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ABSTRACT

Fecal microbiota transplantation is now recommended for treating recurrent forms of
Clostridioides difficile infection. Recent studies have reported protocols using capsules of either
frozen or freeze-dried stool allowing oral administration in in- and out-patient settings. However,
a central question remains the viability, engraftment, and efficacy of the microbiome over time
during storage life. This study shows that both the freeze-drying and freezing procedures for fecal
samples allowed preserving viability, short-chain fatty acids concentration, and anti-Clostridioides
difficile properties of microbiota without significant alteration after storage for 12 months. Fecal
transplantation with freeze-dried microbiota allowed engraftment of microbiota leading to clear-
ance of Clostridioides difficile infection in a preclinical murine model with a survival rate of 70%
versus 53-60% in mice treated with frozen inocula, and 20% in the untreated group. Moreover, the
freeze-dried powder can be used to fill oral hard capsules using a very low amount (0.5%) of
glidant excipient, allowing oral formulation. Altogether, this study showed that freeze-dried
inocula can be used for the treatment of Clostridioides difficile infection with long-lasting stability
of the fecal microbiota. This formulation facilitates biobanking and allows the use of hard
capsules, an essential step to simplify patient access to treatment.
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Introduction

Clostridioides difficile (CD, formerly Clostridium dif-
ficile), are one of the most common health care-
associated infections, representing a major burden
in terms of mortality, morbidity, and cost."* The
increasing prevalence, severity, and mortality related
to CD infections in the last decade have led to
a growing interest in new therapeutics based on the
manipulation of the microbiota. Many concordant
studies, including randomized controlled trials, have
shown that fecal microbiota transplantation (FMT)
is highly effective for treating recurrent forms of CD
infection relative to conventional antibiotic treat-
ment, with cure rates reaching 85% to 95%,”® and
a recent report suggests it may be life-saving in

severe infections.” Based on these trials, FMT is
now strongly recommended by the European and
US infectious disease societies.” Beneficial effects of
FMT have also been described in case series and
small prospective trials for several other conditions
associated with gastrointestinal microbial dysbiosis,
including inflammatory bowel diseases,'® metabolic
disorders,'" neuropsychiatric conditions,'* and the
eradication of multi-resistant bacteria, i.e. extended-
spectrum [-lactamase and/or carbapenem-resistant
Enterobacteriaceae.”> However, no evidence-based
recommendations have yet emerged for such condi-
tions, except for clinical research.

The initial methods for FMT proposed the use of
fresh material re-administered through retention
enema, colonoscopy, or naso-duodenal delivery
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within a maximum period of 6 h between donor stool
emission and recipient administration. Now, frozen
fecal material is widely used and several randomized
controlled trials have confirmed that the use of frozen-
and-thawed material is non-inferior (versus fresh) in
terms of cure rates for recurrent CD infection.*® A few
studies have reported protocols using encapsulated
frozen stool allowing oral administration in in- and
out-patient settings with high cure rates in patients
with recurrent infections.'*"'® Pharmaceutical grade
glycerol with final concentration ranging from 10%
(G10) to 80% (G80) is currently used as microbial
cryoprotectant for the preparation of fecal microbiota
transplants."*"” Costello et al. tested bacterial viability
after 6 months of storage at —80°C using culture on
plate media and showed that the microbiome
remained largely unchanged when stored in G10.'
Recently, protocols using freeze-dried (FD) encapsu-
lated fecal microbiota have been reported with similar
cure rates.” ' These new formulations for FMT
represent important advances toward improving
access to this therapy. However, apart from the health
screening, no standard microbial and biological char-
acterization of fecal transplant does exist and current
practice remains mainly empirical. Minimal guide-
lines exist for the preparation and preservation of
fecal transplant'”** but a central question remains
the consequence of long-term storage. In a model of
CD infection, Jiang et al. showed that mice treated
with frozen or FD samples stored for < 7-months were
protected from post-CD challenge diarrhea.”> Thus,
the freeze-drying procedure seems to be adapted to
FMT, but we lack scientific rationale establishing the
biological activity over time of fecal samples after
freeze-drying.

In the present study, we followed over 12 months
of storage, the bacterial viability, metabolite produc-
tion, engraftment in a recipient germ-free model,
and CD inhibition of new FD versus classical frozen
(G10 and G80) fecal transplants. The anti-CD activ-
ity was evaluated, both in vitro and in a murine
preclinical model of CD infection. We show that
the freeze-drying procedure preserves the biological
activity of fecal samples after storage for 12 months
at 4°C. This formulation is also compatible with the
filling of hard oral capsules allowing oral formula-
tion, and represents an easier solution for

biobanking.

Results

Microbiota viability in freeze-dried and frozen
fecal samples

We compared the viability of representative cultivable
microbes from six human stool samples (donors #S1
to #S6) either fresh or preserved for a twelve-month
period by either freeze-drying (samples FD, patent
application WO2017103225A1) or freezing in 10%
or 80% glycerol (samples G10 and G80). Total num-
ber of cultivable bacteria was 10.9 + 0.6 log CFU/g of
feces in fresh stool samples. No significant decrease in
either total culturable bacteria or Extremely Oxygen-
Sensitive bacteria (EOS) was observed until 12 months
of storage regardless the procedure of preservation
(Figure 1(a) and Table SI supplementary data).
Concerning anaerobic genera, there was no effect on
the viability of Bifidobacterium spp. for up to
12 months, regardless of the procedure. In contrast,
there was significantly less Bacteroides immediately
after processing in the FD and G80 samples than in
fresh stools (p < .001) and a subsequent decrease in
the FD samples over time (p < .01 at M6 and M12)
(Figure 1(a), Table S1 supplementary data).
Concerning facultative aero-anaerobic genera, there
was less Enterobacteriaceae after M3 in the FD sam-
ples (p = .04 at M3 and p < .01 at M6 and M12) and
less Enterococcus spp. after 6 months of storage
(p < .01 at M6 and p = .04 at M12) than in fresh
stools. No other significant difference was observed
regardless of the procedure (Figure 1(b), Table S1
supplementary data). No variation in Lactobacilli
was observed over time whatever the procedure.
Cultivable Clostridia (i.e. cluster I-II) were at very
low levels within the microbiota whatever the sample,
making it impossible to count. CD was only detected
in one out of the six samples. Finally, the different
profiles observed within the six donors at inclusion
were preserved during storage whatever the process of
preservation. No further significant modification was
observed in two samples until 18 months of storage
(Table S1, supplementary data).

Short-chain fatty acids concentrations in fecal
samples after 12 months of storage

Total short-chain fatty acids (SCFA) concentrations
ranged from 114.8 + 31 pmol per g of feces in FD
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G10: Frozen stool diluted in glycerol
to final concentration of 10% and stored at -80°C

G80: Frozen stool diluted in glycerol
to final concentration of 80% and stored at -80°C
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Figure 1. Microbiota viability of freeze-dried and frozen human fecal samples over 12 months of storage. (a) Dominant microbiota:
EOS bacteria (n = 6), Bacteroides sp. (n = 6), and Bifidobacterium sp. (n = 6) (b) Subdominant microbiota: Enterobacteriaceae (n = 6),
Enterococcus sp. (n = 5), and Lactobacillus sp. (n = 3). Time study: Week 1, W1; Month 3,6 and 12: M3, M6, M12. Results are expressed
as the mean + SEM. Statistical significance: *<0.05, **<0.01, **<0.001.

samples to 52.7 + 30.5 pmol per g of feces in samples
frozen without any cryoprotectant at M12. SCFA
concentrations were significantly higher in stool sam-
ples preserved in G10, G80, and FD than in the
corresponding samples stored without cryoprotectant
(p < .001). This was related to higher concentrations
of acetate in the G10 (p = .028), G80 (p = .049), and
ED (p < .001) samples (Figure 2(a), Table S2 supple-
mentary data).

In vitro anti-Clostridioides difficile activity in
freeze-dried and frozen samples after 12 months
of storage

A comparison of the effect of the freeze-drying and
freezing procedures on anti-CD activity was carried
out after 12 months of storage in comparison to pure
bacterial culture used as controls. Escherichia coli,
Staphylococcus aureus, and Klebsiella pneumoniae
reference strains (negative controls) did not inhibit
the growth of CD, whereas both Lactobacillus spp.
and Bifidobacterium infantis reference strains were
able to inhibit the growth of CD with an antagonistic

effect significantly higher for Lactobacillus (inhibi-
tion ratio normalized to lactic acid 500 mM:
161 + 3% versus 129 £ 3%, p <.001). All fecal samples
were antagonistic toward CD R20291 (027 type
strain), with results similar for the three conditions
and results similar to those observed with the
Bifidobacterium reference strain. The inhibition
ratio normalized to lactic acid (500 mM) was
131 + 6% for FD samples; 141 + 6% for G10 samples
and 138 + 6% for G80 samples (Figure 2(b)).

Colonization of germ-free mice with rehydrated
freeze-dried microbiota

We studied the ability of rehydrated FD human
fecal microbiota, to colonize the digestive tract of
germ-free mice. Two donors were randomly
selected (#54-FD and #S5-FD). After storage for
12 months at 4°C, the rehydrated FD microbiota
was inoculated by one oral gavage in recipient
germ-free mice (n = 4 per stool sample) and fecal
samples were collected for microbial analysis at day
1 (D1), 4 (D4), 11 (D11), 18 (D18) and 28 (D28)
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Figure 2. Fecal metabolic activity of frozen and freeze-dried human fecal microbiota after 12 months of storage. (a) Amount of
Short-Chain Fatty Acids at M12. Results are expressed as the mean + SEM. (b) Anti-CD activity of stool samples at M12. Left: results
are given as the ratio between inhibition diameters of pure bacteria or stool samples and chemical control, and expressed as the
mean = SEM. Right: representative image of an anti-CD agar spot test: A: Bifidobacterium infantis longum CUETM 89-215, B:
Lactobacillus spp., C: stool frozen in G10, D: stool frozen in G80, E: chemical control (lactic acid, 500 mM), F: stool frozen in G10, G:
stool lyophilized FD. White lines represent inhibition diameter. Statistical significance: *<0.05, **<0.01, ***<0.001.

after gavage (Figure 3(a)). Engraftment of fecal
microbiota was rapid and stable over time for the
two stool samples (Figure 3(b)). The total bacterial
load and colonization by major groups of commen-
sals like the Clostridium coccoides cluster were high
as soon as D1. Maximal colonization by Clostridium
leptum and Bacteroides groups was achieved by D4,
reaching 10° and 10'° CFU/g of feces, respectively.
Colonization by EOS bacteria, such as Faecali-
bacterium prausnitzii and Akkermansia muciniphi-
lia was also high as soon as D1, without any sig-
nificant evolution over the survey period
(Figure 3(b)). Engraftment of the microbiota led
to the morphological remodeling of epithelium

with a significant increase in crypt depth for #S5-
FD inoculated mice compared to that of germ-free
mice: 188.3 um [(25-75% percentile: 181.5-194.4)
versus 166 pm (25-75% percentile: 124-174),
p <.05] (Figure 3(b)). A similar trend was observed
for #S4-FD [172.4 pm, 25-75% percentile:
145-186.6)], but the difference relative to germ-
free mice did not reach significance. There was no
significant difference in the percentage of Ki67-
positive cells between groups: germ-free mice:
20.1% (25-75%: 16.5-23.0); #S4-FD: 21.8% (25-
75%: 20.7-29.0), and #S5-FD: 18.5% (25-75%:
17-19.8) (Figure 3(c)). The 2 FD fecal samples
were thus revivable after 12 months of storage and
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Figure 3. Ability of freeze-dried human fecal microbiota to colonize the digestive tract of germ-free mice. (a) Scheme of the
experiment. (b) Follow-up of main bacterial groups per gram of feces after colonization with rehydrated FD microbiota [: #54-FD
(n = 4),: #S5-FD (n = 4), feces sampled per cage]. Results are expressed as the mean for each of the 2 FD samples. (c) Representative
image of a colon section from germ-free mice colonized with rehydrated FD microbiota (D30). Scale bar, 50 um; crypt depth in the
colon of germ free and mice colonized with rehydrated FD microbiota (30 crypts per mouse were measured) and Ki67-positive cells
expressed as the percentage of total cell number in colon crypts from germ-free mice colonized with rehydrated FD microbiota (60
crypts per mouse were analyzed). Statistical significance: *<0.05.
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were able to colonize the digestive tract of recipient
germ-free mice without hyper-proliferation of the
intestinal epithelium.

Therapeutic efficacy of freeze-dried and frozen
human fecal microbiota in Clostridioides difficile
infected mice

We then evaluated the protective effect of FMT per-
formed with stools from two donors randomly

a

Collect fecal
samples

-6 -3

selected (#S1 and #S6) either frozen in G10 (FMT-
G10 group, n = 10 per stool sample) or G80 (FMT-
G80 group, n = 10 per stool sample) or FD (FMT-FD
group, n = 10 per stool sample), in adult C57/BL6
mice orally challenged with 8.10> CFU of the vegeta-
tive form of CD R20291 strain 027 after antibiotic
pretreatment (Figure 4(a)). Four uninfected mice
were used as negative controls (CD- group). CD
challenge led to 80% of the mice becoming moribund
by day 2 or 3 in untreated animals (CD+ group,
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Figure 4. Evolution of clinical parameters after frozen and freeze-dried FMT in Clostridioides difficile-infected mice. (a) Experimental
design of the CD-infected-FMT mouse model. Two stools samples were evaluated #51 and #S6. (b) Monitoring of body weight and
a clinical score of all survival mice (up to the day of death). Daily measurements were made starting from Day 0 (day of infection).
Grey squares show the total number of mice before randomization into the various FMT groups. Results are expressed as the mean
(c). Survival curves of CD-infected mice receiving FMT with FD or frozen microbiota. CD-: control group receiving PBS (n = 4), CD+:
CD-infected mice (n = 10); FMT-G10: CD-infected mice receiving FMT with frozen microbiota diluted in G10; FMT-G80: CD-infected
mice receiving FMT with frozen microbiota diluted in G80 and FMT-FD: CD-infected mice receiving FMT with freeze-dried microbiota.
For each CD group receiving FMT, n = 20, i.e. 10 mice per stool sample.



Table 1. Clinical score performed daily on animals after
Clostridioides difficile infection. The score includes the variables
“weight” and “behavior,” with a score from 0 to 3. The final
score was obtained by adding the two scores. Mice with a total
score > 3 were euthanized within 2 h.

score Behaviour Weight
0 Normal No weight loss
1 Decrease in grooming Weight loss < 10%

2 Matted fur and/or slitted eyes
Decrease in mobility

3 Prostration associated with matted fur
and slitted eyes

10% < weight loss
<20%
Weight loss > 20%

n = 10), leading to euthanasia. CD+ surviving mice
displayed a major loss in body weight compared
to day 0 (-16.0 = 2.4%) and a high clinical score
(3.0 £ 04) at day 3 post-infection (Figure 4(b),
Table 1).

The survival rate of mice at day 4 post-infection
was significantly higher in those receiving FMT,
reaching 70%, 53%, and 60% for the FMT-FD, FMT-
G10 and FMT-G80 group, respectively (p = .01, 0.09
and 0.04 compared to the CD+ group, Figure 4(c)).
This was associated with a reduced loss in body
weight in the FMT-FD and FMT-80 groups
(—4.5 + 1.7%, p < .001, and —5.1 + 1.7%, p = .002,
compared to CD+ mice) (Figure 4(b), Table 2). The
clinical score and cecal load were also significantly
reduced for the FMT-FD and FMT-G80 groups
(p < .01) (Figures 4(b) and 5(a), Table 2).

At the time of necropsy, colonic myeloperoxidase
(MPO) was measured as a marker of inflammation.

GUT MICROBES (&) 1411

Median MPO levels reached 2465 ng/g of colon tissue
in CD+ untreated mice. In contrast, animals that
received FMT, performed either with rehydrated FD
or frozen and thawed stools showed significantly
lower colonic inflammation, with median MPO levels
at least five times lower (<500 ng/g, p < .01)
(Figure 5(a), Table 2). Histopathological analyses
were performed at day 4 post-infection for mice
receiving FMT and for CD-group, and at the time of
necropsy for mice from the CD+ group. Six randomly
selected animals were analyzed per group except for
the CD-group (n = 4). There were histopathological
changes in the cecal and colonic tissues of all CD-
infected mice, but of varying severity, depending on
the type of treatment (Figure 5(b)). We observed the
maximal histopathological score in CD+ mice: 7.5 (25-
75% percentile: 5.5-9) in the cecum and 7 (25-75%
percentile: 5.75-7.25) in the colon. Treatment with
FD-FMT was the most efficient to reduce histological
damages (p < .01) (Figure 5(c), Table 2).

Finally, the infection was associated with a marked
decrease in a-diversity of microbiota compared to
CD-mice, as shown by the OTU number and
Shannon indices (Figure 6(a,c). FMT performed
at day 1 post-infection restored the a-diversity only
for #S1 (p < .05), regardless of the procedure of con-
servation of fecal samples (Figure 6(a)), whereas there
was no major impact on P-diversity (Figure 6(b)).
However, microbiota composition was clearly mod-
ified following FMT.

Table 2. Main characteristics of the effect of FMT in the preclinical mouse model of Clostridioides difficile infection. Clinical data were
measured at day 3 post-infection and biological results were measured at the time of necropsy. Clinical data are given as mean +
SEM and biological and histological data as median, 25-75% percentile. FMT-FD: CD-infected mice receiving FMT with freeze-dried
microbiota; FMT-G10: CD-infected mice receiving FMT with frozen microbiota diluted in G10; FMT-G80: CD-infected mice receiving
FMT with frozen microbiota diluted in G80. For each CD group treated with FMT, n = 20, i.e. 10 mice per stool sample. CD-infected
mice (n = 10). All results are compared to those of untreated CD+ mice.

FMT-FD FMT-G10 FMT-G80 CD-infected mice
Body weight loss vs day 0 —45+ 1.7% -11.8% + 1.8 -51+17 -16.0 + 3.0
(p < .001) (NS) (p = .002)
Clinical score 1.2 £03 25+03 14 £03 30+ 04
(p < .01) (NS) (p <.01)
CD load 49 58 49 6.8
(log CFU/g of cecal content) (3.3-6.3) (4.8-6.7) (3.6-6.4) (6.3-9.9)
(p = .007) (p = .06) (p = .005)
MPO 300 384 ng 446 2465
(ng/g of colonic tissue) (209.3-1054) (p = .0005) (286.2-1529) (p = .002) (290.3-890.8) (1512-8928)
(p = .0002)
Histopathological score 1.5 45 4.5 7.5
® Cecum 0-2.75 3-5.75 2.75-6.75 5.5-9
(p = .003) (p = .03) 45 7
® (Colon 1.5 3 2-75 5.75-7.25
0.75-4.5 1.75-4.25
(p = .005) (p = .004)
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Development of a formulation adapted for the
filling of capsules with freeze-dried fecal
microbiota for oral administration

To propose a formulation adapted for the filling of
hard capsules, we determined the bulk density,
particle size and aspect, and the flowability of the
FD samples. We observed variable macroscopic
and microscopic aspects, depending on the sample

(Figure 7(a,b)). It was not possible to qualify the
particle-size distribution of the FD samples due to
the extreme intra- and inter-sample diversity of
particle nature, shape, and size. Scanning electron
microscopy showed a microbiota embedded in its
fecal environment (Figure 7(c)). Filling of hard
capsules was not possible without excipients.
Addition of up to 50% fillers failed to improve
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Figure 6. Comparison of the microbiota at day 4 between control mice and Clostridioides difficile-infected mice that received, or not,
frozen or freeze-dried FMT. (a) a-diversity. (b) B-diversity using Bray—Curtis distance. (c¢) Composition of the microbiota at the family
level. The two stool samples, #51 and #56, used for FMT are represented. Statistical significance: *<0.05.

flowability, but 75% allowed the FD samples to
flow vertically. Addition of glidants G3 (0.5%)
was highly effective in improving the flowability
of the FD samples and the bulk density of the free-
flowing mixture was 0.30-0.47 g/mL allowing the
filling of hard capsules without dilution of the FD
samples (Figure 7, lower panel). In such

a condition, 1 g of powder corresponds approxi-
mately to 1 g of native stool.

Discussion

In the present study, we showed that bacterial
viability and metabolic production were preserved
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Figure 7. Development of hard capsules for oral administration of freeze-dried fecal microbiota. Upper panel: (a) examples of
macroscopic aspects (n = 4). (b) microscopic aspects Optical Microscopy (x10) and (c) SEM. Lowe panel: flowability and bulk density
of FD samples without excipient (n = 5), with 25% to 75% filler (n = 2) or with glidant (G1 n =1, G2 n = 1, G3 n = 6), ND: not

determined.

in FD, maltodextrin-trehalose-loaded microbiota
stored for at least 12 months at 4°C without sig-
nificant variation compared to microbiota pre-
served frozen at —-80°C in the presence of
glycerol. Using this new FD preparation of fecal
microbiota, engraftment was observed to levels
usually observed in gnotobiotic rodent models
and the therapeutic effectiveness of FMT was con-
firmed in a preclinical mice model of CD infection
with a clear improvement in survival, clinical
score, and histopathological lesions in the hindgut.
Finally, it was possible to use the FD powder to fill
oral hard capsules after the addition of a very small
amount of a glidant excipient. Altogether, this
work showed that the bacterial viability and clin-
ical efficacy of the fecal microbiota were main-
tained in this new FD fecal preparation, allowing
refinement of the FMT procedure toward oral
administration of a dry material that was stable
for over 1 year at 4°C.

In recent years, several important advances have
been made in an effort to improve the accessibility

of FMT through the administration of
frozen*>'*** or FD stool.'”*' However, these for-
mulations remained to be better standardized and
characterized to guarantee the availability and effi-
cacy of fecal transplants.

Here, we assessed the performance of a new
freeze-drying process using non-penetrating cryo-
protectants, and compared over time results with
those obtained with the corresponding samples
stored frozen at —80°C after dilution in glycerol,
a penetrating cryoprotective agent at both concen-
trations (G10 and G80) currently used for the
preservation of frozen fecal microbiota in clinical
assays of FMT.'"*'"*> We showed the good pre-
servation until 12 months of storage, and even
18 months for two samples regardless the process
of preservation, of both viability and diversity of
the main targeted bacterial groups, i.e. the domi-
nant (EOS and Bifidobacteria) or subdominant
populations (Enterobacteria, Enterococcus spp.,
and Lactobacillus spp.) in the inocula. The main
variation was observed for Bacteroides spp. This



could be due to the aerobic preparation of fecal
transplant for samples preserved FD or frozen in
G80, leading to damaged cells which would affect
the culture and delay colonization which however
remain efficient in recipient germ-free mice. As
most anaerobic bacteria are not easily cultivable
(i.e. Faecalibacterium or Akkermansia) and even
culturability do not imply engraftment, we evalu-
ated the engraftment of those FD microbiota. For
F. prausnitzii, engraftment was coherent with our
previous observations in two gnotobiotic
models.”>*® Moreover, personal preliminary data
suggest that FMT performed with either fresh or
FD stools have a similar effect on the epithelium of
recipient germ-free mice. Recently, it was sug-
gested that the anaerobic treatment of stool sam-
ples lead to a better efficiency of FMT in patients
with ulcerative colitis.”” For others, precautions to
ensure anaerobiosis during transplant manufactur-
ing was not essential to preserve bacterial
viability.”® Here, using germ-free mice, we further
showed that the aerobic preparation of transplants
did allow a prompt and stable engraftment of the
microbiota participating to gut homeostasis. This
included major butyrate producers bacteria that
are particularly sensitive to growth conditions,
such as F. prausnitzii*>>" which is known for its
potential anti-CD activity’> and for its importance
in human health.*> Concomitant with bacterial
engraftment, we observed deepening of the epithe-
lium, especially for one donor, without hyperpro-
liferation, thus reflecting the establishment of
a host-bacteria relationship.>*~°

We evaluated the protective effect of two fecal FD
samples and the same two samples simply frozen in
G10 or G80 at —80°C (all samples stored for 3 months)
in a preclinical murine model of CD infection. The
clinical parameters (low survival rate and major
weight loss) observed in the CD-infected mice were
consistent with those reported in the literature.” >’
FMT performed with rehydrated FD microbiota
resulted in a significant decrease in symptomatology,
i.e. a significant reduction in body weight loss, clinical
score, and mortality relative to untreated CD-infected
mice. These results are consistent with those of Jiang
et al. who showed that frozen and FD transplants
stored up to 7 months were both as effective as
a fresh transplant in a mouse model of CD
infection.”> The beneficial effects observed for the
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clinical symptoms were consistent with the biological
parameters as animals receiving FD-FMT showed
a reduced CD load in the cecum, limited colonic
inflammation, and limited histological damages.
That CD was still detectable in the cecum at the
time of sacrifice (i.e. D4 post-infection) coincides
with previous results where complete clearance of
the pathogen was observed only by D10 after FMT
with fresh stool in a murine model of relapsing
disease.”” Based on our in vitro studies showing no
significant evolution of microbiota profile between
M3 and M12, we can expect that samples stored for
up to 12 months should be as efficient for the FMT
procedure.

Besides the reconstitution of a diverse microbiota
allowing the reinforcement of the barrier effect, var-
ious components of the fecal matter can provide
health benefits and may work synergistically to restore
homeostasis. Among them, SCFA (mainly acetate,
propionate, and butyrate) are of major importance in
the host-bacteria relationship.*’* Indeed, a decrease
in Ruminococcaceae, Lachnospiraceae, and butyrate-
producing bacteria that belong to Clostridium clusters
IV and XIVa have been reported for patients with CD
infection.** Here, we showed that freeze-drying in
maltodextrin-trehalose or freezing in G10 or G80,
better preserved SCFA during storage compared to
samples frozen without any cryoprotectant. This
included butyrate, which has a well-established role
as an energetic source for the colonocytes, in promot-
ing the intestinal barrier, and as an anti-inflammatory
substrate.*> Moreover, high concentrations of acetate,
a key element for the development of butyrate-
producing microbes through cross-feeding,*® was
detected in the cryoprotected stool samples.

However, these in vitro measurements are only
one clue to, not a proof of high SCFA production
in the recipient animals.

Overall, our results validate both the freezing and
freeze-drying processes for the conservation of an
efficient fecal transplant for up to 12 months.
Moreover, we showed that the new FD fecal prepara-
tion for FMT lead to a significant decrease in symp-
toms together with an increase in survival rate in mice
infected with CD. Such preservation methods would
simplify clinical works by facilitating the fecal bio-
banking from carefully selected and screened donors.
In addition, the FD process allowed producing
a powdery material with good stability over 12 months,
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offering the possibility to prepare hard capsules for
more convenient oral administration to the patient.

Methods
Preparation of stool samples

Fecal samples were collected from 6 healthy volun-
teers (none of whom suffering from gastrointestinal
disorders or taking antibiotics in the previous
3 months), placed immediately in anaerobic condi-
tions using a catalyst (GENbag Anaert; Biomérieux)
according to the Human Microbiome Standards*’
and sent to the laboratory within 2 h of collection.
Written informed consent was provided by all
volunteers. For the freeze-drying procedure, fresh
stool were immediately diluted 1/6 (v/v) in the mal-
todextrin-trehalose cocktail (patent application
WO02017103225A1), homogenized in aerobic condi-
tion using a dedicated blender, filtrated with sterile
gauze and frozen at —80°C for a minimum of 8 h, and
subjected to the freeze-drying process. Vials were
sealed under vacuum at the end of the process and
stored at +4°C until analysis. At the same time,
aliquots of the same stool samples were prepared as
described above with dilution 1/6 (v/v) in G10 or
G80, used as a cryoprotectant, and stored at —80°C.

Evaluation of microbiota viability in human fecal
samples preserved by freeze-drying or freezing

Viability of the fecal microbiota in FD or frozen
samples was evaluated after 1 week (W1) and 3, 6,
or 12 months (M3, M6, M12) of storage and com-
pared to that of the corresponding fresh stool samples,
using culture methods for aerobic and anaerobic bac-
teria. Two samples were studied until 18 months
(M18) of storage. Briefly, samples were serially diluted
in sterile peptone water before spreading on several
culture media with an automatic spiral system
(Chemunex-AES Laboratory, France), allowing the
enumeration of total bacteria, Bifidobacterium spp.,
Bacteroides spp.; Enterobacteriaceae; Enterococcus
spp.» and Lactobacillus spp. Plates were incubated at
37°C under aerobic or anaerobic conditions for 2 to 5
days as previously described.*® Bacterial counts were
expressed as log CFU/g of feces. The threshold of
detection was 3 log CFU/g of feces. EOS bacteria
were cultured on a rich nonselective culture medium

(YBHI supplemented with cellobiose, maltose, and
cysteine) under anaerobic conditions (N,/CO,/H,
:80/10/10) for enumeration. Each dilution was spread
on two plates, one being placed under anaerobic con-
ditions, whereas the other was left out of the anaerobic
chamber for 1 h, to eliminate EOS strains, before
proceeding to incubation under anaerobic conditions
for 48 h. The difference between the number of colo-
nies on the two plates corresponded to the level of
EOS strains.”

Evaluation of the fermentative activity of human
fecal microbiota

The concentrations of total SCFAs, acetate, propio-
nate, and butyrate were measured by gas-liquid
chromatography (Nelson 1020; Perkin-Elmer,
France) after a 12-month period of storage in frozen
and FD samples in comparison to control frozen
samples stored at —80°C without cryoprotectants,
as described previously.*” Results are presented as
pmol/g of feces.

In vitro evaluation of the anti-Clostridioides
difficile activity of human fecal microbiota

The agar spot test adapted from Tejero-Sarinena
et al.>® was used for the detection of activity against
CD R20291 (027 type strain). Lactic acid (500 mM),
Lactobacillus sp., and Bifidobacterium infantis subsp.
longum CUETM 89-215 were used as positive che-
mical and  biological  controls, = whereas
Escherichia. coli CIP 54.8, Klebsiella pneumonia
CIP104771, and Staphylococcus aureus ATCC
25923 were used as negative controls. An overnight
culture of each bacterial suspension (20 pul) was used
as control and an equal volume of each fecal suspen-
sion of thawed G10 and G80 and rehydrated FD
samples were deposited on cellulose disks and placed
on WCB agar for overnight incubation at 37°C in an
anaerobic atmosphere. Agar plates were then cov-
ered with Brucella agar containing a CD R20291
culture (OD = 1). The chemical control, lactic acid,
was added to an open well (50 pl). Plates were
incubated for another overnight period under anae-
robic conditions at 37°C and the zones of inhibition
of the CD culture around each spot were measured.
Results (from three independent experiments) are
expressed as the ratio between inhibition diameters



of pure bacteria or stool samples and chemical
control.

Preparation of hard oral capsules containing
freeze-dried fecal microbiota

The bulk density (2.9.34. Eur. Pharm. 9™ edition
2019),”" particle size (Optika Vision Pro, Optika
SRL, Italy), and aspect (Scanning Electron
Microscopy) of the FD samples were assessed. Flow
properties were measured (2.9.16. Eur. Pharm. 9™
edition 2019) with and without the addition of 25%
to 75% directly compressible fillers with good flow
properties, designated as F1 and F2, or 0.5% glidant
excipients, designated as G1, G2, and G3. Gastro-
resistant hydroxypropyl methylcellulose (HPMC)
capsules (DRcaps V43-700, size 00, Capsugel,
Belgium) were manually filled with the FD samples
with optimized flow properties.

Animal experiments

Two experimental models, performed in accor-
dance with the European guidelines for the care
and use of laboratory animals, were used for this
study.

Evaluation of intestinal colonization by rehydrated
freeze-dried microbiota in germ-free mice

Thirteen-week-old female C3 H/HeN germ-free
mice (n = 8) (INRAE, Anaxem, Jouy-en-Josas,
France), bred under axenic conditions (two/cage),
were orally inoculated with 100 pL (107 bacteria)
of 2 randomly selected rehydrated FD samples
(#S4-FD and #S5-FD, n = 4 for each donor) that
had been stored for 12 months at +4°C. Before
fecal transfer, the absence of microbes was verified
in germ-free mice by microscopic observation of
fresh feces and culturing of fecal material on var-
ious bacterial culture media. All mice were main-
tained in Trexler type isolators (one isolator per
donor, two cages of two mice/isolator) and
received the same standard diet (ad libitum, R03-
40 SAFE sterilized by gamma irradiation at 45
kGy). Feces were collected per cage at days 1, 4,
11, 18, and 28 post-inoculation. At D28 post-
inoculation, mice were euthanized. Total fecal
DNA was extracted as previously described.”
Total bacterial counts and specific bacterial
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profiles were assessed by real-time PCR (qPCR)
of the bacterial 16 S rRNA gene using previously
described primers and conditions for qPCR
amplifications.”>> Histological examination of
the transverse colon was performed on 4-pm sec-
tions stained with hematoxylin, eosin, and saffron,
or immuno-labeled with rat monoclonal anti-Ki67
antibody (Dako, France). Thirty and sixty crypts
per mouse were analyzed to determine the average
crypt length and percentage of Ki67-positive cells,
respectively. Slides were scanned using Panoramic
Scan (3DHistech) and CaseViewer software
(3DHistech) was used to count Ki67-positive cells
and colon crypt depth. Experimentation was
approved by the Regional Council of Ethics for
animal experimentation C2EA-45 with authoriza-
tion APAFIS#3441-2016010614307552 v1.

Evaluation of the inhibitory effect of FMT in

a Clostridioides difficile infection mouse model
The CD model of infection was developed accord-
ing to the procedure of Chen et al.’’ Six- to seven-
week-old female C57BL/6 mice (Charles River,
France) was housed in groups of 4 to 5 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 assess-
ment of the physical condition and behavior of the
animals were performed under a laminar flow
hood.

All animals were treated for 3 days with
a mixture of antibiotics dissolved in drinking
water consisting of kanamycin (0.4 mg/mL), gen-
tamicin (0.035 mg/mL), colistin (850 U/mL),
metronidazole (0.215 mg/mL), and vancomycin
(0.045 mg/mL) (Sigma Aldrich, France). After 1
day of wash-out, mice received a single intra-
peritoneal injection of clindamycin (10 mg/kg)
(Sigma Aldrich). The day after, mice were orally
infected with 8.10° CFU of PBS-washed vegetative
CD (strain R20291, exponential phase).

At D1 post-infection, the test groups received FMT
by gavage (200 pl) with either frozen and thawed
(FMT-G10 and FMT-G80) or rehydrated FD (FMT-
FD) microbiota that had been stored for 3 months
(n = 10/stool/preservation mode; 2 stools randomly
selected, i.e. #S1 and #S6). The positive-control group
(CD+) was fed CD alone (n = 10) without any sub-
sequent treatment and the negative control group
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(CD-) was fed PBS (n = 4). All animals were observed
daily from infection until sacrifice for symptoms and
mortality, and weight was recorded (clinical scoring,
Table 1). At D4 post-infection or before for animals
judged to be in a moribund state (scoring > 3), ani-
mals were euthanized. Quantification of the CD load
was performed on cecal contents on selective agar
plates (chromID CDIF, Biomérieux, France).
Colonic MPO was measured as a marker of colonic
inflammation (Mouse Myeloperoxidase DuoSet kit,
R&D Systems, USA). Histological evaluation of the
cecum and colon was performed on 4 pum sections
stained with hematoxylin-eosin, coded, randomized,
and scored by two independent operators in a blind
manner.”’ Briefly, grading considered the following
features: i) edema of the mucosa and hemorrhagic
congestion, ii) tissue infiltration by neutrophils, and
iii) epithelial damage. A score of 0-3, denoting
increasingly severe abnormality was assigned to each
parameter and the overall score obtained by summing
the component scores. Experimentation was
approved by the Regional Council of Ethics for animal
experimentation C2EA-34 with authorization
APAFIS#7600-2016062016336853 v3.

16 S genomic analysis of microbiota following
FMT

Total bacterial DNA was extracted from the fecal
content of CD-infected mice taken at D4 post-
infection using the DNeasy PowerSoil Kit (Qiagen
France). The V3-V4 region of the 16 S rRNA gene
was amplified for 30 cycles with an annealing tem-
perature of 65°C using Taq polymerase MTP (Sigma
Aldrich) and primers PCRIF_460 (CTTTCC
CTACACGACGCTCTTCCGATCTACGGRAGGC-
AGCAG) and PCRIR 460 (GGAGTTCAGACG
TGTGCTCTTCCGATCTTACCAGGGTATCTAA-
TCCT) and sequenced on Illumina MiSeq platform.
The raw 16 S rRNA sequences were analyzed using
the bioinformatics pipeline FROGS (Find Rapidly
OTU with Galaxy Solution).”* After sequence proces-
sing, affiliations were performed with BLAST using
the silval32 16 S database. Data were filtered by
retaining only those sequences that were present in
at least three samples and contributed 0.005% to the
microbial community and multi-affiliation was
manually checked with leBiBi (Quick BioInformatic
Phylogeny of Prokaryotes). The resulting OTU table

(478 OTUs) was used for subsequent statistical ana-
lysis using R software and phyloseq package.” The
phylogenetic tree was constructed using Mafft and
Fasttree. The samples were standardized to the same
depth (7325 sequences). a Diversity was studied by
calculating the number of observed OTUs and
Shannon indices. p Diversity was studied using
Bray-Curtis distance. Differences between groups
were evaluated by principal-coordinate analysis
(PCoA) and multivariate analysis of permutation var-
iances using distance matrices (PERMANOVA).*®

Statistical analysis

The stability of microbiota following conservation
procedures was analyzed using R.>” For all paired
data, mixed effect models®® were fitted per case, as
described below, followed by appropriate contrast
calculations, to account for non-independence of
the data and avoid increasing the degrees of free-
dom of error, which could lead to the spurious
significance or increased variance, which could
mask significant variations. Moreover, we used
estimated marginal means™ to correct for the
unbalanced design due to missing values. The sta-
bility over time was assessed by fitting a mixed
effect model to the microbiota data over time for
each microbiota group. Time and freezing proce-
dure were modeled as fixed effects while the stool
sample was modeled as a random effect. Dunnett’s
contrasts were applied to adjust for multiple com-
parisons of each time measurement versus the first
one (W1 or M3), used as a reference.

A mixed-effect model was fitted to the SCFA
concentrations, using freezing condition and
SCFA as fixed effects and stool sample as
a random effect. Dunnett’s contrasts were used to
adjust for multiple comparisons of each freezing
condition versus the fresh stool used as a reference.

A Mann Whitney test was used to evaluate the
anti-CD growth activity of preserved fecal samples
versus positive bacterial controls.

For in vivo experiment, a mixed effect model
was fitted to % baseline weight and clinical score
using time and freezing procedure as fixed effects
and animal as a random effect. Contrasts were
constructed in order to compare the score and
body weight evolutions from DO to D4 of treated
vs untreated animals, adjusting for multiple



comparisons. Chi-2 test was used for survival ana-
lysis and Kruskal-Wallis (1-way ANOVA) fol-
lowed by Mann Whitney tests were used for
a charge of CD in ceacal content, MPO, and his-
tological score.
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