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ABSTRACT

Background Gut microbiome modulation has shown
promise in its potential to treat cancer in combination with
immunotherapy. Mechanistically, the pathways and routes
by which gut microbiota may influence systemic and
antitumor immunity remain uncertain. Here, we used blood
and stool samples from Microbial Ecosystem Therapeutic
4 (MET4)-10, an early-phase trial testing the safety and
engraftment of the MET4 bacterial consortium in immune
checkpoint inhibitor recipients, to assess how MET4 may
affect systemic immunity.

Methods Circulating antibody responses induced

by MET4 were assessed using an antimicrobial

antibody flow cytometry assay on pretreatment and
post-treatment plasma. Antibody responses were
associated with taxonomic changes in stool identified

by metagenomic sequencing. Mass cytometry was
performed on peripheral blood mononuclear cells to
identify shifts in circulating immune subsets associated
with antibody responses.

Results Increases in circulating anti-MET4
immunoglobulin G (IgG) responses were measured by flow
cytometry post-consortium treatment in MET4 recipients,
but not untreated control participants, with five individuals
displaying notably higher antibody responses. Stronger
IgG responses were associated with greater increases

in multiple taxa, including MET4 microbe Collinsella
aerofaciens, which was previously linked with immune
checkpoint response. However, these taxa were not
enriched in the IgG-bound fraction post-MET4 treatment.
Greater increases in circulating B cells and FoxP3* CD4*
T cells post-MET4 treatment were observed in the blood
of high IgG responders, while CD14* and CD16™ monocyte
populations were decreased in these individuals.
Conclusion These results demonstrate the induction

of treatment-specific circulating humoral immunity by a
bacterial consortium and suggest potential mechanisms by
which gut microbes may contribute to antitumor immunity.

21 Bryan Coburn'312

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Microbial interventions have seen success in com-
bination therapy with immune checkpoint inhib-
itors. Developing ways to determine the efficacy
and mechanism of microbe-targeting therapeutics
will be crucial in optimizing the design of these
therapies.

WHAT THIS STUDY ADDS

= We identified anti-consortium immunoglobulin G
(IgG) responses against the Microbial Ecosystem
Therapeutic 4 (MET4) bacterial consortium using
an antimicrobial antibody assay previously used to
identify similar responses in an immunotherapy co-
hort who received fecal microbiota transplant. High
IgG response was associated with changes in the
relative abundance of specific MET4 microbes and
shifts in circulating immune subsets.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study highlights the immunostimulatory poten-
tial of a bacterial consortium in an immunotherapy-
treated cancer cohort. Development and evaluation
of bacterial consortia or other microbial therapeu-
tics can be informed by using similar assays to
identify microbes that may drive systemic immune

responses.

INTRODUCTION

The success of immune checkpoint inhibitor
(ICI) therapy has improved survival outcomes
for many individuals with cancer. Neverthe-
less, lack of therapeutic response remains
an issue for many cancer types. Combi-
nation therapy with other interventions,
including chemotherapy and radiotherapy,
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has augmented therapeutic efficacy of ICI in some
cases. Recently, there has been an increased interest in
combining ICIs with microbial interventions in clinical
trials. Prebiotics, probiotics, fecal microbiota transplants
(FMT), and bacterial consortia represent some of the
different treatment modalities developed to enhance
therapeutic responses.'™

Compared with FMT, bacterial consortia represent
a safer, more reproducible, and more stable interven-
tion that maintains the beneficial provision of a diverse
community conferred by FMT.” Microbial Ecosystem
Therapeutic 4 (MET4) is a first-in-class novel microbial
therapeutic consisting of an orally delivered consor-
tium of 30 cultivated gut bacterial species derived from
healthy donor stool. MET4 was developed for combi-
nation therapy with ICIs,” with several microbes in this
community selected based on their increased abun-
dance in ICI responders.'"" An early-phase clinical trial,
MET4-10, tested the safety, tolerability, and engraftment
of MET4 concurrent with ICI treatment in participants
with advanced solid tumors.” MET4 was determined to
be safe and tolerable when coadministered with ICI while
displaying increases in MET4 taxa in about one-third of
participants receiving the consortium.

A recent study evaluating the use of ICI-responder
FMT in ICI-refractory individuals observed increased
circulating antidonor microbiota immunoglobulin G
(IgG) in those who displayed improved therapeutic
outcomes following FMT.* These findings suggest that
these bacterial-specific antibody responses may act as a
surrogate marker for antitumor immunity, demonstrating
an avenue by which the efficacy of a microbial interven-
tion in enhancing therapeutic responses may be assessed.
We sought to use a similar strategy to identify whether
anti-consortium antibody responses would similarly be
induced by MET4.

We performed antimicrobial antibody flow cytometry
on plasma-incubated MET4 to identify circulating anti-
body responses generated against the consortium. Paired
stool metagenomic sequencing was conducted in tandem
to uncover potential taxonomic drivers of these systemic
immune responses. Additionally, circulating immune
subsets in the blood were assessed by mass cytometry for
associated changes in circulating immunity post-MET4.

METHODS

MET4-10 study and collection time points

Individuals with solid tumors were enrolled into MET4-
10, a clinical study that assessed the safety, tolerability, and
engraftment of MET4. Out of three cohorts in this study,
all samples were taken from “cohort B”, which consisted of
ICI-naive participants (n=30) stratified into MET4+ICIor
ICI alone controls (figure 1A). From this cohort, 23
participants with paired stool and blood collected pre-
MET4 and post-MET4 therapy were included in analyses.
Further details of the trial and MET4 consortium have
been described previously.’

Paired plasma, peripheral blood mononuclear cells
(PBMCs), and stool were collected from participants and
stored at —~80 C (figure 1B). Sample time points used for
all analyses were 3—4 weeks into ICI therapy but prior to
MET4 (baseline/T0) and 3-4 weeks after initiation of
MET4 (window+2 weeks, T2); end of therapy samples
were used when T2 was unavailable and if collected prox-
imal to T2 (+2 weeks). Plasma and stool samples were
collected within 30 days of each other except for two
individuals, who were excluded in paired plasma-stool
analysis. PBMCs were also collected from a pretherapy
screening time point (pre-ICI, pre-MET4) and included
in mass cytometry analysis. Ecological engraftment was
determined based on the number of MET4 taxa exhib-
iting a log-fold increase in post-MET4 relative abundance
(RA). Participants with>5 MET4 taxa with one log-fold
increase were classified as “engrafters”, and those<b were
“non-engrafters”.

MET4 production and anti-MET4 Ig flow cytometry

30 bacterial species were cultured individually,
lyophilized, and combined to form the MET4 bacterial
consortium. RA of constituents differed depending on
the taxon. The drug product was assessed for consistency
based on detection of MET4 strains, bacterial count
variability (<20% for each genus), contamination at the
genus level, and sufficient colony-forming units (CFU)/
capsule across batches. MET4 was anaerobically resus-
pended in 10mL of phosphate-buffered saline (PBS)
degassed in an anaerobic chamber overnight, washed,
and approximately 1.4x10% cells were stained with 5pM
carboxyfluorescein succinimidyl ester (CFSE) (Cell-
Trace, Invitrogen) for 30min at 37 C under anaerobic
conditions. During the stain, a 1:200 plasma dilution
was prepared in staining buffer (PBS+2% bovine serum
albumin (BSA) + 2mM EDTA) for each sample time
point. Diluted plasma was incubated at 56 C for 30 min
to inactivate complement. Inactivated plasma was centri-
fuged at 10,000 RPM for 10 min at 4 C to remove antibody
complexes. Supernatant was kept and serially diluted 1:2
three additional times in staining buffer (1:200-1:1600,
four dilutions total).

MET4was diluted in staining buffer to 2x10° cells /100 pL.
following CFSE stain. Diluted MET4 was incubated with
each plasma dilution in a 1:1 ratio (50 pL to 50 uL,, 1x10°
bacteria total) for 30 min at 4 C. Secondary staining with
goat anti-IgA AF647 (1:100, cat#2052-31) and anti-IgG PE
(1:200, cat#2042-09) Fab fragments (polyclonal, Souther-
nBiotech) for 30min at 4 C was performed. All staining
steps were followed by two washes with staining buffer
and all centrifugation steps were performed at 4000 x
g. Samples were fixed for 30 min with 4% paraformalde-
hyde and kept at 4 C in the dark until acquisition on a BD
LSRFortessa. Analysis was performed on FlowJo V.10.9.0
(BD). Figures were generated in GraphPad Prism V.10
(GraphPad Software).
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Increased IgG responses induced in participants receiving MET4. (A) Timeline describing sample time points for

treatment and control arms from the MET4-10 cohort B. Time points where samples are collected are labeled. Stool and plasma
were collected at TO and T2/EOT, while peripheral blood mononuclear cells (PBMCs) were collected at all labeled time points.
T0=3-4 weeks into ICI therapy, pre-MET4; T2=3-4 weeks after MET4 initiation; EOT=end of therapy (used when T2 unavailable
and if+2 weeks from T2). (B) Flow chart depicting samples collected and preparation of each assay. (C-F) Anti-MET4
immunoglobulin (Ig) flow cytometry was performed using fluorophore-conjugated anti-lg secondary antibodies against MET4-
IO participant plasma incubated with MET4 microbes. Percent change in Ig geometric mean fluorescent intensity (MFI) post-
MET4 treatment at 1:200 plasma dilution (C-D) and Ig response index (E-F) stratified by MET4 treatment (C,E) or engraftment
(D,F). Mann-Whitney or Tukey’s multiple comparisons tests following 2-way ANOVA were performed for (C—F). Flow chart (B)
was created on biorender.com. ANOVA, analysis of variance; ICIl, immune checkpoint inhibitor; MET4, Microbial Ecosystem

Therapeutic 4.

Response index calculation

Calculations were performed with modification from a
previously described method.'* Frequency and geometric
mean fluorescence intensity (MFI) were collected for
IgA and IgG at each time point. MFIs from each plasma
serial dilution were log?2 transformed, linearly plotted,
and area under the curve (AUC) was calculated. The
response index (RI) was calculated as the 2-fold change
in AUCs using the difference of post-treatment and base-
line: 9(PostMETE g MFI AUC - Baseline Ig MFLAUC) ) qeon qio1e oo
IgG RI greater than 3 were classified as “high response
index”, while those with less than 3 were classified as “low
response index”.

Immunoglobulin ELISA
Antibody concentration was measured using IgA and IgG
(total) Human ELISA kits (Invitrogen). Briefly, plasma

was diluted as recommended by the kit protocol (1:10000
and 1:500000 for IgA and IgG, respectively). Plasma was
added to Ig-coated ELISA plates and incubated at room
temperature. Samples were subsequently incubated with
anti-Ig secondary conjugated to horseradish peroxidase
(HRP). 3,3",5,5-tetramethylbenzidine (TMB) substrate
was added for about 10min before stopping the reac-
tion with 2N sulfuric acid. Absorbance was measured at
450 nm using a Tecan microplate reader.

Metagenomic sequencing of human stools

Paired stools (baseline and post-MET4) were thawed and
transferred into an anaerobic chamber for processing.
1-3 g of stool was weighed and resuspended in overnight
degassed PBS+20% glycerol at a ratio of 10mL/g of
stool. Resuspended stool was filtered through a 300 pm
Whirl-Pak filter bag (Nasco) to remove stool particulates.
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Stool slurries were frozen at —80 C until DNA extraction.
Qiagen’s DNeasy PowerSoil Pro kit was used to extract
DNA from 300 pL of stool slurries. Purified DNA was quan-
tified using a Qubit fluorometer (Invitrogen). Samples
were normalized to 300ng or the highest possible quan-
tity for input into Illumina’s DNA Prep library prepara-
tion kit. Nextera 96-well CD indexes (Illumina) were used
for posttagmentation indexing. Libraries were normal-
ized, pooled, and sequenced on an Illumina MiniSeq with
a MiniSeq High Output Reagent Kit (Illumina) to obtain
approximately 500,000 reads per sample (25 million reads
in total).

Sequence data processing

Sequence quality was assessed with FastQC V.0.11.9."
Since quality was high, no sequence trimming was
performed. Nextera adapters were trimmed with Trim-
momatic V.0.89.1° Human, phiX, and mouse reads were
removed with KneadData V.0.7.2."” Taxa were identified
from cleaned reads using MetaPhlAn V.4.0.6 using default
settings and database vOct2022.'% '

lgG cell sorting

MET4 and plasma samples from 11 individuals (8 MET4-
treated, 3 control) were prepared using the staining
protocol described above at a 1:200 plasma dilution.
Bacterial cells were sorted on a BD FACSymphony S6 SE
(BD Biosciences) for IgG-bound and IgG-unbound popu-
lations, with 5x10°~1x10° cells collected for both popula-
tions in PBS.

16S quantitative PCR

DNA was extracted from IgG-sorted samples using
Qiagen’s DNeasy Powersoil Pro kit. Quantitative PCR
(qPCR) was performed on DNA using primers against
taxa-specific 16S and groEL taken from other studies
(online supplemental table 1).**** Retention of MET4
microbes throughout staining and cytometer processing

were assessed and reported in online supplemental figure
1 A-B.

16S rRNA sequencing

IgG-sorted DNA was submitted for 16S ribosomal RNA
sequencing to the Centre for the Analysis of Genome
Evolution and Function. The V4 hypervariable region
of the 16S ribosomal RNA gene was amplified using
uniquely barcoded 515F (forward) and 806R (reverse)
sequencing primers to allow for multiplexing.” Amplifi-
cation reactions were performed using KAPA2G Robust
HotStart ReadyMix (Kapa Biosystems) and required
primers. Amplification steps were 95°C/3min, 18x cycles
(for MET4) or 28x (for cell sorted samples) of 95°C/15
secs, 50°C/15 secs and 72°C/15 secs, followed by a 5 min
72°C extension. All amplification reactions were done in
duplicate, pooled, and checked on a 1% agarose TBE gel.
Pooled duplicates were quantified using PicoGreen and
combined by even concentrations. The library was puri-
fied using Ampure XP beads and sequenced on an Illu-
mina MiSeq according to manufacturer instructions using

V2 (150bp x 2) chemistry. A single-species (Pseudomonas
aeruginosa DNA), a mock community (Zymo Microbial
Community DNA Standard D6305), and a template-free
negative control were included.

Processing of 16S sequencing data

The QIIME2 analysis package V.2024.5 was used for
sequence analysis.”® Quality was examined using FastQC
and MultiQC." * Cutadapt was used following default
settings to remove sequences with high error rates.”
Paired-end sequences were assembled and quality
trimmed using vsearch —fastq_mergepairs® ** following
default settings with —fastq_truncqual set at 2, maxee
set at 1, and minimum/maximum assemble lengths
set at 250 and 255 (+2and -3 base pairs from expected
sequence length of 253bp). Assembled sequences were
additionally filtered using the quality-filter function and
processed following the deblur pipeline. Sequences were
clustered into amplicon sequence variant (ASV) groups
and singleton sequences were removed. The taxonomy
assignment was executed using the classify-hybrid-vsearch-
sklearn function and the Average ReadyloWear trained
Silva database V.188.1.%" ** ASVs with an abundance less
than 0.01% or identified as contaminating chloroplast
or mitochondria were removed. A phylogenetic tree was
created using the SATé-enabled phylogenetic placement
(SEPP) function in QIIME2.%

Microbiome analysis

For stool metagenomic sequencing, taxonomic tables
were filtered by removing taxa contributing less than
0.1% RA in one sample. Sequenced MET4 was used as
reference for MET4 taxa lists used in this study; known
composition of MET4” and taxonomic annotations used
for analysis are listed in online supplemental table 2. For
IgG-sorted samples, the decontam package V.1.24.0**
was used to eliminate contaminants based on prevalence
in negative samples. Taxonomic tables were filtered by
removing taxa less than 0.1% of total sequenced abun-
dance; some low abundance MET4 taxa were added back
in based on known composition.”

QIIME2 was used to generate alpha diversity analysis.
The MaAsLin2 package V.1.7.3% was used to identify taxa
associated with IgG AUC or RI for stool sequencing, or
identify taxa enriched at the postMET4 time point for
IgG-sorted samples. For each model, the fixed effect was
either IgG AUC at both visits or RI and taxa were repre-
sented by either RAs or change in RA from TO to T2.
For models that included repeated measurements from
individual participants, participant ID was included as
a random effect. Default MaAsLin2 analysis parameters
were used, and the false discovery rate was used to control
for multiple comparisons. A q value of 0.05 was consid-
ered significant.

Mass cytometry immunostaining and analysis i
Staining for mass cytometry was performed as described.*®®
Briefly, after PBMCs were thawed and washed with PBS,
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cells were resuspended in 1 uM Cell-ID Intercalator 103Rh
with anti-CD45 conjugated to either 194Pt or 198Pt. Cells
were incubated for 15min at 37°C, washed, and fixed
with eBioscience Foxp3 fixation buffer (Thermo Fisher).
Following fixation, cells were washed with 1x Barcoding
Perm Buffer (Standard BioTools) and incubated for
30min at room temperature with a unique palladium
barcode (Cell-ID 20-plex barcoding kit, Standard
BioTools). After barcoding, samples were washed several
times in cell staining media and pooled into a single tube.
Pooled cells were resuspended in Fc blocking reagent
for 10min followed by addition of a cocktail of surface
antibodies prepared in PBS+2% fetal bovine serum. Cells
were incubated for 30min at 4°C, washed, and subse-
quently stained with a cocktail of intracellular antibodies
prepared in 1x Perm wash buffer (Thermo Fisher) for
30min at 4°C. Finally, cells were incubated with 125uM
Cell-ID Intercalator-Ir for 1hour at 4°C and were stored
in PBS+1.6% paraformaldehyde until acquisition.

Samples were acquired on a Helios instrument (Stan-
dard BioTools) and normalized flow cytometry stan-
dard (FCS) files were manually de-barcoded in Flow]o
V.10.8.1 software (BD Biosciences). Gates were applied
to remove beads, doublets, ion fusions and dead cells,
finally gating on total CD45" events. CD45" single-cell
intensities were imported into R for transformation and
high-dimensional analysis. A custom scaling factor was
used for each channel during hyperbolic arcsine trans-
formation to account for different background inten-
sities of certain antibodies. Dimensionality reduction
was performed using the package umap (V.0.2.7.0) in R
(V.4.0.0) with the “umap-learn” method. Clustering using
a subset of lineage-determining markers was performed
using the fast-Phenograph algorithm using the Fast-PG
package (V.0.0.6) in R (V.3.6.2). Remaining analyses were
performed in R (V.4.2.1). Clusters were manually anno-
tated based on lineage marker expression to denote the
immune population. Differential abundance analysis
was performed using the “edgeR” test from the diffcyt
package (V.1.16.0). Visualizations were generated using
functions from ggplot2 (V.3.4.0), pheatmap (V.1.0.12),
ggh4x (V.0.2.3), and ggpubr (V.0.4.0) packages.

RESULTS

MET4-specific circulating IgG responses are elevated in MET4
recipients

To investigate possible treatmentspecific antibody
responses induced by MET4, plasma, PBMCs, and
stool were collected before and after MET4 treatment
from participants of cohort B in MET4-IO (figure 1A),
consisting of ICI-naive individuals given standard-of-care
ICI therapy who were randomized into MET4 or control
groups. Plasma was used in an antimicrobial antibody
assay measuring plasma IgA and IgG binding to MET4
(figure 1B). Ig-bound MET4 bacteria were detected using
flow cytometry (online supplemental figure 2).

Antibody responses were quantified by calculating
percent change in Ig geometric MFI, representing
differences in Ig binding intensity post-MET4, and
change in percent IgG bound, which corresponds to
differences in frequency of MET4 taxa bound by IgG
after treatment, at the lowest plasma dilution (1:200).
Percent change in IgG MFI was elevated in MET4-
treated participants and engrafters compared with the
control group (figure 1C,D). Change in percent IgG
bound to MET4 showed a similar increase in these
same groups (online supplemental figure 3 A and B),
while no differences in IgA binding were observed for
any of these comparisons. Both IgA and IgG concen-
trations were similar across groups and time points,
indicating increased IgG binding in MET4 recipi-
ents was not due to greater plasma antibody density
(online supplemental figure 3C).

RI, which measures antibody responses across
by comparing differences between time points for
AUC of Ig MFI across all plasma dilutions (online
supplemental figure 4A-C), was calculated for each
pair of plasma samples from participants. RI was
also increased in the MET4 and engrafter groups
compared with the control (figure 1EF). A subset
of participants (n=5) showed notably higher IgG
responses by RI>3 (figure 1E) and were analyzed as
a separate group in subsequent analyses. Antibody
response metrics were means from three separate
runs and participant-level data are shown in online
supplemental figure 5.

Clinical outcomes available for each MET4-10
participant were also compared with antibody
responses generated following MET4 treatment.
When divided into MET4 treatment groups, greater
percent change in IgG MFI was observed in MET4
recipients without clinical benefit (progressive
disease [PD] by Response Evaluation Criteria in Solid
Tumors [RECIST] V.1.1) and ICI non-responders (PD
or stable disease [SD]) compared with control partic-
ipants, although this difference was likely driven by
MET4 treatment (online supplemental figure 6 A and
B). No differences in anti-MET4 IgG response were
observed between participants with RECIST response
Versus non-response.

MET4 engrafters and IgG responders to MET4 display greater
increases in Bifidobacterium adolescentis and Collinsella
aerofaciens

We evaluated ecological and taxonomic changes
in cohort B participant stool stratified by ecolog-
ical engraftment and IgG RI to identify if changes
in specific MET4 taxa were associated with these
features. Following MET4 treatment, the change
in Shannon’s Diversity Index was greater in MET4
engrafters compared with controls, and in high IgG
RI (>3) participants compared with controls and
low IgG RI (<3) (online supplemental figure 7A and
B). Greater increases in the RA of individual MET4
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Figure 2 MET4 recipients with high IgG responses display greater increases in some MET4 taxa post-treatment. Paired stools
from participants before and after MET4 treatment were collected and sequenced by shotgun metagenomic sequencing using
an lllumina MiniSeq. MET4 taxonomic tables were subsequently filtered by removing species less than 0.1% of MET4 relative
abundance; some low abundance MET4 taxa were added back in based on known composition. (A-B) Relative abundance
difference for individual MET4 taxa depicted by heat maps stratified by (A) engraftment status and (B) response index group.
Taxa are ordered by cumulative mean difference from baseline for all groups, while participants are ordered chronologically

(A) or by increasing response index (B). Asterisks in the legend highlight the strongest differences among the three groups
displayed. Tukey’s multiple comparisons test following two-way ANOVA performed for (A-B). *=p<0.05; **=p<0.01; ***=p<0.001.
(C-D) Association between response index (RI) and change in relative abundance of taxa from TO to T2 in (C) all participants
and (D) only participants who received MET4. Each dot represents an individual bacterial taxon. Red dots indicate taxa with
p<0.05, black dots are non-significant, blue dots indicate MET4 taxa and are labeled. Dotted lines display significance threshold
at p=0.050r g=0.05. P values, g values, and coefficients determined with MaAsLin2. Arrows created with BioRender. ANOVA,
analysis of variance; IgG, immunoglobulin G; MET4, Microbial Ecosystem Therapeutic 4.

taxa (online supplemental table 2) were observed in
MET4 engrafters and high RI participants compared
with their counterparts when assessing only MET4
taxa following MET4 treatment (figure 2A,B). Bifido-
bacterium adolescentis and Collinsella aerofaciens RA
increased in engrafters compared with controls and
in high RI participants compared with controls or low
RI (figure 2A,B, online supplemental figure 8A and
B). In contrast, Blautia wexlerae decreased more in
engrafters (figure 2A, online supplemental figure 8A)
and high RI participants (figure 2B, online supple-
mental figure 8B) compared with their counterparts,

while Faecalibacterium prausnitzii was decreased in
high RI participants compared with low RI and
control groups. When analyzing change in overall
MET4 abundance between RI groups (online supple-
mental figure 9A), there was a greater average fold
change in MET4 taxa after treatment in the high RI
group (online supplemental figure 9B), suggesting
that stronger IgG responses were observed with better
MET4 engraftment.
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Increased anti-MET4 IgG responses are linked with increases
in multiple taxa

Commensal gut bacteria can elicit the production of
circulating IgG antibodies even at steady state, with
various taxa identified as stronger drivers of antibody
1responses.%7 We assessed general taxonomic drivers of
anti-MET4 IgG responses in the MET4-IO cohort by
performing a multivariate association with linear models
(MaAsLin2) analysis on all taxa identified by sequencing
(online supplemental table 3). IgG RI (change in IgG
response) and AUC of IgG MFI across plasma dilutions
(time point-specific IgG response) were used as contin-
uous or categorical fixed effects. Change in RA was used
as the dependent variable for IgG RI to uncover microbes
associated with increases in IgG response, while RA was
used for IgG AUC to identify taxa associated with IgG
response regardless of time point. Covariates controlled
for included participant and MET4 administration.

After multiple comparisons correction, increases in
continuous IgG RI were not associated with change in RA
of any taxa when assessing all participants (figure 2C).
However, when analyzing MET4-treated participants,
changes in RA of several MET4 taxa were linked with an
increase in IgG RI, including MET4 taxa C. aerofaciens
(coef=1.97), Enterococcus faecium (coef=1.84), Bacteroides
uniformis (coef=2.56), Parabacteroides merdae (coef=1.93),
and Gemmuger formicilis (coef=1.85, figure 2D). Changes
in taxa including Acidaminococcus inlestini were associ-
ated with increases in IgG RI prior to correction for
multiple comparisons (figure 2D). Similarly, stratifying
IgG response into categorical high or low RI resulted
in no significant taxa, but RA change in multiple taxa—
including C. aerofaciens and B. longum—was elevated in
high RI participants prior to correction (online supple-
mental figure 10A and B).

When identifying general inducers of the MET4 IgG
response across time points, no taxa were enriched as
IgG AUC increased postcorrection in all or MET4-treated
participants (online supplemental figure 10C and D).
However, multiple taxa were enriched before correction
as IgG AUC increased in all participants, including Akker-
mansia muciniphila and Bacteroides eggerthii (online supple-
mental figure 10C). For MET4-treated participants, A.
muciniphila and Bacteroides eggerthii were also elevated with
increasing IgG AUC before correction, while microbes
including Dorea longicatena and FE  prausnilzii were
increased in RA with decreasing IgG AUC (online supple-
mental figure 10D).

Anti-MET4 responses are predominantly increased against
lgG bound Acidaminococcus

To directly assess which MET4 taxa IgG responses were
generated against, IgG-bound and IgG-unbound frac-
tions were separated from plasma-incubated MET4 via
cell sorting. DNA was extracted from sorted samples and
16S sequencing was performed to assess the composition
of each fraction. In the IgG bound fraction, there were
greater increases in the RA of Acidaminococcus in high

RI samples compared with low RI and control samples
after MET4 therapy, while decreases in the abundance
of Anaerostipes and Blautia were observed in the high RI
group compared with controls (figure 3A,B). A decrease
in Acidaminococcus was noted in high RI samples in the
IgG-unbound fraction, while increases in FE. durans
and B. longum were seen in high RI samples compared
with controls (online supplemental figure 11A and B).
Similar trends were seen across both IgG-bound and IgG-
unbound fractions when comparing change in percent
RA compared with baseline MET4 RA, with additional
decreases in Lactobacillus casei, B. longum, and Agathobacter
observed in IgG-bound fractions of MET4-treated partic-
ipants compared with control (figure 3C, online supple-
mental figure 11C).

MaAsLin2 analysis was also performed to account for
the effect of compositionality due to large changes in
abundance of Acidaminococcus after treatment (online
supplemental table 3). RA of the IgG-bound or IgG-
unbound fraction was the feature variable, time point
(baseline or post-MET4) was the fixed effect, and partici-
pant ID was controlled for as a covariate. When assessing
all samples, no taxa were elevated postcorrection for
multiple comparisons in the bound or unbound fractions
(figure 3D, online supplemental figure 11D). Anaerostipes,
Blautia, Butyricicoccus, Dorea, C. aerofaciens, and P. merdae
were more enriched at baseline precorrection among
these samples. However, for MET4-treated individuals,
Anaerostipes, Blautia, Butyricicoccus, C. aerofaciens, Lacticasei-
bacillus sp, and P. merdae were enriched in the bound frac-
tion at baseline postcorrection (figure 3D). In contrast,
Acidaminococcus was enriched postMET4 in the bound
fraction (coef=0.507, figure 3D), while a corresponding
trend in enrichment of Acidaminococcus at baseline was
noted in the unbound fraction for MET4-treated samples
(online supplemental figure 11D).

Shifts in B cell and monocyte populations observed at post-
MET4, but not pre-MET4, treatment time points in high IgG RI
participants

Baseline immune populations and changes induced by
MET4 treatment may be correlated with IgG responses
observed in our cohort. To investigate the immune profile
and how it changes over the course of MET4 therapy,
PBMCs were collected at the time of screening, TO and
T2 from cohort B participants (figure 1A) and analyzed
by mass cytometry using a panel of 34 metal-tagged anti-
bodies to delineate the majority of immune subsets as well
as their activation and functional status (figure 4A). We
first assessed whether there were differences in immune
profiles of MET4 recipients with high IgG RI compared
with low RI (figure 4B, online supplemental figure 12).
At screening, naive CD4" T cells were enriched in high
RI participants whereas CD4" terminally differentiated
effector memory T cells (TEMRA) were enriched in low
RI participants. However, this difference was not observed
at TO, and instead a greater abundance of natural killer
cells was observed in IgG low RI participants compared
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Figure 3 Changes in IgG binding post-MET4 were observed in MET4 taxa. Resuspended MET4 incubated with pre-MET4 and
post-MET4 participant plasma (1:200) was cell sorted to separate into IgG bound and unbound fractions. DNA was extracted
from each fraction and 16S sequencing was performed. (A) Heat map depicting change in relative abundance between TO and
T2 among sequenced MET4 taxa across select high response index (RI, >3), low Rl (<3), and control group participants in IgG
bound fraction. Taxa were listed in descending order based on g values from MaAsLin2 analysis in figure 2D, or alphabetical

if not present. The horizontal line separates significant taxa by g value from figure 2D from non-significant taxa. Asterisks in

the legend highlight the strongest difference observed among the three groups. (B—-C) Change in relative abundance (B) and
post-treatment percent change compared with baseline MET4 RA (C) of the 10 MET4 taxa with the greatest average differential
between high Rl and control groups. Each dot represents a participant from each group, bars represent SD around the mean.
Statistical tests performed were Tukey’s multiple comparisons test following two-way ANOVA performed for (A-B). *=p<0.05;
***=p<0.001; ****=p<0.0001. (D) Association between time point (baseline and post-MET4) and relative abundance of taxa in the
IgG bound fraction of all participants or only participants who received MET4. Asterisks represent g values for corresponding
taxon. P values, g values, and coefficients determined with MaAsLin2. ANOVA, analysis of variance; IgG, immunoglobulin G;
MET4, Microbial Ecosystem Therapeutic 4; RA, relative abundance.

with IgG high and was maintained through T2. At T2, IgG
high RI participants had a significantly higher frequency
of naive CD4" and CD8" T cells, and memory CD4" T cells.

Since distinct immune populations were differen-
tially abundant at each time point, it is possible that
immune composition changed in response to therapy
and that these changes were correlated with the ensuing
anti-MET4 IgG response. To understand the dynamics
of the immune profile post-therapy, we calculated fold
change in abundance of each immune population
between screening to TO and between TO and T2. Any
changes that occurred between TO-screening could be

the result of the first dose of ICI while changes between
T2 and TO could be attributed to the initiation of MET4
treatment. Participants with high IgG RI displayed an
increase in B cells and FoxP3" CD4" T cells and a decrease
in CD14" and CDI16" monocytes by log-fold change
post-MET4 treatment compared with individuals with low
IgG RI and showed similar shifts when restricted to MET4
recipients with low IgG RI; these changes were not seen
prior to MET4 initiation (figure 4C,D). When assessing
differences in immune subset frequencies between TO
and T2 for each RI group, B cells in high IgG RI partic-
ipants tended to increase post-MET4, while low IgG RI
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Log2 fold change (FC, low RI compared with high RI) of immune subsets from peripheral blood mononuclear cells (PBMCs) in
MET4 recipients at screening (pre-ICl, pre-MET4), TO (post-ICI, pre-MET4), and T2 (post-ICl, post-MET4). Red circles indicate
enrichment in the low RI group, while blue circles are enriched in the high RI group. The size of the circle indicates significance
by p value. (C-D) Log2 fold change of immune subsets from participant screening to TO (post-ICI, pre-MET4) (C) or TO to T2
(post-MET4) (D). (E) Difference in subset frequency at TO versus T2 in high versus low Rl and control groups. EOT (end of
therapy) samples were not included in these analyses. Statistical tests performed were multiple unpaired t-tests (C-D) and
multiple paired t-tests (E) with Holm-Sidak multiple comparisons test. Unadjusted p values are shown for (B, E). DC, dendritic
cell; ICI, immune checkpoint inhibitor; MET4, Microbial Ecosystem Therapeutic 4; NK, natural killer; pDC, plasmacytoid dendritic

cell; RI, response index.

and control participants showed limited changes across
immune subsets (figure 4E).

DISCUSSION

Recent successes in combining microbial interventions
with cancer immunotherapy include studies demon-
strating the effectiveness of FMT in eliciting therapeutic
responses in [CI-refractory*® and treatment-naive™ ™ indi-
viduals. Antidonor FMT IgG responses were found to be a
correlate of induced ICI response in one of these studies,”
and we sought to determine if similar anti-intervention
antibody responses were generated in an early-phase trial
(MET4-10) that administered a novel bacterial consor-
tium, MET4, to ICI recipients.7

In this study, circulating IgG responses against MET4
were more strongly elicited in MET4 recipients, with a
subset of five participants displaying highly elevated IgG
responses after MET4 therapy. High IgG responders
displayed increased RA of multiple MET4 and endog-
enous taxa. However, the taxa whose stool abundance
was associated with increased IgG responses were not
enriched for IgG binding, suggesting that taxa associated
with binding were not necessarily those targeted by anti-
body responses. Individuals with increased IgG responses
after treatment also exhibited greater increases in circu-
lating B cells and FoxP3" CD4" T cells and decreases in
CD14" and CD16" monocytes than individuals with lower
IgG responses, suggesting that the introduction of MET4
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microbes led to altered regulation of both lymphoid and
myeloid populations in the blood.

Although many taxa were identified as possible MET4-
specific IgG inducers, C. aerofaciens, E. faecium, P. merdae,
and G. formicilis were the primary MET4 microbes asso-
ciated with increased IgG responses in MET4 recipients.
Similarly, there was a greater increase in C. aerofaciens, B.
adolescentis, and B. longum RA in high IgG responders.
Several of these commensal microbes have previously
been associated with ICI response’ ' or have been shown
to induce circulating antibodies following translocation
through the gut barrier,* suggesting that they may act as
strong stimulators of systemic immune responses. This
indicates a potential microbiota-mediated link between
the development of antitumor ICI responses and circu-
lating humoral immunity, possibly through bacteria
acting as an immune adjuvant.

Cancer vaccines have long employed the use of adju-
vants to enhance antitumor memory responses gener-
ated by vaccine antigens.*' With gut bacteria, binding of
microbial components to pattern recognition receptors
can activate antigen-presenting cells to express costim-
ulatory molecules and initiate production of cytokines
that can alter antitumor immunity.** One example of
this interaction was described in a study that identified
bacterial peptidoglycan hydrolase SagA to be linked
with ICI response via NOD2 activation by SagA-derived
muropeptides.” Thus, although the circulating IgG
responses we observed in this study are not necessarily
directly involved in antitumor immunity, they may be
indicative of changes in broader systemic immunity. This
was exemplified by post-MET4 increases in circulating B
cells and FoxP3" CD4" T cells and decreases in CD14"
and CD16" monocytes in high IgG responders from this
study, with both lymphocyte and monocyte populations
being known to respond to microbial signals from the
gut. 4

Additionally, this idea of “adjuvant taxa” may also extend
to antibody responses generated. Although enrichment
of C. aerofaciens and Enterococcus species was observed
with increased IgG response post-MET4, IgG responses
appeared to be directed primarily against Acidamino-
coccus despite its limited engraftment. This suggests that
engrafting immunostimulatory taxa may be distinct from
those against which IgG responses are generated. Instead,
engrafting microbes may act as adjuvant taxa triggering
increased heterologous antibody responses connected to
general activation of systemic and peripheral immunity,
which may occur with or without systemic translocation™
and may be toll-like receptor-dependent.”’

Proportionally stronger increases in Acidaminococcus in
the IgG bound fraction may also explain post-treatment
decreases in IgG binding for MET4 taxa. That is, large
increases in Acidaminococcus abundance might lead to
a corresponding decrease in RA of other taxa. Investi-
gating the connection between engraftment of microbes,
the generation of systemic immunity, and targets of
that immunity will be important in understanding how

circulating antibody and antitumor responses may be
induced by gut microbiota.

This work has the following limitations. As MET4-IO
focused primarily on safety and engraftment of MET4,
the trial was not sufficiently powered to draw conclu-
sions on therapeutic outcomes and was confounded by
multiple tumor types in enrolled individuals. Longer-
term outcomes were also not evaluable due to lack
of availability of these sample time points for many
participants. A more comprehensive longitudinal study
focusing on MET4 and immunotherapy responses in
a restricted cancer cohort would be required to thor-
oughly describe the relationship between MET4, induced
humoral immunity, and ICI response. Additionally, for
stool sample analysis, taxonomic assignment during
microbial profiling performed with MetaPhlAn V.4.0.6
may differ from newer versions with updated taxonomy
assignment. However, enrichment of known MET4 taxa
in the high IgG response group and/or MET4 recipients
was observed, indicating any differences in labeling did
not strongly affect identification of taxa known to be part
of the consortium.

The anticommensal Ig assay has important limitations.
First, despite the absence of differences in plasma anti-
body concentrations between time points at a group
level, some individuals had reduced levels of antibodies
post-treatment that also displayed strong decreases in
Ig responses (data not shown). However, this was only
observed in control participants or with IgA responses,
neither of which were associated with changes post-
treatment. Additionally, the assay was limited in its reten-
tion of certain microbes throughout preparation and
processing. The presence of MET4 taxa by 16S or groEL
qPCR varied by microbe throughout processing steps,
while greater overall log-fold decreases than expected
were observed post-cell sorting. This may be due to size
exclusion during centrifugation or gating, decreased
viability of more sensitive microbes (eg, anaerobes), or
smaller proportions of specific taxa in the starting mate-
rial. Thus, antibody responses against some taxa may be
masked when using this assay to assess complex microbial
communities, such as MET4 or stool. This contributes to
increased Type II error, which could be problematic if
antibody responses are driven by an excluded microbe.
Nevertheless, the presence of a strong anti-MET4 IgG
response in multiple participants indicates that the assay
was sufficient to identify anti-consortium responses in this
study.

Altogether, this study demonstrated the immunostimu-
latory potential of the MET4 bacterial consortium through
the generation of treatment-specific circulating antibody
responses associated with increases in ICI response-
associated taxa and shifts in circulating immune popula-
tions. The gnotobiotic nature of bacterial consortia allows
for taxonomic modifications to more effectively induce
systemic immunity based on taxa linked with humoral
responses. Further development of bacterial consortia
using similar assessments of systemic immune stimulation
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will be informative for designing optimal microbial
communities aimed at augmenting antitumor immunity.
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