between Bacteroides spp. or Prevotella spp. and
diarrhea, respectively. When comparing the TKI-RCC stool
data of the patients with those from HVs, they observed a
relative loss of Bifidobacterium spp. Accordingly, Gongetal [50]
followed up five RCC patients treated with TKIs and showed
that Bacteroides, Barnesiella, and Phascolarctobacterium were
elevated in Rs while Bifidobacterium was elevated in NRs.
However, in parallel, Hahn et al [51] showed that ATBs
targeting stool Bacteroides spp. improved PFS in patients
receiving 1L VEGF-TKIs in a duration-dependent manner. Our
data fuel this hypothesis of an unconventional mode of action
of VEGF-TKIs, whereby a treatment-induced prototypic gut
microbiome fingerprint might influence therapeutic outcome.

Limitations of our study include that this conclusion
relies on a single cohort of 69 RCC patients including only
11 cases that took ATBs and in 2L therapy, with the
interference of many confounding factors (prior therapies,
comedications, and other factors such as hemoglobin
[52,53]). Prospective studies in 1L therapy should validate
this fingerprint as a new predictor of primary resistance to
ICBs.

Some bacterial species appear to correlate with distinct
hallmarks of activation and exhaustion of blood T lympho-
cytes, and to influence therapeutic outcome in the gut
humanized avatar mouse models, implying that fecal
microbiota composition may, to some extent, govern
therapeutic outcome in patients. Analyses of stools before
starting treatment thus have the potential to guide
clinicians’ decisions about eventually administering select-
ed bacterial species or minimalist consortia for preventing
primary resistance to immunotherapy in RCC patients. A
better understanding of the mechanistic link between the
microbial composition of the intestine and the local,
systemic, and tumoral immune system will allow optimal
design of compensatory therapies for gut dysbiosis in RCC
cancer patients.
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