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Abstract 

Recent studies in cancer patients and animal models demonstrate that intestinal microbiota influence the therapeutic efficacy of 
cancer treatments, including immune checkpoint inhibition. However, no studies to-date have investigated relationships between 

gastrointestinal microbiota composition and response to checkpoint inhibition in advanced metastatic castrate resistant prostate cancer 
(mCRPC). We performed 16S rRNA gene sequencing of fecal DNA from 23 individuals with mCRPC progressing on enzalutamide 
and just prior to treatment with anti-PD-1 (pembrolizumab) to determine whether certain features of the microbiome are associated 

with treatment response (defined as serum PSA decrease > 50% at any time on treatment or radiographic response per RECIST V.1.1). 
Global bacterial composition was similar between responders and non-responders, as assessed by multiple alpha and beta diversity 
metrics. However, certain bacterial taxa identified by sequencing across multiple 16S rRNA hypervariable regions were consistently 
associated with response, including the archetypal oral bacterium Streptococcus salivarius . Quantitative PCR (qPCR) of DNA extracts 
from fecal samples confirmed increased Streptococcus salivarius fecal levels in responders, whereas qPCR of oral swish DNA extracts 
showed no relationship between oral Streptococcus salivarius levels and response status. Contrary to previous reports in other cancer 
types, Akkermansia muciniphila levels were reduced in responder samples as assessed by both 16S rRNA sequencing and qPCR. We 
further analyzed our data in the context of a previously published “integrated index” describing bacteria associated with response 
and non-response to checkpoint inhibition. We found that the index was not reflective of response status in our cohort. Lastly, we 
demonstrate little change in the microbiome over time, and with pembrolizumab treatment. Our results suggest that the association 

between fecal microbiota and treatment response to immunotherapy may be unique to cancer type and/or previous treatment history. 
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Introduction 

Treatment options for individuals with advanced metastatic castrate
resistant prostate cancer (mCRPC) are limited. While second line androgen
receptor axis-targeted therapies can be initially effective, resistance often
develops, leading to disease progression. Immune checkpoint inhibition
(ICI) has been investigated as an alternative treatment for advanced prostate
cancer, however clinical trials show limited efficacy for the majority of
patients [1–3] . Much attention has been devoted to identifying biomarkers
predictive of response to ICI and recent studies have shown that cancers
that respond best to checkpoint inhibition are those that have high
tumor mutational burdens (TMB), often resulting from defects in DNA
damage response pathways [4] . While metastatic prostate cancers have
been shown to have higher mutational loads than primary prostate cancers
[5] , the TMB is still much lower than that of melanoma and non-
small cell lung cancer which typically respond favorably to checkpoint
inhibition [6] . However, some cancers with high TMB do not respond to
checkpoint inhibition and vice versa, suggesting that genomic alterations
alone are inadequate in prediction of cancer immunotherapy response
[7] . 

In addition, the expression of immune checkpoint receptors and ligands
in prostate cancer does not always correlate with response [8] . However,
recent studies show that some individuals with mCRPC who are progressing
on the androgen receptor inhibitor enzalutamide have durable responses to
subsequent use of the anti-PD-1 agent pembrolizumab [9–12] . A prior study
demonstrated that progression on enzalutamide is associated with increased
circulating PD-L1/2 + dendritic cells compared to those naïve or responding
to treatment, and a high frequency of PD-1 + T cells [13] . Likewise, a
subset of individuals with mCRPC progressing on enzalutamide respond
to anti-PD-1, sometimes irrespective of TMB and MMR deficiency status
[ 9 , 14 ]. 

A growing body of evidence indicates that gastrointestinal (GI) microbiota
influence the efficacy of cancer treatments, including immunotherapy. For
example, in animal models, intestinal microbiota are essential for the
anti-tumor effect of agents such as cyclophosphamide [15] , platinum
chemotherapy (oxaliplatin) [16] , CTLA-4 inhibition [17] and anti-PD-L1
immunotherapy [18] . Efficacy of these agents in multiple tumor models
is decreased in germ free animals and conventionally housed mice with
eradicated commensal intestinal flora compared to conventionally housed
mice with normal flora. More recently, studies in human cancer patients
have confirmed that abnormal gut microbiome composition contributes to
checkpoint inhibition resistance in epithelial tumors [19] and that melanoma
patients who respond to anti-PD-1 checkpoint inhibition have distinct fecal
microbiome and metagenome makeups compared to non-responders [20] .
Based on these findings, we hypothesized that commensal GI microbiota
composition may be an influential component of tumor response to
checkpoint inhibition and should be investigated in the context of prostate
cancer. 

In the present study, we performed 16S rRNA gene sequencing
of longitudinally collected fecal samples from a cohort of individuals
with mCRPC progressing on enzalutamide and initiating treatment with
pembrolizumab to determine whether certain features of the microbiome
are associated with treatment response. Our findings, such as increased
Bacteroides thetaiotaomicron [21] Enterococcaceae [22] , and Enterococcus
[22] in checkpoint inhibition responders corroborate previous findings in
other cancer types. However, unique to previous reports we find that increased
Collinsella aerofaciens [18] and Akkermansia muciniphila [19] are associated
with non-responders, suggesting that the influence of the GI microbiota on
immunotherapy response may be unique to cancer type or previous medical
treatment. 
h
aterials and methods 

tudy cohort 

All protocols were approved by Oregon Health Sciences University 
OHSU) and Johns Hopkins University (JHU) institutional review 

oards and patient data were anonymized (trial registration number, 
linicaltrials.gov, NCT02312557). Study design, inclusion criteria, and 
elevant clinical data are previously described [ 1 , 12 ]. Briefly, all participants
ad mCRPC, had progressed on enzalutamide by prostate specific antigen 
PSA) testing and/or imaging, and continued receiving enzalutamide during 
he study. Patients received 200 mg of pembrolizumab intravenously every 
hree weeks for four cycles ( Supplementary Fig. 1A ). Body mass index
BMI), age, and baseline PSA levels were statistically similar between 
esponders and non-responders ( Supplementary Fig. 1B-D ). Treatment 
esponse was defined as serum PSA decrease > 50% at any time on treatment
r radiographic response per RECIST V.1.1. Patient 12 was classified as a 
esponder per these criteria, however it should be noted that response in this
ndividual could have been due to targeted radiation as opposed to study 
reatment. 

ample collection 

All patient-related study procedures were done at OHSU, the site of the 
nterventional clinical trial. Rectal swabs were collected at each treatment visit 
ith a sterile swab (Cat. No. 552C, Copan Diagnostics, Murrieta, CA). The 

wab was placed in a 3 ml sterile external thread cryovial (Cat. No. T310-
A, Simport Scientific, Beloeil QC Canada) and stored at -80 °C. An oral
wish was collected at each treatment visit as follows: 10 mL of sterile 0.9%
aCl (Cat. No. 200-59, Teleflex Medical, Morrisville, NC) was swished in 

he patient’s mouth for 30 seconds, the solution was collected, aliquoted into 
 mL sterile external thread cryovials and stored immediately at -80 °C. Frozen
amples were shipped to JHU on dry ice, and stored at -80 °C until DNA was
solated. Supplementary Table 1A-D summarizes the samples collected at 
ach visit for each patient. 

ohort assignment 

To account for variable numbers of samples and sample time points per 
erson ( Supplementary Table 1 ), we constructed three data analysis cohorts 
Pre-Treatment, First Timepoint, and All Samples) which are outlined in 
upplementary Table 1A-D . The “Pre-Treatment” cohort includes only 
amples collected prior to pembrolizumab treatment at Cycle 1 for a total 
f 16 individuals (4 responder and 12 non-responder, Supplementary Table 
B ). The “First Timepoint” cohort includes the first fecal sample collected 
rom every person, regardless of treatment time point, for a total of 23
ndividuals (9 responder, 14 non-responder, Supplementary Table 1C ). The 
All Samples” cohort includes all samples (including longitudinal samples) 
ollected from all 23 individuals, for a total of 136 samples (57 responder,
9 non-responder, Supplementary Table 1D ). The results in the main 
anuscript are presented for the First Timepoint cohort, with results for the 

re-Treatment and All Samples cohorts given in the supplementary material. 
e highlight the data from the First Timepoint cohort because this sample 

et includes data from all participants and is therefore the most representative 
ata, yet normalizes the cohort to one sample per person. 

NA isolation 

All procedures were performed using sterile technique in a tissue culture 
ood. Fecal material from the rectal swabs was resuspended in a 1.5 
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mL microcentrifuge tube containing 500 μl sterile PBS (Cat. No. 21-
031-CV, Corning, Manassas, VA) by vigorously swishing the swab in the
microcentrifuge tube for 60 seconds. For oral swishes, one 3 mL vial was
thawed on ice and contents were divided into two, 2 mL microcentrifuge
tubes, and spun at 5000 rpm for 5 minutes. Supernatant was removed and
the pellets were combined and resuspended in 500 μl TE50 Buffer (Cat. Nos.
15575-038 and 15568025, Invitrogen, Grand Island, NY). 

An enzyme cocktail was made by combining 50 μl of lysozyme (10 mg/ml,
Cat. No. L7773, Sigma-Aldrich, St. Louis, MO), 6 μl of mutanolysin (25
KU/ml, Cat. No. M4782, Sigma-Aldrich, St. Louis, MO), and 44 μl of TE50
Buffer per sample. 100 μl of enzyme cocktail was added to each sample.
Samples were incubated on a heat block for 1 hr at 37 °C. Samples were
removed from the heat block and transferred from a microcentrifuge tube
into a FastPrep TM Lysing Matrix B tube (Cat. No. 6911050, MP Biomedicals,
Santa Ana, CA). 210 μl of 20% SDS (Cat. No. 05030, Sigma-Aldrich, St.
Louis, MO) and 810ul of phenol:chloroform:isoamyl alcohol (25:24:1, Cat.
No. 108-95-2, ThermoFisher Scientific, Waltham, MA) were added to each
sample. Samples were homogenized for 30 seconds at 6.0m/sec twice in an
MP FastPrep-24 and then allowed to sit at room temperature for 5 minutes.
Samples were centrifuged at 14000 rpm for 5 min at room temperature.
The aqueous layer was transferred to a sterile 1.5 ml LoBind microcentrifuge
tube (Cat. No. 022431021, Eppendorf, Hamburg, Germany) and volume
was estimated. One sample volume of isopropanol (Cat. No. 19516-25ML,
Sigma-Aldrich, St. Louis, MO) and 0.1x sample volume of sodium acetate
(Cat. No. R1181, ThermoFisher Scientific, Waltham, MA) was added to
each sample and gently mixed. Samples were incubated overnight at -20 °C,
centrifuged at 14000 rpm for 15 minutes at 4 °C, and the supernatant was
removed. The pellet was rinsed with 1 ml ice cold 70% ethanol (Cat. No.
BP2818-500, Fisher Scientific, Fair Lawn, NJ), centrifuged at 14000 rpm for
5 minutes at 4 °C, and the supernatant was removed. The pellet was dried in
the hood for 5-10 minutes and resuspended in 50-100 μl of DNA-free PCR
grade water (Cat. No. P-020-0003, Molzym, Bremen, Germany). Samples
were quantitated with the QuBit dsDNA HS (high sensitivity) kit (Cat. No.
Q32851, Life Technologies, Carlsbad, CA). 

Real-time PCR 

All procedures were performed in a sterile hood using sterile reagents
and materials. Samples were diluted to 10 ng/μl in DNA-free water (Cat.
No. P-020-0003, Molzym, Bremen, Germany). For each 20 μl reaction,
the following reagents were combined: 10 μl of iQ SYBR Green Mix
(Cat. No. 1708882, Bio Rad Laboratories, United States) 2 μl of 10 mM
Forward/Reverse Primer set, 6 μl DNA-free water, 1 μl of 2 μg/μl BSA
(Cat. No. B9000S, New England Biolabs Inc, Ontario, Canada), 1 μl of
10 ng/μl DNA. Real-time PCR (qPCR) conditions and primers [23–25] are
outlined in Supplementary Table 2 . Total copies of Akkermansia muciniphila
and Streptococcus salivarius were estimated using standard curves with A.
muciniphila and S. salivarius genomic DNA (Cat. No. BAA-835D-5 and
BAA-1024D-5, respectively, ATCC, Manassas, VA). The qPCR efficiency of
all qPCR assays was determined to be between 90 - 110%. 

Library preparation 

Targeted amplification of seven 16S rRNA hypervariable regions (V2, V3,
V4, V6-7, V8, V9) was achieved using the Ion Torrent 16S Metagenomics
Kit (Cat. No. A26216, ThermoFisher, Waltham, MA) following the
manufacturer’s instructions. Briefly, 10 ng of each sample was aliquoted in
duplicate into PCR strip tubes. Environmental master mix and 16S primer
set (10x, Pool 1 or Pool 2) were added to each tube, which was mixed
and underwent PCR. Samples were cleaned with AMPure XP beads (Cat.
No. A63881, Beckman Coulter, Pasadena, CA) and run on a Bioanalyzer
to determine amplicon sizes and concentration. 50 ng of DNA from each
ool were combined with water, 5x End Repair Buffer, and End Repair
nzyme, and incubated at room temperature for 20 min. Samples were

mmediately cleaned with AMPure XP beads. Ligation and nick repair was
erformed by adding 10x Ligase Buffer, Ion P1 Adaptor, Ion Xpress Barcode,
NTP mix, nuclease free water, DNA ligase, and nick repair polymerase
o the sample, incubating per manufacturer’s instructions. Samples were 
leaned with AMPure XP beads, and a final amplification of the sample was
erformed by adding Platinum PCR Supermix High Fidelity and Library
mplification Primer Mix to the sample and undergoing PCR according to
anufacturer’s instructions. Samples were cleaned with AMPure XP beads 

rior to resuspension in 20 μl of low TE and the final sample was quantitated
sing the Bioanalyzer High Sensitivity DNA Kit (Cat. No. 5067-4626,
gilent Technologies, Santa Clara, CA). Samples were diluted to 26 pM,
ooled to a final volume greater than 25 μl, stored at 4 °C and sequenced
ithin 48 hours. 

equencing 

Sequencing was performed by the Sidney Kimmel Comprehensive 
ancer Center (SKCCC) Experimental and Computational Genomics Core 

ECGC). Pooled libraries and reagents were loaded onto chips using the
on Chef Instrument and Ion 520 TM and Ion 530 TM Kit-Chef (Cat. No.
34461, ThermoFisher Scientific, Waltham, MA), which in an automated 
anner, loads libraries onto beads, performs emulsion PCR, purifies DNA

ost-PCR, and loads purified templated beads onto the Ion S5 chip. Loaded
hips were transferred to the Ion GeneStudio S5 System and were sequenced
cross three separate sequencing runs using 400 bp sequencing kits and
on S5 Sequencing Kit reagents (Cat. No. A3580, ThermoFisher Scientific,

altham, MA). Sequences were demultiplexed by sample using the S5 device
oftware, and then separated per hypervariable region by ThermoFisher prior
o downstream analysis. 

ata and code availability 

All sequence files are available in the NCBI Sequence Read Archive
SRA) under Bioproject ID PRJNA793907. All codes used can be found
n the public GitHub repository mCRPC-pembro ( http://github.com/ 
fanos- Lab- Microbiome- Projects/mCRPC- pembro/ ). 

ioinformatics 

Sequences were analyzed as previously described [26] . Briefly, sequences
ere sent to ThermoFisher for separation by primer using cutprimer.
equences less than 100 bp were filtered, and data was imported into
IIME2 v 2020.6 [27] . Sequences were separated by hypervariable region

nd sequencing run for denoising (DADA2 denoise-pyro, reads neither 
rimmed nor truncated, max-ee of 5) [28] , at which point results from
ach sequencing run were pooled, keeping variable regions separate. Open
eference operational taxonomic unit (OTU) clustering of the amplicon 
equence variants (ASVs) generated with DADA2 (vsearch cluster-features- 
pen-reference; 97% identity, 4 threads), mafft tree generation (align-to- 
ree-masfft-fasttree; 4 threads) [ 29 , 30 ], and taxonomic classification (classify-
onsensus-vsearch; default settings) were performed against our lab-curated 
ILVA database [26] . Sequences were rarefied to the lowest number of reads
1,000 reads) to include all samples in downstream analysis. Good’s coverage
nalysis [31] demonstrated average retention of ≥98% observed species for
ll regions in samples rarefied to 1,000 reads ( Supplementary File 1 ). 

The following alpha and beta diversity metrics were performed using
iime diversity core-metrics-phylogenetic: Faith’s phylogenetic diversity [32] , 
hannon’s, evenness, observed features, Bray Curtis [33] , Jaccard [34] ,
nweighted Unifrac [35] , and Weighted Unifrac [36] . Results were imported

nto Rstudio; the generalized linear model function was used to incorporate

http://github.com/Sfanos-Lab-Microbiome-Projects/mCRPC-pembro/
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Fig. 1. Alpha Diversity of fecal DNA in responders verses non-responders by hypervariable region (First Timepoint cohort). When statistical results from 

four hypervariable regions are incorporated using a generalized linear mixed effects model (GLM), there are no significant differences between responders and 
non-responders. (A) Shannon diversity (B) Evenness (C) Observed features (D) Faith’s phylogenetic diversity. 
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results from multiple hypervariable regions (V2, V3, V4, V6-7) in the
statistical analysis of alpha diversity metrics and taxonomic abundance.
Sequencing results from the V8 and V9 hypervariable regions were excluded
per our previous findings of low taxonomic sensitivity of amplicons targeting
these regions [26] . Results from beta diversity metrics were used to
perform PERMANOVA individually for results from each hypervariable
region. 

Taxonomic classification results were mined for sequences from the 17
bacteria included in integrated index from Shaikh et al. [37] . Due to
differences in classification, not all species were represented in our data.
Therefore, some species were not included in the current analysis and others
were substituted with a proxy (summarized in Supplementary File 2 ). The
index was then calculated according to Shaikh et al. [37] . 

Results 

Responder status in relation to alpha diversity 

We first investigated whether alpha diversity of responder samples was
different from non-responders by performing an analysis of four alpha
diversity metrics (Shannon diversity, evenness, observed OTUs, and Faith’s
phylogenetic diversity) on sequencing results obtained from each 16S
rRNA hypervariable region. We then integrated alpha diversity results
from hypervariable regions using a generalized linear mixed effects model
(GLM), which produces a coefficient associated with response status and
a corresponding p-value. A positive GLM coefficient indicates increased
diversity in responders and a negative GLM coefficient indicates decreased
diversity. Overall, there were no significant differences in alpha diversity
in the First Timepoint cohort, and results from individual hypervariable
regions correlated with the overall GLM results ( Fig. 1 ). In the All
Samples cohort, Faith’s phylogenetic diversity and observed features (both
measures of richness) were significantly decreased in responders across
multiple hypervariable regions, whereas evenness was increased in responders
( Supplementary Fig. 2, Supplementary File 3 ). Faith’s phylogenetic
iversity of the Pre-Treatment cohort was also significantly decreased in 
esponders ( Supplementary Fig. 2, Supplementary File 3 ). 

esponder status in relation to beta diversity 

We next investigated whether beta diversity of responder samples was 
ifferent from non-responders by performing four beta diversity metrics (Bray 
urtis, Jaccard, Unweighted Unifrac, and Weighted Unifrac) on results from 

ach hypervariable region. PERMANOVA was used to determine how much 
ariability between samples could be attributed to response status. In the First 
imepoint and Pre-Treatment cohorts, we found no measurable differences 

n microbiome composition as assessed by beta diversity metrics between 
esponders and non-responders after adjusting for individual person and 
ample time point. In the All Samples cohort, the majority of differences
n microbiome composition were attributable to individual people ( ∼50%), 
pproximately 3% was attributed to response status, and 3% to time 
oint status. Results with PERMANOVA statistics for all three cohorts are 
ummarized in Supplementary File 4 . 

ifferent bacterial taxa are enriched in responders versus non-responders 

We performed taxonomic classification and calculated the percent 
bundance for all bacterial sequences obtained from each individual 
ypervariable region before integrating the results in a GLM. As with alpha 
iversity, a positive GLM coefficient corresponds to increased abundance 

n responders and a negative GLM coefficient corresponds to decreased 
bundance in responders. The results for the top thirty most differentially 
bundant bacterial genera and species between responders and non- 
esponders in the First Timepoint cohort are summarized in Fig. 2 and the
esults for the Pre-Treatment and All Timepoints cohorts are summarized in 
upplementary Fig. 3 . All taxonomic results are listed in Supplementary 
ile 5 . We compared our taxonomic abundance results to seven prior 
tudies examining gastrointestinal microbiomes in association with response 
o checkpoint inhibition ( Table 1 ). Of interest, our study in prostate cancer
emonstrates the opposite association between several previously reported 
axa and response to checkpoint inhibition in other types of cancer. 
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Fig. 2. Taxonomic differential abundance for the First Timepoint cohort. Volcano plot (A) and histogram (B) of the 30 most differentially abundant bacterial 
species between responders and non-responders. Taxonomic percent abundance was calculated for each hypervariable region and results were combined using 
a GLM to produce a single GLM coefficient. A positive GLM coefficient indicates enrichment in responders, whereas a negative GLM coefficient indicates 
depletion in responders and enrichment in non-responders. The magnitude of the GLM coefficient corresponds with the magnitude of enrichment. p values 
are log transformed and multiplied by negative one so that more significant p-values are higher in value. In B, species are listed in order of magnitude of GLM 

coefficient from top to bottom. 

Table 1 

Summary of previously reported associations between taxonomic abundance and response to checkpoint blockade, and how they compare 

to results from this data set. np = not present in our dataset, ns = not significant, x = present and significant. 

Author Bacteria Published correlation Our correlation First 

Timepoint 

All 

Samples 

Pre 

treatment 

Frankel, et al Bacteroides caccae Increased in R np np np 

Streptococcus parasanguinis Increased in R Increased in R ns x ns 

Faecalibacterium prausnitzii Increased in R np np np 

Holdemania filiformis Increased in R np np np 

Bacteroides thetaiotaomicron Increased in R Increased in R x ns x 

Routy, et al Akkermansia muciniphila Increased in R Increased in NR ns x ns 

Enterococcus hirae Increased in R np np np 

Chaput, et al Faecalibacterium spp. Increased in R Increased in NR ns x ns 

Gemmiger spp. Increased in R np np np 

Matson, et al Bifidobacterium longum Increased in R Increased in NR ns x ns 

Collinsella aerofaciens Increased in R Increased in NR x x x 

Enterococcus faecium Increased in R ns ns np 

Gopalakrishnan, et al Faecalibacterium spp. Increased in R Increased in NR ns x ns 

Faecalibacterium prausnitzii Increased in R np np np 

Ruminococcaceae Increased in R Increased in NR ns x ns 

Baruch, et al Enterococcaceae Increased in R Increased in R x x x 

Enterococcus spp. Increased in R Increased in R x x x 

Streptococcus australis Increased in R ns ns ns 

Veillonella atypica Increased in NR Increased in R ns x np 

Wind, et al Streptococcus parasanguinis Increased in R Increased in R ns x ns 

Bacteroides massiliensis Increased in R np np np 

Peptostreptococcaceae Increased in NR Increased in NR ns ns x 

 

 

 

a  

i  

t  

c  

i  

i  
The oral bacterium Streptococcus salivarius is elevated in responders to 
pembrolizumab 

Streptococcus salivarius ( S. salivarius ) was the most differentially abundant
species between responders and non-responders in the First Timepoint cohort
( Fig. 2 ). Furthermore, this species was consistently elevated in responders
cross the sequencing results from multiple hypervariable regions ( Fig. 3 A )
n all three cohorts ( Supplementary Fig. 4 ). Therefore, we aimed to verify
hese results using qPCR. qPCR of fecal DNA from the First Timepoint
ohort corroborated the sequencing results and showed elevated S. salivarius
n responders compared to non-responders ( Fig. 3 B, 3C ). Since S. salivarius
s a commensal of the oral cavity, we also investigated the levels of S.



6 Composition of gastrointestinal microbiota in association with treatment response L.B. Peiffer et al. Neoplasia Vol. 32, No. xxx 2022 

Fig. 3. Fecal Streptococcus salivarius levels are increased in responders. (A) Percent abundance of fecal Streptococcus salivarius by Ion Torrent 16S rRNA 

gene sequencing (First Timepoint cohort). GLM coefficient = 0.967, p value = 0.00001 (FDR adjusted p value = 0.004). (B) Percent abundance of fecal 
Streptococcus salivarius relative to total 16S rRNA gene copies by qPCR (First Timepoint cohort, fecal DNA). P value = 0.055, Mann Whitney two tailed t 
test. (C) Correlation between fecal DNA percent abundance of Streptococcus salivarius by qPCR (x axis) and 16S rRNA gene sequencing (V3 region, y axis), 
R 

2 = 0.9337. (D) Percent abundance of oral Streptococcus salivarius relative to total 16S rRNA gene copies by qPCR (First Timepoint cohort, oral swish). 
No significant difference, Mann Whitney two tailed t test. (E) Correlation between qPCR percent abundance of Streptococcus salivarius in rectal swab (x axis) 
versus oral swish (y axis), R 

2 = 0.087. 
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salivarius in DNA from oral swish samples by qPCR in the First Timepoint
cohort. Interestingly, qPCR of oral DNA samples showed no difference in S.
salivarius levels between responders and non-responders ( Fig. 3 D ). Likewise,
S. salivarius levels in oral DNA did not correlate with levels in fecal DNA
measured by qPCR ( Fig. 3E ). 

Akkermansia muciniphila is depleted in responders to pembrolizumab 

Elevated Akkermansia muciniphila ( A. muciniphila ) levels have been
associated with response to anti-PD-1 in melanoma patients [19] and
consumption of oral androgen receptor axis-targeted therapies in prostate
cancer patients [ 38 , 39 ]. We therefore investigated whether A. muciniphila
levels correlated with response to pembrolizumab in our cohorts. A.
muciniphila was not initially detected in our sequencing data, but the
OTU classified as Family Verrucomicrobiaceae had 100% identity with
A. muciniphila through the Basic Local Alignment Search Tool (BLAST)
40] and is therefore used as a proxy for A. muciniphila throughout this
tudy. A. muciniphila was only detected using primers targeting the V6-7 
ypervariable region, which showed decreased levels in responders compared 
o non-responders ( Fig. 4 A First Timepoint cohort, Supplementary Fig. 
A,C Pre-Treatment and All Sample cohorts). This trend was corroborated 
y A. muciniphila -specific qPCR of fecal DNA ( Fig. 4 B,C, Supplementary
ig. 5B,D ). 

ntegrated index analysis applied to prostate cancer 

Recently, Shaikh et al. combined sequencing data from multiple 
heckpoint inhibition microbiome studies to develop an “integrated index”
escribing bacteria associated with response and non-response to checkpoint 

nhibition [37] . In order to further investigate how our results compare to
revious published reports, we ran our data through a modified integrated 
ndex, optimizing for differences in bacterial classification between the 
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Fig. 4. Percent abundance of Akkermansia muciniphila is decreased in responders compared to non-responders in fecal samples from the First Timepoint 
cohort. (A) Percent abundance of Akkermansia muciniphila copies by Ion Torrent 16S rRNA gene sequencing. Glm coefficient = -0.120, p value = 0.227 
(FDR adjusted p value = 0.425). (B) Percent abundance of Akkermansia muciniphila copies relative to total 16S rRNA gene copies by qPCR. P value = 0.201, 
Mann Whitney two tailed t test. (C) Correlation between rectal swab percent abundance of Akkermansia muciniphil a copies by qPCR (x axis) and 16S rRNA 

gene sequencing (V6-7 region, y axis), R 

2 = 0.670. 
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two data sets ( Supplementary File 2 ). Due to differences in taxonomic
identification between studies, we did not include six of the seventeen
bacteria in our analyses, substituted four species with a representative genus
or species, and substituted Family Verrucomicrobiaceae for A. muciniphila as
previously discussed. Positive index values correlate with bacteria associated
with response, whereas negative index values correlate with bacteria associated
with non-response. In all, we saw no significant differences for integrated
results between responders and non-responders ( Fig. 5 A, Supplementary
File 2 ), but using the index highlighted interesting signals at the individual
taxon levels. Bacteroides thetaiotaomicron, Bacteroides uniformis, Bacteroides
fragilis, Faecalibacterium unassigned, and Roseburia unassigned were the five
taxa contributing the most signal to this analysis. Of these five taxa, three were
significantly different between responders and non-responders in our data,
all of which were increased in responders: B. thetaiotaomicron, B. fragilis , and
Roseburia unassigned ( Fig. 5 B-D ). 

Pembrolizumab treatment does not elicit consistent changes to fecal 
bacterial composition 

Gopalakrishnan et al. reported that the GI microbiome is stable over time
with checkpoint inhibition treatment [20] however overall, the data on this
topic is limited. To further investigate the stability of the GI microbiome over
the course of checkpoint inhibition treatment, we performed longitudinal
analysis on data from nine individuals (Patient ID 11, 13, 14, 16, 18,
20, 21, 22, 23) for which longitudinal samples were collected across the
entirety of the pembrolizumab treatment cycles (Cycle 1, Cycle 2, Cycle 3,
Cycle 4, and Monitoring Phase). For each of these individuals, we plotted
alpha diversity and taxonomic abundance values over time, in addition to
erforming PERMANOVA analysis. There were no statistically significant 
ifferences in community-wide alpha and beta diversity analyses over time.
pecifically, there was no difference between alpha diversity of Cycle 1 (pre-
reatment) and Cycle 2 (on-treatment) by any of the four alpha diversity
etrics (statistics available in Supplementary File 6 ). Additionally, beta

iversity analysis revealed that different time point samples from the same
atient cluster together ( Fig. 6 A ), and that time point does not significantly
ontribute to variability by PERMANOVA in these nine individuals with
ull treatment cycle samples available (statistics available in Supplementary 
ile 6 ). There was a subset of seven taxa present in samples n ≥ 6 that
howed statistically significant differences between Cycle 1 and Cycle 2
 Supplementary Fig. 6, Supplementary File 6 ), however the direction of
bundance (e.g. increase or decrease) was not consistent for all individuals
 Fig. 6 B ) or consistent over time ( Fig. 6 C ). None of these bacteria were
dentified as being members of the integrated index, and none of them were
ifferentially abundant between responders and non-responders aside from 

orynebacterium tuberculostearicum . 

iscussion 

Gopalakrishnana et al. [20] and Jin et al. [41] previously reported
ncreased alpha diversity in responders to checkpoint inhibition therapy. 
n the present study, we observed no difference in alpha diversity between
esponders and non-responders in the First Timepoint cohort ( Fig. 1 ).
owever, both metrics of richness were decreased in responders in the
ll Samples cohort, and one was decreased in the Pre-Treatment cohort
 Supplementary Fig. 2 ). Alternatively, evenness was increased in responders
n the All Samples cohort ( Supplementary Fig. 2 ). While some studies have
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Fig. 5. Evaluation of the integrated microbiome prediction index adapted from Shaikh et al. (A) Neither bacteria associated with non-response (top) or 
response (bottom) according to the index are differentially abundant between responders and non-responders in our data set. (B-D) Individual plots of three 
of the bacteria contributing the most signal to the integrated index. 

Fig. 6. Longitudinal analysis of bacterial composition during treatment. (A) Beta diversity of 5 longitudinal samples from 9 individuals demonstrates that 
different samples from the same person cluster together, indicating little variation in global microbiome composition over time. (B) Percent abundance of 
Escherichia coli ( E. coli ) is significantly higher in Cycle 1 compared to Cycle 2 (Mann Whitney two-tailed t test, GLM coefficient -4.295, p value 0.005), 
demonstrating that certain taxa decrease after starting pembrolizumab treatment. (C) Percent abundance of E. coli varies over time in individual patients. 
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reported relationships between alpha diversity and response to checkpoint
inhibition, other results are conflicting. In a retrospective meta-analysis,
Shaikh et al. [37] reported that alpha diversity is not consistently predictive
of response to checkpoint inhibition. However, it should be noted that this
analysis was performed using data from different types of cancer patients, and
it could be that disease type has an important influence on GI microbiome
characteristics. 

Across all cohorts, the majority of compositional changes ( ∼50%)
were attributed to the donor (between-person variation). After adjusting
for donor and treatment time point, there were minimal differences in
global compositional variability (up to 3%) attributable to response status
( Supplementary File 4 ). This indicates that response is not associated
with global alteration to an individual’s GI microbial composition, but
likely associated with more granular differences such as individual bacteria
abundance or metabolite production. As such, we next investigated whether
certain bacterial species were differentially abundant in responders verses non-
responders to pembrolizumab. Not only did we find several differentially
abundant taxa, but our study also demonstrates the opposite association
between several previously reported taxa and response to checkpoint
inhibition ( Table 1 ). These conflicting results could be for many reasons,
including differences in study design (type of sequencing and taxonomic
databases used), variability in clinical metadata (ethnicity, age, sex), exposure
of each cohort to different medications (androgen deprivation therapy),
or physiologic differences in cancer type (e.g., melanoma versus prostate
cancer). In addition, it should be noted that diet and other nutrient-specific
factors play a significant role in the composition and metabolic output of
the GI microbiome. For example, high dietary fiber diet was associated
with significantly improved progression-free survival in melanoma patients
treated with ICI [42] . As previously reported studies varied geographically,
it is plausible that differences in diet and/or other non- clinicodemographic
factors influenced differing results. Due to differences between our results and
previously published reports, we further investigated two bacteria of interest
in our cohort: S. salivarius and A. muciniphila . 

In the First Timepoint cohort, S. salivarius was increased in fecal DNA
of responders by both 16S rRNA sequencing and qPCR. S. salivarius is
a commensal of the human oral cavity that is also reported at other sites
along the GI tract, namely the stomach [43] , jejunum [44] , and ileum
[45] . S. salivarius possesses antimicrobial activities due to the production
of lantibiotic bacteriocins, and thus has been used as an oral probiotic
[46] . Its close relative, Streptococcus thermophilus ( S. thermophilus ) , is a
common probiotic and has several perceived health benefits including
stimulation of the gut immune system [47] . Recent evidence indicates that
studies investigating the effects of S. thermophilus as a probiotic may have
misidentified S. salivarius for S. thermophilus , further suggesting that S.
salivarius may be play a role in intestinal health [48] . 

Accordingly, we next investigated whether S. salivarius levels in oral
swish samples correlate with levels in rectal swab samples. Interestingly, S.
salivarius levels in oral swish samples did not correlate with levels in rectal
swabs ( Fig. 3 ), suggesting that association between S. salivarius levels and
pembrolizumab response in our cohorts was site-specific. S. salivarius has
been found to modulate PPAR gamma expression of intestinal epithelial cells
[49] , indicating that it may have immunomodulatory functions within the
GI tract relevant to treatment with checkpoint inhibition. However, a recent
report found a correlation between increased levels of fecal S. salivarius and
non-response to anti-PD-1 in melanoma patients [50] , suggesting that this
correlation may not transcend cancer types. 

We were specifically interested in examining levels of A. muciniphila
because we and others previously reported increased A. muciniphila in
individuals receiving oral androgen receptor axis-targeted therapies such
as enzalutamide and abiraterone acetate [ 38 , 39 ], and because this species
has been reported to be increased in responders to PD-1 inhibition [19] .
Therefore, we expected increased A. muciniphila levels in responders.
owever, both our qPCR data and 16S rRNA sequencing data show
ecreased A. muciniphila in responders. A proposed mechanism of A.
uciniphila improving ICI response is through production of inosine. 
ager et al . propose that disruption of the gut barrier by ICI allows

ranslocation of inosine produced by gut bacteria into systemic circulation,
hich thereby activates T cells via the adenosine A 2A receptor [51] . However,
reliminary studies suggest that inosine may facilitate metastasis via decreased
AMP and thereby cell-extracellular matrix adhesion in prostate cancer [52] .
nterestingly, another major inosine producer, Bifidobacterium pseudolongum , 
as significantly increased in responders in both the First Timepoint Cohort
 Fig. 2 B ) and the All Samples Cohort ( Supplementary File 5 ). Inosine
roduction by B. pseudolongum has been previously shown to enhance the
fficacy of ICI in mouse models of cancer [53] . 

Recently, Shaikh et al. reported on the lack of consensus regarding the
icrobial signals associated with clinical response to checkpoint inhibition. 
y re-analyzing combined data from multiple studies, they developed an
integrated index” describing bacteria associated with response and non- 
esponse to checkpoint inhibition [37] . We therefore aimed to determine
hether our data would be predictive of response and non-response using

his index, so we ran our data through a modified integrated index. Firstly,
e found discrepancies between taxonomic classification of our dataset and

he Shaikh et al. dataset, necessitating us to amend the index by removing
ome unidentified taxa and substituting others. This is a common problem
n the microbiome field, and argues the need for a better annotated, more
omplete, uniform taxonomic classification database and uniform pipelines 
or microbial analysis. 

When we integrated the signals across all bacteria in the index, we saw
o significant differences between responders and non-responders ( Fig. 5 A,
upplementary File 2 ), however using the index highlighted interesting
ignals for three taxa: Bacteroides thetaiotaomicron, Bacteroides fragilis , and
oseburia unassigned ( Fig. 5 B-D ). Interpretation of our results compared

o previous reports is complex. For example, B. thetaiotaomicron has been
eported as both increased in responders [21] and increased in non-
esponders [ 20 , 37 ]. As another example, Roseburia intestinalis was previously
ocumented as increased in non-responders [18] , whereas Shaikh et al. found
oseburia hominis enriched in responders [37] . Of note, sequences assigned

o Roseburia in our data set were only able to be classified to the genus level.
pon BLAST analysis of a subset of the sequences, they were not definitively

raceable to a particular Roseburia species, likely due to sequence homology
etween species and because the database contains sequences of uncultured
pecies. 

A complicating factor in GI microbiome research is that bacteria live in
ultispecies communities within the gut; therefore, results cannot always 

e interpreted on the single species level [54] . Notably, A. muciniphila and
. thetaiotaomicron inhabit a similar niche of the GI microbiome in that

hey are both part of a small group of bacteria with the ability to degrade
ucin [55] . If mucin degradation is in a state of equilibrium and these

wo bacteria both play the role of mucin degradation, this may at least
artially explain why we see an inverse relationship compared to expected ( A.
uciniphila enriched in non-responders and B. thetaiotaomicron enriched in 

esponders). 
Finally, it has been demonstrated that the abundance of certain bacterial

axa is influenced by use of medications [56] , therefore we investigated
hether pembrolizumab caused a shift in bacterial makeup over time. We
erformed alpha diversity analysis and taxonomic abundance longitudinally 
ver time for nine individuals with samples at identical time points (Cycle
 (pre-treatment), Cycle 2, 3, 4 (on treatment), and Monitoring Phase
post treatment)) ( Supplementary File 6 ). There were seven taxa present
n n ≥ 6 samples that varied significantly between Cycle 1 and Cycle
 ( Supplementary Fig. 6 ). Of those seven taxa, Blautia coccoides and
lostridium algidixylanolyticum were both consistently decreased in Cycle 
, however directionality of variation compared to Cycle 1 for the other
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taxa was inconsistent between patients ( Fig. 6 B,C, Supplementary Fig. 6 ),
suggesting that pembrolizumab did not have a consistent effect on bacterial
composition for the majority of taxa. Importantly, none of these seven taxa
were differentially abundant between responders and non-responders aside
from C. tuberculostearicum ( Fig. 2 B, Supplementary Fig. 3C ). Additionally,
beta diversity analysis comparing Cycle 1 samples to Cycle 2 samples
showed no significant variation in composition due to treatment time point
( Supplementary File 6 ). Fig. 6 A illustrates how longitudinal samples from
the same patient cluster together, further demonstrating minimal changes to
an individual’s microbiome on and off pembrolizumab treatment. 

Conclusions 

The interplay between a person’s gastrointestinal microbiome and their
response to immune checkpoint inhibition is a recognized but poorly
characterized phenomenon. Herein, we provide the first report of microbiome
profiling of individuals with advanced prostate cancer in the context of
immune checkpoint inhibition. We identified a number of differentially
abundant taxa between responders and non-responders, however we find
the opposite association between several previously reported taxa and
response to checkpoint inhibition. These findings highlight that the
effect of the microbiome on response to ICI may potentially be cancer-
type specific, population-specific, or influenced by other clinical and/or
non- clinicodemographic factors. We likewise highlight the importance of
considering microbial community interactions when interpreting results. 
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