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ABSTRACT Growing evidence demonstrates the key role of the gut microbiota in
human health and disease. The recent success of microbiotherapy products to treat
recurrent Clostridioides difficile infection has shed light on its potential in conditions
associated with gut dysbiosis, such as acute graft-versus-host disease, intestinal bowel
diseases, neurodegenerative diseases, or even cancer. However, the difficulty in defining
a “good” donor as well as the intrinsic variability of donor-derived products’ taxonomic
composition limits the translatability and reproducibility of these studies. Thus, the
pooling of donors’ feces has been proposed to homogenize product composition
and achieve higher taxonomic richness and diversity. In this study, we compared
the metagenomic profile of pooled products to corresponding single donor-derived
products. We demonstrated that pooled products are more homogeneous, diverse, and
enriched in beneficial bacteria known to produce anti-inflammatory short chain fatty
acids compared to single donor-derived products. We then evaluated pooled products’
efficacy compared to corresponding single donor-derived products in Salmonella and
C. difficile infectious mouse models. We were able to demonstrate that pooled products
decreased pathogenicity by inducing a structural change in the intestinal microbiota
composition. Single donor-derived product efficacy was variable, with some products
failing to control disease progression. We further performed in vitro growth inhibition
assays of two extremely drug-resistant bacteria, Enterococcus faecium vanA and Klebsiella
pneumoniae oxa48, supporting the use of pooled microbiotherapies. Altogether, these
results demonstrate that the heterogeneity of donor-derived products is corrected by
pooled fecal microbiotherapies in several infectious preclinical models.

IMPORTANCE Growing evidence demonstrates the key role of the gut microbiota in
human health and disease. Recent Food and Drug Administration approval of fecal
microbiotherapy products to treat recurrent Clostridioides difficile infection has shed
light on their potential to treat pathological conditions associated with gut dysbiosis.
In this study, we combined metagenomic analysis with in vitro and in vivo studies
to compare the efficacy of pooled microbiotherapy products to corresponding single
donor-derived products. We demonstrate that pooled products are more homogeneous,
diverse, and enriched in beneficial bacteria compared to single donor-derived products.
We further reveal that pooled products decreased Salmonella and Clostridioides difficile
pathogenicity in mice, while single donor-derived product efficacy was variable, with
some products failing to control disease progression. Altogether, these findings support
the development of pooled microbiotherapies to overcome donor-dependent treatment
efficacy.
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Over the last decades, the development of metagenomic tools has accelerated
research on microbial communities, drastically improving knowledge on intestinal
microbiota composition and function. The gut microbiota has proven to be essential
to its host for the fermentation of non-digestible substrates, the maintenance of gut
barrier integrity, the regulation of immune system homeostasis, and for protection
against pathogens (1). Meanwhile, alteration of the gut microbiota composition and
function, called dysbiosis, was also found in a number of pathological conditions.
These findings led researchers to develop therapies aiming at restoring gut microbiota
integrity and function for the treatment or prophylaxis of many diseases. The best
example is the recent success of fecal microbiota transfer (FMT) for the treatment of
recurrent Clostridioides difficile infection (rCDI), achieving an outstanding remission rate
of 85%-95%, though the exact mechanism of action remains unclear (2-4). These results
led to the first Food and Drug Administration (FDA) approval of a microbiotherapy
product as well as its recommendation by the European and North American medical
societies (5). The enthusiasm for microbiotherapies led to a surge in clinical research
in a growing number of indications, such as infectious diseases (6-8), gastrointestinal
diseases (9, 10), metabolic disorders (11, 12), auto-immune and inflammatory diseases
(13, 14), neurological disorders (15), liver diseases (16), kidney diseases (17), acute
gastrointestinal graft-versus-host (aGvHD) disease (18), and cancers (19-22). Although
FMT is becoming standardized as part of the European SoHO regulation (23), the
protocols for donor screening (24), product manufacturing, and administration differ
according to local procedures (25). In addition, the difficulty in defining a “good” donor
as well as the intrinsic variability of donor-derived products’ taxonomic composition
limits the translatability and reproducibility of these studies (26). Indeed, it has been
demonstrated that differences in donor-derived stool composition translate to major
changes in engraftment dynamics, directly affecting treatment efficacy in gastrointesti-
nal disorders (27-29). In particular, comparing the gut microbiota profiles of different
donors has revealed that microbial diversity is a reliable predictor for FMT success (30).
Thus, the pooling of several donors’ feces has been proposed to homogenize product
composition, achieve higher taxonomic richness, and enrich specific bacterial genera
with health benefits such as butyrate-producing bacteria (31-33). The accumulation of
evidence shows that the FMT procedure is safe (34) despite a few serious incidents such
as the transfer of resistant bacteria leading to the death of one immunocompromised
patient, which could have been avoided by rigorous donor screening (35). Recently, we
demonstrated the safety of pooled allogeneic fecal microbiotherapy in a population
of highly immunocompromised steroid refractory gastrointestinal-GvHD (SR-GI-GvHD)
patients in a phase Il trial (18). An improved response rate was also observed in a
cohort of 81 patients treated with pooled products in the compassionate use/expanded
access program. We further evidenced that microbiota engraftment was improved when
increasing the number of donors who contributed to the received pooled product (18,
36). In line, we performed a systematic meta-analysis demonstrating the superiority of
pooled fecal microbiotherapy compared to single donor-derived products to achieve a
clinical benefit in ulcerative colitis patients (37). The aim of this study was to evaluate
the anti-infectious effect of the two microbiotherapy formulations, i.e., the microbiome
of human single donor-derived products and corresponding pooled products in two
well-established preclinical mouse models of infection with Salmonella enterica and
Clostridioides difficile. We further compared the growth inhibition activity of single
donor-derived products and corresponding pooled products against C. difficile and two
extremely drug-resistant bacteria, Enterococcus faecium vanA and Klebsiella pneumoniae
oxa48, through an in vitro culture assay.
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MATERIALS AND METHODS
Test substance

The test substances used in this study were feces from different single healthy donors
and related pooled products manufactured by MaaT Pharma, Lyon, France. All products
were screened to validate the absence of pathogens using Filmarray Gastro-Intestinal
Panel. Single donor-derived products were formulated as homogenized single-donation
fecal microbiota suspensions. As previously described by Burz and colleagues (38), each
individual donation was processed by adding 4 mL of MaaT Pharma'’s proprietary diluent
per gram of stool. Each fecal pooled product was formulated as a homogenized pooled
fecal microbiota suspension from five to nine different donors. All products were stored
as frozen suspensions at —80°C until use.

Infectious murine models

All animal experiments for Salmonella murine model were performed at PLEXAN
(Platform for Experiments and Analysis, Faculty of Medicine, Université de Saint-Etienne,
France) and for the C. difficile murine model at PharmAnima platform UMS 3612 CNRS -
US25 INSERM. Both platforms are conventional animal facilities with infectious sector P2.
All mice were acclimated to laboratory conditions for a minimum of 1 week prior to study
initiation.

Salmonella enterica serovar Typhimurium infection mice model

Six- to eight-week-old female BalbC/J mice (Charles River Laboratories, Wilmington, MA,
USA) individually identified by ear punches were randomly assigned to groups and
housed in groups of four mice per cage and maintained on a 12-h light-dark cycle.
The food (standard chow) and water were ad libitum. Animal viability and behavior
were observed daily. Pretreatment with vancomycin (0.05 mg/g of body weight) was
done on Day -5 and Day —4. One hundred microliters of treatment with pool or
single donor products or treatment vehicle (PBS) was administered on Day —1 via oral
gavage. Streptomycin-resistant Salmonella enterica serovar Typhimurium (SET) strain
SL1344 inoculum (100 uL, 10”7 CFU) was administered on Day 0 via oral gavage. Fecal
sample collection occurred on Days -5, -1, 0, 3, 5. Animals were euthanized on Day 5.
Animal viability and behavior were monitored daily, and survival and body weight were
assessed at each time point. Mice monitoring was performed on days D-5, D-4, D-1,
DO, D1, D2, D3, and D5, and weight loss was calculated from DO as follows: % weight
loss = (measured weight x 100)/ initial weight (Day 0). The disease activity index (DAI),
which allows us to score the severity of colitis, was monitored daily to evaluate the
clinical progression of colitis. The DAI score is cumulative and based on the presence and
severity of three symptoms: weight loss, stool consistency, and rectal bleeding (Table 1).
The experimental endpoint was reached when mice exhibited weight loss greater than
20% of initial weight with dehydration and diarrhea. At that point, mice were euthanized
by inhalation of isoflurane followed by cervical dislocation.

Clostridioides difficile infection mice model

Four- to five-week-old female C57BL/6J mice (Charles River, France) individually
identified by paws tattoo were randomly assigned to groups and housed in groups
of three to five mice per cage and maintained under a 12-h light-dark cycle. The food
(standard chow), water, bedding, and cages were autoclaved. Cage changes and daily
assessment of the physical condition and behavior of the animals were performed
under a laminar flow hood. All animals were treated for 3 days (D —5 to D —3) with
a mixture of antibiotics (ATB) dissolved in drinking water and consisting of amikacin
(0.4 mg/mL), gentamicin (0.035 mg/mL), colistin (850 U/mL), metronidazole (0.215 mg/
mL), and vancomycin (0.045 mg/mL). After 1 day of wash out, mice received a single
intraperitoneal injection of clindamycin (10 mg/kg of body weight) (39). The day after,
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TABLE 1 Disease activity index of Salmonella mouse model

Symptom Definition Score

Weight loss No weight loss
1%-5% loss
5%-10% loss
10%-20% loss
>20% loss
Stool consistency Normal
Loose stool
Diarrhea
Rectal bleeding No blood
Visual pellet bleeding

AN O AN O DM WN = O

Gross bleeding and blood around the anus

mice were orally infected with 1 x 10° C. difficile (CD) spores (R20291 strain) suspended in
200 pL of PBS for positive control group (n = 6) or in 200 yL of diluted (1/4 in PBS) pool or
single donor products according to group assignment (n = 6 per group). All animals were
monitored daily from infection until sacrifice for symptoms and mortality, and weights
were recorded. The DAI, which allows us to score the severity of infection, was monitored
daily to evaluate the progression of infection. The DAI score is cumulative and based
on the presence and severity of two symptoms: weight loss and behavior with a score
from 0 to 3 (Table 2). Fecal samples were collected on D —6 (before ATB treatment), DO
(before infection), and from D1 to D4 (during treatment). Animals were euthanized at
D4 or before for the animals that were considered to be moribund (=20% weight loss
or DAI > 3). Mice monitoring was performed from D —6 to D4. Weight loss after DO was
calculated as follows: % weight loss=[weight (Dx) x 100]/weight (D0). The experimental
endpoint was reached when mice exhibited weight loss >20% of initial weight or DAI >
3. Mice were euthanized by an intraperitoneal anesthesia (mix of 10 mg xylazine/kg of
body weight and 150 mg ketamine/kg of body weight) followed by cervical dislocation.
Survival parameter encompasses natural death and euthanasia due to a moribund state.

CFU assay

At the time of necropsy, cecal content and feces were collected, diluted in a 10 to
10 serial dilution, and plated on ChromID Petri dishes (Biomérieux) and LB (LB Broth,
Sigma) supplemented with 90 ug/mL of streptomycin for C. difficile and S. enterica serovar
Typhimurium titration, respectively, to quantify colony-forming units for each mouse.

Myeloperoxidase assay

The colonic tissue section was collected and stored at —80°C until analysis. Proteins were
extracted in 1 mL of PBS 1x in the presence of protease inhibitors (Roche) and ceramic
balls with three cycles (30 s) of mechanical lysis. Colonic myeloperoxidase (MPO) was
measured as an inflammatory marker using the Mouse MPO DuoSet Kit (R&D system)
according to the manufacturer’s instructions.

DNA isolation, 16S rDNA, and shotgun sequencing

Genomic DNA was extracted from fecal samples using the NucleoSpin Soil kit (Macherey
Nagel). A sequencing library targeting the V3-V4 region of the 16S rRNA gene was

TABLE 2 Disease activity index of CDI mouse model

Score Behavior Weight

0 Normal No weight loss

1 Decrease in grooming Weight loss < 10%

2 Decrease in mobility 10% < weight loss < 20%
3 Prostration Weight loss = 20%
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constructed for each sample using the MyTaq HS-Mix (Bioline) according to the
manufacturer’s instructions. Libraries were then sequenced in paired-end (2 x 300 bp)
MiSeq runs (lllumina). Positive and negative controls were added throughout the process
to validate the successful completion of each step.

Bioinformatic analysis

16S rDNA bioinformatic analysis was performed with the gutPrint platform using the
in-house MgTagRunner v2.0.0 pipeline. Briefly, after amplicon merging using FLASH
(minimum overlap = 50 bp, maximum overlap = 300 bp, maximum 25% mismatches
in the overlap region) (40), reads were quality filtered using Trimmomatic (minimum
amplicon length = 300 bp, minimum average quality = 30, minimum quality for
extremities = 20, and minimum quality for 10 bp sliding window = 25) (41). Ampli-
cons were then clustered into operational taxonomic units (OTUs) with an identity
threshold of 97%, and a taxonomical annotation was assigned to each output using
VSEARCH (42) and the Silva SSU database (Release 128). To allow data comparison,
the number of sequences was normalized to 60,000 amplicons per sample. The alpha-
diversity (richness and Shannon) and beta-diversity (Jaccard and Bray-Curtis similarities)
indices were calculated with R Statistical Software (R Core Team 2018, version 3.4.4)
using vegan (https://cran.r-project.org/web/packages/vegan/index.html) and phyloseq
packages (43).

In vitro growth inhibition assay

Test samples were thawed at 37°C for 15 min in anaerobic conditions. A volume of 20 pL
of each sample was added to the disks on Wilkins-Chalgren agar plates and incubated
at 37°C overnight in anaerobic conditions. Blood Columbia agar and Tryptone-Soy (TS)
agar were prepared according to the manufacturer’s instructions. Each targeted bacterial
strain was cultured at its optimal growth media before testing (Table 3). For each bacteria
preparation, colonies of each strain were added in sterile physiologic serum (NaCl 0.9%)
to obtain a suspension adjusted to a visual turbidity of 1 MacFarland. One milliliter of
the suspension was added to 20 mL of supercooling Mueller-Hinton agar except for C.
difficile that was added to Brucella agar. The inoculated mixtures were poured on the
first WCB layer containing disks. After solidification, an antibiotic disk specific for each
strain was added, and plates were then incubated in their optimal culture condition
(Table 3). The pathogen growth inhibition zone was measured manually after 24 h, and
the results were expressed as the ratio of the inhibition zone of the product to that
of the reference antibiotic (44). Results show the mean of one or two independent
experiments preformed in triplicate. A total of 5 pooled products and 35 corresponding
single donor-derived products were tested.

Statistical analysis

Statistics were performed using GraphPad Prism software (version 9). Unpaired t-tests
were used for both murine and human microbiome products’ analyses. Mann-Whitney
test was used for in vitro inhibition assays. A chi-square test was used for CD mouse

TABLE 3 Optimal culture conditions of bacteria for in vitro test

Applied and Environmental Microbiology

Pathogen species Provider Culture conditions before the test

Culture conditions for the test

Clostridioides difficile 027 R20291 strain APHP Saint Antoine Blood Columbia agar, anaerobic condition,

37°C,48 h
Enterococcus faecium vanA strain APHP Saint Antoine TS agar, aerobic condition, 37°C, 24 h
Klebsiella pneumoniae oxa48 strain APHP Saint Antoine TS agar, aerobic condition, 37°C, 24 h

Brucella agar, anaerobic condition,
37°C,24h

Mueller-Hinton agar, anaerobic
condition, 37°C, 24 h

Mueller-Hinton agar, anaerobic
condition, 37°C, 24 h
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survival analysis, and a two-way ANOVA followed by Tukey’s tests was used for CD and
SET models.

RESULTS

Pooled products display reduced taxonomic variability and increased
bacterial diversity compared to single donor-derived products

We first analyzed and compared the microbiome of all human pooled and correspond-
ing single donor-derived products used in this study using 16S rDNA sequencing. A
high taxonomic variability was observed between feces from single donors, as visually
evidenced by donors 27 and 31 displaying a high relative abundance of Prevotellaceae
compared to others (Fig. TA). In contrast, pooled products displayed similar profiles,
even when the individual donors who contributed to each pool were very different.
The similarity between pooled products was evaluated using the Bray-Curtis similar-
ity index (beta-diversity index). Bray-Curtis similarities at OTU level between pooled
products were significantly higher than similarities between single donors (medians:
0.6309 vs 0.3871, respectively, P < 0.0001) with lower variation (Fisher's F test for
equality of variance, P = 0.0008) (Fig. S1). This was further evidenced by Bray-Curtis
representation as principal coordinate analysis (PCoA), a data projection of microbial
composition differences between samples. PCoA shows that the pooled products form
a tight cluster of points, while individual donors are scattered (Fig. 1B), demonstrating
a greater similarity between pooled product compositions. We then focused on major
phyla (Fig. 1C) as well as a set of bacterial genera (Blautia, Bifidobacterium, Lachnospira,
Faecalibacterium, Ruminococcus, and Roseburia) (Fig. 1D) found in healthy donors and
known to be associated with health benefits. While no significant difference in their
relative abundance was observed between pooled products and corresponding single
donor-derived products, we observed a significant reduction in the variances of pooled
products’ composition, as evidenced by Fisher’s F test for equality of variance. Next,
we assessed the microbial richness at the OTU level (Fig. 1E), as well as the Shannon
alpha-diversity index (Fig. 1F), which is representative of both the number and distri-
bution of bacterial species. By doing so, we observed a significant increase in both
the richness and Shannon diversity of pooled products compared to corresponding
single donor-derived products. These results confirm that the pooling of feces from
different and heterogeneous donors allows for an increase in the diversity of microbial
communities while decreasing taxonomic variability between batches, as evidenced by
the standardization of health-associated bacterial genera levels (18).

Pooled microbiotherapy decreases Salmonella enterica serovar Typhimurium
pathogenicity in mice compared to single donor-derived feces

Next, we assessed the potential benefit of a diverse pooled microbiotherapy over
corresponding single donor-derived products to protect against SET infection in mice.
SET is a foodborne pathogen involved in sepsis in immunocompromised patients (45,
46) and is commonly used in mice for bacterial pathogenesis research (47). Briefly,
pre-treatment with vancomycin was done on day —5 to —4 to prepare the ecological
niche. Mice were then gavaged with microbiotherapy products on day —1, one day
before SET infection (Fig. 2A). No mortality was reported during the experiment. High
weight losses were observed in Salmonella group (-19.3% % 2.9%) and in all groups
treated with single donor-derived products (—19.3% + 3.6% for donor 41; —=17.5% + 4.4%
for donor 42; —17.4% =+ 6.1% for donor 43; —19.6% =+ 7.4% for donor 44; —16.1% + 3.4%
for donor 45; —11.5% * 3.2% for donor 46; —14.9% + 4.0% for donor 47; and —14.5% =+
3.3% for donor 48) 5 days post-infection (Fig. 2B). Interestingly, only a slight weight loss
(—4.2% =+ 3.2% for pool G) was observed in mice receiving pooled microbiotherapy at day
5 post-infection. Indeed, while no significant difference was observed between single
donor-derived products and Salmonella group, pooled product significantly decreased
weight loss (P = 0.0002). We further evaluated the DAI, a cumulative score based on
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FIG 1 (Continued)
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components. (C) Relative abundance of the four major phyla. (D) Relative abundance of selected bacteria associated with health benefits. (E) Alpha-diversity

represented by OTU richness and (F) Shannon index at the OTU level. Unpaired t test was performed on richness and Shannon indexes, and Fisher’s test for

equality of variance was performed on relative abundance data.

the presence and severity of three symptoms: weight loss, stool consistency, and rectal
bleeding, expressed in arbitrary units (A.U.). While pooled microbiotherapy significantly
decreased the DAI (from 6.0 + 0.7 A.U. for Salmonella group to 2.0 + 1.1 A.U. for pool
G; P < 0.0001) 5 days post-infection, no significant differences were observed between
Salmonella group and mice treated with single donor-derived products (5.2 + 0.8 A.U.
for donor 41; 6.0 + 0.7 A.U. for donor 42; 6.2 + 0.8 A.U. for donor 43; 6.0 + 1.0 A.U.
for donor 44; 5.4 + 0.9 A.U. for donor 45; 4.8 + 0.8 A.U. for donor 46; 5.8 + 0.8 A.U.
for donor 47; and 4.8 + 0.8 A.U. for donor 48) (Fig. 2C). Five days after infection, the
feces of mice were collected and cultured to assess Salmonella fecal carriage as a control
of infection. No clear difference in Salmonella fecal carriage was observed between
groups 5 days post-infection (Fig. 2D). These results demonstrate the superiority of
pooled microbiotherapy over corresponding single donor-derived products to decrease
Salmonella Typhimurium pathogenicity in mice.

Pooled microbiotherapy decreases Clostridioides difficile pathogenicity in
mice compared to single donor-derived feces

We further compared the potential of pooled and corresponding single donor-derived
microbiotherapies to prevent Clostridioides difficile infection in a spiking mice model.
CD infection is a common intestinal infection that leads to potentially severe colitis in
immune-compromised patients or in patients experiencing intensive antibiotherapies
(39, 48). Briefly, mice were treated with antibiotics for 3 days to prepare the ecological
niche before concomitant administration of CD and microbiotherapies (Fig. 3A). Five
non-infected mice were used as negative controls (control group), and they showed
a 100% survival rate. The results showed that CD challenge was highly pathogenic,
resulting in a 83.3% (five out of six) mortality rate in mice (C. difficile group) (Fig. 3B)
associated with a high body weight loss (-11.3% + 9.4%) at 2.5 days post-infection
(Fig. 3C) as previously described (39, 49, 50). We also evaluated the DAI, a cumulative
score based this time on the presence and severity of two symptoms: weight loss and
behavior. As expected, CD challenge resulted in a high DAI score (2.8 + 1.8 A.U.) at 2.5
days post-infection (Fig. 3D). Strikingly, CD-infected mice treated with pooled microbio-
therapy achieved 100% survival rate (Fig. 3B). This was associated with the prevention
of weight loss (-1.0% * 2.4%) and a decreased DAI score (0.5 + 0.5 A.U.) compared
to the CD group (Fig. 3C and D). On the opposite, single donor-derived products gave
heterogeneous results. Indeed, the product from donor 2 failed to protect mice against
CD infection, with 100% of mortality associated with a high body weight loss (-15.5%
+ 2.5%) and a high DAI score (3.8 + 1.5 A.U.) at 2.5 days post-infection. Products from
donor 1 and 3 only showed moderate protective effects, with mortality rates of 66.7%
and 33.3%, respectively, high body weight losses (—10.6% =+ 9.8% for donor 1 and —14.2%
+ 3.0% for donor 3), and high DAI scores (3.0 £ 2.4 A.U. for donor 1 and 1.8 + 0.4 A.U.
for donor 3). Finally, products from donors 4 and 5 provided strong protection against
CD infection with a 100% survival rate, low body weight losses (—0.9% =+ 3.3% for donor
4 and —4.5% + 4.8% for donor 5), and low DAI scores (0.7 + 0.5 A.U. for donor 4 and
1.2 £ 0.4 A.U. for donor 5). These results demonstrate that a pooled product is able
to successfully decrease CD pathogenicity in mice while the efficacy of corresponding
single donor-derived products is heterogeneous.
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FIG 2 Health and biological parameters in Salmonella Typhimurium murine model. (A) Experimental design. (B) Monitoring of body weight. (C) Evolution of

DAl in all groups up to the day of necropsy. (D) Salmonella Typhimurium carriage in individual mice at day 5 post-infection. LOD, limit of detection. Results are
expressed as the mean + SEM for body weight and DAI; median and range for S. Typhimurium carriage. Two-way ANOVA followed by post hoc Tukey'’s tests was

performed.
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Results are expressed as the mean + SEM. Chi-square test was performed on survival results.
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Pooled microbiotherapy decreases Clostridioides difficile inflammation in
mice compared to single donor-derived feces

CD load in the cecal content of mice treated with pooled microbiotherapy (log 3.8 £
0.1 CFU/g; P =0.0005) or with products derived from donors 4 or 5 (log 4.3 + 0.2 CFU/g; P
=0.0057 and log 4.3 + 0.3 CFU/g; P = 0.0049, respectively) was also significantly reduced,
with values close to the limit of detection (LOD: log 3 CFU/g) compared to the CD control
group (log 6.3 = 0.5 CFU/g) (Fig. 4A). Colonic MPO, an enzyme released by neutrophils
recruited to the intestinal mucosa during bacterial infections (51) and hallmark of colon
inflammation, was also measured at the time of the necropsy. Two-way ANOVA revealed
a significantly higher MPO level in CD-infected mice (median of 1,656 ng/g of colonic
tissue) and in mice receiving donor 1-derived product (median of 1,677 ng/g of colonic
tissue) compared to the control group (60 ng/g of colonic tissue; P < 0.005) (Fig. 4B).
Mice treated with pooled microbiotherapy or with products from single donors 4 and
5 showed significantly lower colonic inflammation, with median MPO levels at least five
times below those of the CD group (<300 ng/g; P < 0.005), in line with the CDI model
description in the literature (44, 52). A significant positive correlation between CD load
and MPO level was observed in mice (P < 0.0001, Fig. 4C). These results demonstrate
that a pooled product is able to successfully decrease CD inflammation in mice while the
efficacy of corresponding single donor-derived products is heterogeneous.

Pooled microbiotherapy increases microbial diversity in Clostridioides difficile
mice compared to single donor-derived feces

To study the changes in gut microbiome composition after CD infection and microbio-
therapy, fecal samples were collected at the time of necropsy and analyzed using 16S
rDNA sequencing. Treatment with both single donor-derived products and correspond-
ing pooled products increased OTU microbial richness in mice (P < 0.0001) (Fig. 5A).
Microbial richness was higher in mice treated with pooled products compared to mice
treated with corresponding single donor-derived products (pool A: 162.8 + 4.9 OTU;
donor 1: 76.75 + 6.7 OTU; donor 2: 95.50 = 6.5 OTU; donor 3: 89.60 + 3.9 OTU;
donor 4: 103.0 + 2.0 OTU; and donor 5: 114.8 + 5.8 OTU). We then measured the
Butycore index, defined as the cumulative relative abundance of 15 specific bacterial
genera associated with clinical benefits and known to produce butyrate or enhance
butyrate producers: Blautia, Faecalibacterium, Alistipes, Eubacterium, Bifidobacterium,
Ruminococcus, Clostridium, Coprococcus, Odoribacter, Roseburia, Anaerostipes, Oscillibacter,
Subdoligranulum, Butyrivibrio, and Holdemanella. Interestingly, CD infection induced a
non-significant decrease in Butycore index in mice (6.8% + 0.7% for control and 0.0%
+ 0.0% for C. difficile; P = 0.1987) (Fig. 5B). While treatment with single donor-derived
products 1, 2, and 3 failed to restore Butycore (0.25% + 0.25% for donor 1; 1.0% =+
0.0% for donor 2; and 0.8% * 0.2% for donor 3), pooled products as well as single
donor-derived products 4 and 5 increased Butycore in treated mice (17.17% + 1.5%
for pool A; 17.83% + 2.7% for donor 4; and 7.5% + 2.3% for donor 5) (P < 0.0001,
P < 0.0001, and P = 0.0356, respectively). A higher Proteobacteria/Firmicutes ratio, a
classical hallmark of global gut dysbiosis (51), was also observed in CD-infected mice as
well as in mice treated with single donors-derived products 1, 2, and 3 (Fig. S2A). The
colonic inflammation status of mice evidenced by MPO level was positively correlated
with Proteobacteria/Firmicutes ratio (Fig. S2B) (P < 0.0001). These results are consistent
as a dysbiotic microbiome is often characterized by an overrepresentation of Proteobac-
teria at the expense of Firmicutes (51). At the opposite end, MPO level was negatively
correlated with Butycore index (P < 0.005) (Fig. S2C) as well as OTU richness (P < 0.05)
(Fig. S2D). Product engraftment was then measured as the proportion of OTUs from the
product found in the microbiota of mice after treatment. Despite similar engraftment of
all microbiotherapy products in mice (25.5% + 4.7%) (Fig. 5C), in line with the literature
(53), different taxonomic profiles were observed at the family level between products
(Fig. 5D). Indeed, mice treated with pooled product as well as with single donor-derived
products 4 and 5 display a high proportion of Lachnospiraceae and Lactobacillaceae
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FIG 4 Biological parameters in C. difficile murine model. (A) Level of CD in mice cecal content at the time of necropsy. (B) Level of MPO in colonic tissue at the

time of necropsy. (C) Pearson correlation analysis between C. difficile load in cecal content and MPO in colon. Results are expressed as the median range. ND,

non-detectable. Two-way ANOVA followed by post hoc Tukey's tests was performed.

and a low proportion of Enterobacteriaceae (Fig. 5D). As expected, Jaccard beta-diversity
analysis demonstrated a clear stratification between products, untreated mice, and mice
receiving microbiotherapy products (Fig. 5E). Mice receiving microbiotherapy products
displayed a microbial profile closer to the products than to untreated mice. We further
analyzed the proportions of each of the five single donor-derived products constituting
the pooled product at the OTU level. By doing so, we found that the pooled product
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components. Ellipses were drawn based on a multivariate t-distribution test at the 95% confidence interval for each group. (F) Contribution of the different

donors to the pooled product expressed in percentage of OTU. (G) Contribution of the different donors forming the pooled product to its engraftment in

mice. Two-way ANOVA followed by post hoc Tukey’s tests was performed. In panels A and B, empty symbols were used for products, and the same colors were

conserved for mice receiving these products.

was composed of up to 79.2% of OTU shared by at least two different donors and
18.5% of donor-specific OTU in the following proportions: 5.1% from donor 1; 4.6%
from donor 2; 4.6% from donor 3; 2.8% from donor 4; and 1.4% from donor 5 (Fig. 5F).
Finally, we analyzed the microbiome of mice treated with pooled microbiotherapy to
evaluate the percentage of donor-specific OTU engrafted in mice. These results allowed
to decipher the contribution of each of the single donor-derived products composing
the pool to product engraftment in mice. We found that about 45.4% + 2.6% of the
OTU engrafted in mice originated from at least two donors. Single donor-specific OTUs
were found in varying proportions in mice treated with pooled microbiotherapy: 5.5%
+ 0.3% from donor 1; 3.2% + 0.2% from donor 2; 1.1% + 0.5% from donor 3; 1.0% +
0.2% from donor 4; and 0.8% = 0.1% from donor 5 (Fig. 5G). Altogether, these results
demonstrate that pooled microbiotherapy allows to increase the diversity of beneficial
bacteria engraftment in recipient mice and support the use of pooled microbiotherapy
over corresponding single donor-derived products to decrease CD pathogenicity in mice.

Pooled products inhibit the growth of two extremely drug-resistant patho-
gens in vitro

These in vivo results prompted us to compare the direct in vitro potential of pooled
and corresponding single donor-derived microbiotherapy products to inhibit pathogen
growth using a modified agar spot test assay. Briefly, after overnight incubation of the
microbiotherapy samples placed on a cellulose disk, a bilayer of agar inoculated with
the tested pathogen is put on top and then incubated. Pathogen growth inhibition
zone was measured after 24 h, and the results were expressed as the ratio of the
inhibition zone of the product to that of the reference antibiotic (Fig. 6A). First, CD
pathogen growth inhibition was evaluated as the gold standard for microbiotherapy
products. Interestingly, all microbiotherapy products showed anti-CD activities. While
most microbiotherapy products showed anti-CD activities significantly higher compared
to reference vancomycin antibiotics (P = 0.0079 for donor, and P = 0.0040 for pool) (Fig.
6B), some single donor-derived products failed to reach similar anti-microbial efficacy.
These results are consistent with conclusions from the C. difficile infectious mouse model
(Fig. 3). We further compared the anti-pathogenic activity of microbiotherapy products
against E. faecium vanA and K. pneumoniae oxa48, two emerging extensively drug-resist-
ant bacteria (eXDR) involved in sepsis in immunocompromised patients (54), with limited
treatment options available (55). While most microbiotherapy products showed anti-E.
faecium vanA activities (Fig. 6C), some single donor-derived products failed to demon-
strate an anti-E. faecium vanA activity. The anti-pathogenic activity of pooled products
was similar to that of tigecycline. A non-significant increase in anti-E. faecium vanA
activity was observed with pooled products compared to single donor-derived products
(P = 0.08). Most microbiotherapy products showed anti-K. pneumoniae oxa48 activities
(Fig. 6D), which were significantly higher compared to reference colistin antibiotics (P
= 0.0079 for donor and P = 0.0003 for pool). Pooled products had significantly higher
K. pneumoniae oxa48 growth inhibition activities compared to corresponding single
donor-derived products (P = 0.0389). Overall, pooled microbiotherapy products induced
a more consistent anti-microbial activity against all three pathogens, while heterogene-
ous and/or lower efficacy was observed in corresponding single donor-derived products.
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DISCUSSION

The growing interest in fecal microbiotherapies (56) encounters several challenges
associated with the intrinsic nature of the raw material, the challenging selection of
vetted healthy donors, the need for manufacturing standardization procedures global
guidance, and the lack of homogenized regulatory status between countries (26).
Nonetheless, several important advances were achieved such as the emergence of
stool banks (57) or the development of encapsulated freeze-dried stool formulations
allowing easier storage (4°C vs —80°C) and treatment acceptability for patients (58). While
significant improvements have been made, needs remain to enhance product manufac-
turing processes, ensuring a consistent supply of safe and effective microbiotherapies
for patients. Because of the complexity of microorganism-host interactions and the
diversity of fecal microbiotherapy products, elucidating the exact mechanism of action
in one specific indication is challenging (33). Since its efficacy likely relies on different
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microbial genera or species and functions, it makes donor-dependent heterogeneity
even more problematic. Thus, one of the strategies to overcome these limitations is to
pool feces from several healthy donors to reduce the variability of product composition
and functions, achieve higher taxonomic richness, and ensure the presence of specific
bacterial genera with health benefits such as butyrate-producing bacteria.

By comparing the microbiome profile of single donors and corresponding pooled
products, we demonstrated that the pooling strategy successfully reduces donor-
dependent microbiome product variability, especially for bacterial genera associated
with health benefits such as Blautia spp., Faecalibacterium spp., Ruminococcus spp.,
and Bifidobacterium spp. The Shannon alpha-diversity index, which has been used as
a healthy microbiota indicator in human studies (59), is also significantly increased
in pooled products. In line, in the HERACLES clinical study evaluating pooled fecal
microbiotherapy in SR-Gl-aGvHD patients, an increase in both richness and Shannon
index was observed in pooled products and stool from responder patients after pooled
microbiotherapy. The presence of a group of 15 different bacterial genera known to
produce short chain fatty acid also called Butycore index was further observed in both
microbiotherapy products and treated responder patients (18). Finally, Srednicka and
colleagues (60) also observed a reduced variability and an increase in alpha-diversity
metrics in fecal pooled inoculum used for in vitro culture.

Infectious diseases remain one of the main causes of mortality and morbidity in
the world (61), due to the quickly escalating emergence of antibiotic resistance. Here,
we evidenced for the first time the capability of a pooled microbiotherapy product
to prevent the appearance of symptoms induced by SET infection, while some corre-
sponding single donor-derived products failed to be effective. Interestingly, previous
work performed by Wang and colleagues (62) also failed to demonstrate the efficacy
of a single donor-derived mice product, although this discrepancy might be related
to a different experimental design aiming at curing the infection. Surprisingly, the
improved DAI score obtained after pooled fecal microbiotherapy was not associated
with a significant decrease in fecal S. Typhimurium load. This could be explained by the
short duration of the experiment and SET’s ability to long-term colonize the digestive
tract (62).

Confirmation of the protective effect of pooled products compared to single
donor-derived products was demonstrated using a spiking CD mouse infection model.
CD is the first cause of hospital-acquired infections and is also involved in sepsis in
immunocompromised patients. CD infection is the first indication for which a fecal
microbiotherapy product has been approved by the US FDA. As such, it is now consid-
ered as the gold standard for the evaluation of fecal microbiotherapies in infectious
diseases, although CD mouse model humanized with human microbiota cannot be
considered an exact reflection of rCDI patients’ clinical care (63). We revealed that a
pooled product was able to successfully protect against CD infection while the efficacy
of corresponding single donor-derived products was heterogeneous. The microbiome
profile of rCDI patients is characterized by a decrease in both bacterial diversity and
richness, reflected by a drop in the relative abundance of Ruminococcaceae, Lachnospira-
ceae, and butyrate-producing bacteria belonging to cluster IV and XIVa of Clostridiales
(64). Following microbiotherapy, a structural change in the intestinal microbiota of
patients is observed with an increase in the relative abundance of Bacteroidetes and
a decrease in Proteobacteria (65, 66). Similarly, CDI animal models are characterized by a
less diversified microbial profile with a low Firmicutes/Bacteroidetes ratio and an increase
in the proportion of Proteobacteria such as Enterobacteriaceae (67).

In this study, CD-infected mice showed a decreased microbial richness, which
was recovered after microbiotherapy. Microbial richness increased to a higher level
for mice treated with pooled product compared to mice treated with corresponding
single donor-derived products. CDI-infected mice showed a low relative abundance of
Firmicutes, in particular, Ruminococcaceae, Lachnospiraceae, and Lactobacillaceae, and a
high abundance of Proteobacteria, namely Enterobacteriaceae. This profile, characterized
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by a high Proteobacteria/Firmicutes ratio, was also observed in mice receiving the
least effective products from donors 1, 2, and 3 and positively correlates with colonic
inflammation. Indeed, Proteobacteria, a phylum characterized by a high presence of
endotoxin-bearing bacteria, is positively correlated with fecal calprotectin, an inflam-
mation marker used in intestinal bowel disease (IBD) disease activity monitoring (68).
Enrichment of bacterial genera associated with health benefits highlighted by a high
Butycore index was also observed in mice treated with pooled product, while the
results were heterogenous for mice treated with single donor-derived products. Among
the genera found in Butycore index, some of them like Coprococcus_2, Roseburia,
or Ruminococcus spp. are known to have anti-CD activity through the production
of short chain fatty acids such as butyrate. Butyrate is able to alleviate intestinal
inflammation via the stabilization of hypoxia-inducible factor-1 expression, preventing
bacterial translocation and local inflammatory response (69). In addition, other genera
used in Butycore index such as Bifidobacterium, Dorea, or Ruminococcus spp. are able
to replace CD through niche competition due to their mucinophilic properties (33).
Another known mechanism of action of microbiotherapy against C. difficile infection is
the modulation of bile-salt metabolism. Indeed, while primary bile acids stimulate the
germination of spores, secondary bile acids such as lithocholate and deoxycholic acid are
potent inhibitors of spore germination (70). In particular, genera like Blautia, Roseburia,
Ruminococcus, or Bifidobacterium spp. included in Butycore index are known to have the
enzymatic ability to produce secondary bile acids (71). Nevertheless, further mechanistic
investigation should be performed to support these hypotheses.

In vitro results further showed that single donor-derived products have very variable
anti-microbial activity against CD and two emerging extensively drug-resistant bacteria,
Enterococcus faecium vanA and Klebsiella pneumoniae oxa48. On the opposite end,
the anti-microbial activity of corresponding pooled products seemed more consistent
between batches. These results are in line with the reduction in the variability of
health-benefiting bacterial genera observed in pooled products since the anti-microbial
activity of bacterial strains is often attributed to the production of metabolites such
as short chain fatty acids, hydrogen peroxide, ethanol, acetaldehyde, reuterin, and
other bacteriocins (72). These preliminary results support the use of homogeneous
and enriched pooled fecal microbiotherapies against eXDR bacteria, for which few
treatment options are available and effective. Nonetheless, further investigation should
be performed to endorse these results.

Altogether, both in vivo and in vitro results demonstrate that the heterogeneous
efficacy of single donor-derived products to treat infectious diseases is corrected
by pooled fecal microbiotherapy. Using comprehensive meta-analyses and machine
learning, microbiota engraftment, donor-recipient complementarity, and mode of
administration were identified as key success factors for microbiotherapy (73, 74).
Especially, laniro et al. (74) showed that better strain engraftment was associated with
improved clinical outcomes in a global analysis across 24 studies. Machine learning
predictions further suggest that microbiotherapy using high-richness donors should
yield higher microbial richness in severe dysbiotic recipient patients. These results are
consistent with previous works highlighting the association between microbiotherapy
richness and efficacy (28, 30, 75). In this study, we demonstrate that mice treated with
pooled microbiotherapy were colonized by common OTU shared by several donors but
also by specific OTU originating from each donor (composing the pooled product). These
results indicate that pooled microbiotherapy allows to increase the diversity of beneficial
bacterial engraftment in recipient mice.

Thus, these data support the use of high-richness pooled microbiotherapies to
increase the likelihood of donor-recipient matching. This study also supports promising
clinical results obtained using pooled microbiotherapy in different indications such
as obesity (75), rCDI (76), UC (32, 77-79), and SR-Gl-aGvHD (18). In line, mathemati-
cal modeling suggests that the pooling of stools—via daily cycling of encapsulated
stool from several healthy donors—may be beneficial for FMT treatment of chronic
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microbiota-related diseases (31). Finally, recent preclinical data demonstrate that pooled
microbiotherapies are more effective than single donor-derived products to alleviate
the symptoms of high-fat-diet-induced hepatic steatosis in mice (80). Altogether, these
data support the development of high richness and diversity-pooled microbiotherapies
capable of overcoming the recipient effect, making them adapted to a higher number of
patients.
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