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Selection of a novel strain

of Christensenella minuta

as a future biotherapy for Crohn’s
disease
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Microbiome-based therapies for inflammatory bowel diseases offer a novel and promising therapeutic
approach. The human commensal bacteria of the species Christensenella minuta (C. minuta) have
been reported consistently missing in patients affected by Crohn’s disease (CD) and have been
documented to induce anti-inflammatory effects in human epithelial cells, supporting their potential
as a novel biotherapy. This work aimed at selecting the most promising strain of C. minuta for future
development as a clinical candidate for CD therapy. Here, we describe a complete screening process
combining in vitro and in vivo assays to conduct a rational selection of a live strain of C. minuta with
strong immunomodulatory properties. Starting from a collection of 32 strains, a panel of in vitro
screening assays was used to narrow it down to five preclinical candidates that were further screened
in vivo in an acute TNBS-induced rat colitis model. The most promising candidate was validated in vivo
in two mouse models of colitis. The validated clinical candidate strain, C. minuta DSM 33715, was then
fully characterized. Hence, applying a rationally designed screening algorithm, a novel strain of C.
minuta was successfully identified as the most promising clinical candidate for CD.

Inflammatory Bowel Diseases (IBD) are chronic inflammatory conditions affecting the entire gastrointestinal
tract and characterized by an immune overactivity. The main forms of the condition are known as ulcerative
colitis (UC) and Crohn’s disease (CD), the latter being a debilitating and incurable disease characterized by
patchy inflammation of the gut mucosa'.

The causes of the disease are not well understood but it is admitted that there is a gut microbiota dysbiosis
in patients with active disease. Moreover, it has been demonstrated that the dysbiosis of treatment-naive CD
patients is similar to those observed in adults with long-standing treatment, indicating that the gut dysbiosis
of CD patients is not caused by treatments and may precede disease development?. Another feature of CD-
associated gut microbiota is its instability in the quiescent phase of the disease, just before relapse®. Accordingly,
gut microbiome-derived therapies are increasingly gaining attention to stabilize the microbial ecosystem and
prolong remission periods®.

The Christensenellaceae is a family of bacteria that was first described in 2012° and the first genome of the type
strain Christensenella minuta (C. minuta) DSM 22607 was published in 2017°. The same year, the Christensenel-
laceae were reported among the main predictive taxa significantly decreased in a cohort of CD patients’. Since
then, a systematic loss of Christensenellaceae in CD patients has been reported in several studies>*-!!. In addition,
Braun et al. demonstrated that the gut microbial instability before CD flare is characterized by a sudden loss
of Christensenellaceae preceding disease recurrence®. Remarkably, the authors used the relative abundance of
Christensenellaceae, along decrease in S24.7 bacteria and increase in Gemellaceae, to make a predictive index of
CD flare that performed better than any other clinical marker currently used in clinics. In addition, it has been
reported that Christensenellaceae were increased in people expressing the protective variant of the IL23R gene',
a well-known risk factor of CD, suggesting that these taxa may play an important role in disease prevention.
Together, these indicate a role for Christensenellaceae loss as one of the pathogenic factors contributing to CD
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Figure 1. Schematic representation of the screening process.

etiology. Based on this rationale, we previously published a first proof-of-concept work where we demonstrated
the anti-inflammatory potential of the type strain C. minuta DSM 22607 in rodent colitis models'?.

This follow-up work describes the screening process applied to select a potent C. minuta strain from an
internal private culture collection to further develop it as a live biotherapeutic product to relieve CD-associated
symptoms and slow down disease progression. The strain was further described and registered as C. minuta
DSM 33715.

Results

Description of the C. minuta collection and screening strategy. The collection of C. minuta strains
used for this study contained 32 strains all derived from healthy human donors. The screening strategy aimed
at identifying a lead drug candidate addressing two prominent features of CD: an impaired gut inflammation
and an impaired intestinal barrier integrity. The four-step screening process is described in Fig. 1. The first step
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IL10 IL10 1L10
C. min number Donor Growth TEER 1L8 Donor a Donor b Donor g Total score Rank Comment
01 A +++ 1 2 2 3 2 10 5
02 B +++ 1 1 2 2 1 7 16
03 C +++ 1 1 2 2 1 7 16 Donor already used in another programme
04 D +++ 1 1 1 3 1 7 16 Donor already used in another programme
05 E +++ 1 3 2 2 2 10 5
06 F +++ 1 2 1 2 1 7 16 Donor already used in another programme
28 F +/- 4] ] ] ] [9) ] ] Slow growth
07 G +++ 1 3 3 2 1 10 5
08 G +++ 1 2 1 1 1 6 21
12 G + 1 3 3 2 3 12 1 Moderate growth
14 G +++ 1 1 3 3 2 10 5
15 G +++ 1 2 2 1 2 8 14
16 G +++ 1 1 3 3 1 9 10
17 G + 1 1 3 3 3 11 3 Moderate growth
18 G +++ 1 2 1 2 2 8 14
19 G +++ 1 2 1 1 2 7 16
21 G +++ 1 3 2 1 3 10 5
22 G +++ 1 1 3 3 3 11 3
30 G +/- 4] (%) (0] [0] [0 [0] (0] Slow growth
09 H +++ 1 3 3 3 2 12 1
20 H +++ 1 2 2 1 3 9 10
29 H +/- ] 4] (0] [0] (9] [0] [0] Slow growth
31 H +/- (4] (4] (0] 0] (] (0] (0] Slow growth
10 I +++ 1 3 1 1 3 9 10
11 1 +/- (4] (4] (0] [0] (0] [0] (0] Slow growth
13 I +++ 1 3 1 1 3 9 10
23 I +/- (4] (0] (4] 0] (] (0] (4] Slow growth
24 I +/- ] ] ] (] () ] ] Slowgrowth
25 I +/- ] 4] (0] [0] [0 [0] (0] Slow growth

Table 1. Summary of the initial C. minuta collection and screening results. Pre-selected strains after STEP 1
are shown in bold. @ indicates that the strain was not included in the screening.

included four in vitro assays (STEP 1) aiming to narrow down the number of strains to 5 pre-selected strains.
The screening criteria were the following: (1) ability to grow in the culture medium selected for screening; (2)
protective action on intestinal permeability; (3) beneficial immunomodulatory potential; (4) maximization of
donor diversity to avoid clones. For all in vitro tests, the type-strain C. minuta DSM 22607 was used as a control
reference. As illustrated in Fig. 1, we established a scoring system to identify the most promising strains. For the
TEER assay assessing gut barrier integrity, a score of 1 was attributed to every strain that showed a significant
improvement over the non-treated control and 0 otherwise. For scoring the anti-inflammatory response, we
attributed a score of 3 for the top tier strains presenting the highest inhibitory effect on IL-8 production, a score
of 2 to the strains in the second tier and a score of 1 to the lower tier. The same scoring was applied to IL-10
production.

Then the anti-inflammatory potential of the 5 STEP1-selected strains was evaluated in a follow-up series of
in vitro assays (STEP 2). The 5 validated pre-selected strains were then assessed for efficacy in a validated in vivo
model of colitis in rats'* (STEP 3). This step resulted in the selection of a strong clinical candidate strain with
the highest efficacy in vivo. The in vivo efficacy of the selected clinical candidate strain was finally confirmed in
distinct in vivo models of colitis in mice (STEP 4).

STEP 1: in vitro screening of the C. minuta strain collection

This step aimed at pre-selecting 5 lead drug candidates out of the original collection of 32 strains. Three
strains had already been selected for other development programs and were not included in the initial screening.

First, we screened the remaining 29 strains based on their ability to grow in the culture medium selected for
further assays (GAMm). Eight strains were thus eliminated based on slow growth (Table 1).

Second, to identify the strains with the highest potential to positively influence the immune response of
the gut epithelium, we evaluated the protective effects of the remaining 21 strains on gut barrier permeability
using TEER measured across a monolayer of human intestinal Caco-2 cells following a challenge with the pro-
inflammatory cytokine TNF-a. All tested C. minuta strains had a powerful protective action on intestinal bar-
rier integrity ranging from 73% (C min 12) to 120% (C min 3) of TEER (average 85% + 1) compared to control
(Fig. 2a). Third, the anti-inflammatory potential of the strains was evaluated through their ability to inhibit the
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Figure 2. STEP 1 in vitro screening results: (a) Evaluation of the effects of our strains on intestinal barrier by
measuring transepithelial electrical resistance (TEER). The polarized Caco-2 monolayers were challenged with
TNF-a to disrupt the intestinal barrier. Statistics: one-way ANOVA followed by Dunnett’s multiple comparisons
test (****p <0.0001; **p=0.0005 for C. min 6, p=0.0008 for C. min 8, p=0.0003 for C. min 10 and 16, p=0.0001
for C. min 17 and p=0.0004 for C. min 19; **p=0.0073 for C. min 12 and p=0.0063 for C. min 22). (b)
Evaluation of the anti-inflammatory properties on a human-derived intestinal cell line (HT-29) stimulated with
TNF-a. Statistics: one-way ANOVA followed by Dunnett’s multiple comparison test: ****p <0.0001, **p =0.0029
for C. min 16 and p=0.0059 C. min 14. 5-ASA 20 mM was used as a positive control. (c-e) IL-10 production

by human-derived PBMCs on three different donors. No statistics were performed for this assay since we
considered that any production of IL-10 was a positive response. Key: Ctrl Control with culture medium, DSM
22607 C. minuta DSM 22607.

production of the pro-inflammatory cytokine IL-8 by human intestinal cells following TNF-a stimulation. As
illustrated on Fig. 2b, all strains displayed an anti-inflammatory action since they all limited IL-8 production
(average inhibitory effect: 31.2 £ 14.6%). In particular, three strains (C min 13, 10 and 12) had a highly potent
anti-inflammatory effect in this assay (64.25%, 58.24% and 54.79%, respectively). The systemic anti-inflammatory
potential of the strains was also assessed through their ability to stimulate production of the anti-inflammatory
cytokine IL-10 by PBMC cells in three donors. All strains induced a production of the anti-inflammatory cytokine
IL-10 (Fig. 2c—e) and were therefore all considered positive for stimulation of IL-10.
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Figure 3. STEP 2 in vitro screening results confirmed the immunomodulatory action of the five pre-selected
candidate strains. (a) Levels of NF-kB activation in HT-29 cells transfected with a reporter system and exposed
to TNF-a. Statistics: one-way ANOVA followed by Dunnett’s multiple comparisons test ****p <0.0001,
**p=0.0027 (b) IL-10 production by THP-1 cells differentiated in MO macrophages by PMA treatment

(100 ng/ml) in presence of C. minuta bacteria at MOI 50. No statistics were performed for this assay since any
production of IL-10 was considered as a positive response.

Fourth, strains were organized by donor origin in order to avoid similar clones (Table 1). Finally, strains were
scored as described and ranked accordingly (Table 1). Out of a maximum of 13 points, all tested strains scored
between 7 and 12 points. C. min 9 (donor H) and C. min 12 (donor G) were the highest ranked strains (12 points)
followed by C. min 17 and C. min 22 (11 points), both from donor G. Since C. min 12 and C. min 17 showed a
slightly less active growth than the other strains from donor G, we selected C. min 22 from this donor. C. min 9
was also selected from donor H. The next highest ranked strains in other donors were C. min 1 and C. min 5 from
donors A and E, respectively. These were therefore also selected. Finally, the next high ranked strains were C. min
10 and C. min 13, both from donor I, which could not be discriminated from the preselection process. We chose
to pursue with C. min 13. Hence, the five pre-selected strains at the end of STEP 1 were C. min 1,5, 9, 13 and 22.

STEP 2: in vitro confirmation of the five pre-selected candidate strains

The next step consisted in validating the anti-inflammatory action and protective effect on gut barrier integ-
rity of the 5 pre-selected candidate strains. For this purpose, a new batch of all five strains was prepared to run
the same assays as in STEP1. As expected, we were able to reproduce similar results for all pre-selected strains
for inhibition of IL-8 production (Supplementary Fig. S1) and gut barrier protection (Supplementary Fig. S1).
In addition, we performed two new in vitro assays. First, we tested the ability of our candidates to interact with
the NF-kB pathway, which is known to play a key role in inflammation through the regulation of IL-8 produc-
tion. As illustrated in Fig. 3A, all our candidates decreased the NF-«B activation induced by TNF-a stimulation
(34.16+5.9%), similarly to BAY11-7082, a NF-«B inhibitor. Second, we confirmed the ability of our candidates
to induce IL-10 production by immune cells in PMA-differentiated THP1 cells (Fig. 3B).

STEP 3: in vivo selection of the lead clinical candidate in a TNBS-induced colitis rat model

We then pursued the screening process by investigating the efficacy of the five pre-selected strains in vivo
in a TNBS-induced colitis model in rats, which is known to be a model of severe colitis that reflects human
pathological features®. In this model, the animals were primed with either a C. minuta strain prepared in PBS-
glycerol or the vehicle for 14 days prior TNBS injection. One group receiving the vehicle was also exposed to
5-ASA 150 mg/kg/day in food as a positive control.

Following the induction of colitis, a significant decrease of the total body weight was observed in all groups
receiving TNBS without significant recovery 4 days post-induction (Fig. 4a). The intensity of colonic inflam-
mation and lesions was evaluated at the macroscopic level'®. Out of the five tested strains, two displayed a sig-
nificant improvement in colitis severity score when compared to the vehicle group (TNBS-C. min9: 5.50 +0.58
and TNBS-C. min22: 4.33 +0.33 vs TNBS-Vehicle: 7.00 +0.41, p=0.02 and p=0.0001, respectively) (Fig. 4b). C.
min 22 was also the only strain inducing a significant improvement of the inflammatory lesions at the histologi-
cal level'® corresponding to a 36% decrease of the level of inflammation compared to TNBS-Vehicle (TNBS-C.
min22: 3.67 +0.67 vs TNBS-Vehicle: 5.75+ 1.66, p=0.002) (Fig. 4c) and inducing a significant local anti-inflam-
matory effect through the reduction of colonic IL-1f protein (ITNBS-C. min22: 96.51 +2.84 vs TNBS-Vehicle:
116.92£4.72, p=0.008) (Fig. 4d). Colonic levels of lipocalin 2, IL-6 and IFN-y were not significantly induced
following TNBS induction, preventing detection of treatment effects (Fig. 4e, Supplementary Fig. S2). Therefore,
C. min22 was the candidate strain displaying the best response profile in this model of colitis and was selected as
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Figure 4. STEP 3 screening in a TNBS-induced rat colitis model. Animals were primed with either a C. minuta
strain prepared in PBS-glycerol or the vehicle for 14 days prior TNBS injection. One group receiving the
vehicle was also exposed to 5-ASA 150 mg/kg/day in food as a positive control. Body weight loss after TNBS
induction (a; *: TNBS-Veh vs CTRL-Veh, b: TNBS-Veh vs TNBS-5-ASA). The effect of the different C. minuta
strains following inflammation induced by TNBS was assessed by macroscopic score (b) and microscopic

score (C) (minimum n =6/group). Interleukin-1b (d) and lipocalin-2 levels (e) were also measured in colonic
tissues. Statistics: repeated measures mixed model effect or Kruskal-Wallis with multiple comparisons test (a).
Unpaired t-test or Mann Whitney test for model validation, one way ANOVA or Kruskall-Wallis with multiple
comparisons for treatments effects (b-e). *p <0.05, **p <0.01, **p <0.001, ***p <0.0001.

the future drug candidate. The strain C. min 22 was then deposited to the German Collection of Microorganisms
and Cell Cultures (DSMZ) and registered as C. minuta DSM 33715.

STEP 4: validation of the anti-inflammatory action of C. minuta DSM 33715 (C. min 22) in two distinct
chemically induced colitis mouse models (DSS and DNBS)

Following STEP3 in vivo selection, we validated the anti-inflammatory effects and evaluated the potential
protective effects on mucosal healing of the candidate strain DSM 33715 (C. min 22), in two distinct chemi-
cally induced colitis models in mice. First, DSM 33715 was assessed in a DSS-induced colitis mouse model.
DSS administration induces prominent diarrhea coupled with a superficial inflammation of the gastrointestinal
tract, which is usually milder than TNBS-induced colitis in the colon. In this study, mice received either C.
minuta DSM 33715, the vehicle, or a positive control (5-ASA) for 14 days by daily oral gavage prior exposure to
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Figure 5. C. minuta DSM 33715 (C. min 22) protects against DSS-induced colitis in mice. Animals received
either C. minuta DSM 33715 (C. min 22) (10° CFU/day), the vehicle, or a positive control (5-ASA 150 mg/
kg/day) for 14 days by daily oral gavage prior exposure to DSS-containing water (2,5%) for 5 days (minimum
n=6 per group). Following the DSS challenge, animals were monitored during a 6-day recovery period before
euthanasia. Body weight loss was monitored for 11 days from DSS administration (a; *: DSS-Veh vs CTRL-
Veh, (b): DSS-Veh vs DSS-5-ASA, #: DSS-Veh vs DSS-DSM 33715). The DAI score (b) and global histological
score (c) were recorded. Colonic dosage of the MPO (d). Statistics: repeated measures mixed model effect or
Kruskal-Wallis with multiple comparisons test (a). Unpaired t-test or Mann Whitney test for model validation,
one way ANOVA or Kruskall-Wallis with multiple comparisons for treatments effects (b-d) *p <0.05, **p<0.01,
Htp < 0,001, ****p <0.0001.

DSS-containing water (2.5%) for 5 days (minimum n=6 per group). Following the DSS challenge, animals were
monitored during a 6-day recovery period before euthanasia.

As expected, DSS administration induced an important loss of body weight until 3 days post DSS challenge,
which corresponds to the peak of inflammation. This body weight loss was significantly attenuated by 5-ASA
and DSM 33715 treatments in the last days of the recovery period (Fig. 5a). Administration of 5-ASA and DSM
33715 ameliorated clinical parameters impaired by the DSS administration as indicated by improvement of the
DAI score'® (DSS-Vehicle: 4.00+0.23 vs DSS-5-ASA: 2.42+0.31, p=0.0004) and (DSS-Vehicle: 4.00+0.23 vs
DSS-DSM 33715: 3.17 £0.24, p =0.03), respectively (Fig. 5b). The evaluation of the global histological score
based on colonic sections'” confirmed this improvement with both treatments (DSS-Vehicle: 13.64+1.36 vs
DSS-5-ASA: 7.17£1.72, p=0.015) and (DSS-Vehicle: 13.64+1.36 vs DSS-DSM 33715: 8.25+1.72, p=0.02),
respectively (Fig. 5¢). Finally, we did not observe any effects of DSM 33715 and 5-ASA on myeloperoxydase
(MPO), an enzyme present in the intracellular granules of neutrophils (Fig. 5d). Together, these data support
the anti-inflammatory effects of DSM 33715 observed in the rat.

We further evaluated these anti-inflammatory effects in another mouse model using DNBS-induced colitis,
a model close to the TNBS-rat model but in a distinct species. Mice received either DSM 33715, the vehicle,
or 5-ASA daily for 14 days by oral gavage prior intra-rectal DNBS injection (minimum n=6 per group). The
positive control 5-ASA was administered on the day of colitis induction and for the following 3 days of recovery
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period. As expected, DNBS infusion induced a strong decrease in body weight that was attenuated by 5-ASA
(DNBS-Vehicle: 80.1 +£2.4 vs DNBS-5-ASA 89.8+2.6, p=0.01) and DSM 33715 (DNBS-Vehicle: 80.1+2.4 vs
DNBS-DSM 33715 87.1+3.5; p=0.1) 3 days post colitis induction (Fig. 6a). Additionally, administration of
5-ASA and DSM 33715 protected the integrity of the intestinal epithelium as indicated by the macroscopic
scores'* (DNBS-Vehicle: 3.22 +0.4 vs DNBS-5-ASA: 1.0+ 0.3 and DNBS-DSM 33715 1.4+0.4; p=0.0007 and
p=0.008, respectively) (Fig. 6b). The evaluation of microscopic scores'® confirmed that both 5-ASA and DSM
33715 treatments were able to significantly alleviate mucosal damage (DNBS-Vehicle: 4.38 + 0.5 vs DNBS-5-ASA:
2.63+0.5 and DNBS-DSM 33715: 1.9£0.3; p=0.03 and p=0.001 respectively) (Fig. 6¢). Observation of colonic
histological sections confirmed this improvement since strong alterations of the epithelial structure were only
observed in the DNBS-Vehicle group (Fig. 6d). Accordingly, the goblet cell count per crypt was also significantly
improved with 5-ASA and DSM 33715 treatments (DNBS-Vehicle: 0.57 £0.1 vs DNBS-5-ASA: 0.9+0.1 and
DNBS-DSM 33715: 0.85+0.13; p<0.0001 and p <0.0001 respectively) (Fig. 6e).

Focusing on the immune modulation, we detected a significant increase of IL-6 levels in the DNBS-Vehicle
group that was only significantly reduced by 5-ASA (DNBS-Vehicle: 29.92+10.2 vs DNBS-5-ASA: 4.81+1.7,
p=0.0045) (Fig. 6f). No significant increases of IL-10 levels were detected in this model (Fig. 6g). However,
a marked increase of IL-1p was observed, that was significantly attenuated by DSM 33715 (DNBS-Vehicle:
169.1+64.7 vs DNBS-DSM 33715: 37.71 +17.1; p=0.028), but not by 5-ASA (DNBS-Vehicle: 169.1 +£64.7 vs
DNBS-5-ASA: 65.07 +37.21; p=0.076) (Fig. 6h). Finally, we detected a tendency for DSM 33715 to diminish
colonic MPO activity (DNBS-Vehicle: 1.02+ 0.3 vs DNBS-5-ASA: 0.33 £0.1 and DNBS-DSM 33715: 0.56 £0.2;
p=0.02 and p=0.11 respectively) (Fig. 6i). Together, these data confirmed the anti-inflammatory capacity of
the C. minuta candidate strain DSM 33715 to protect from damages induced by chemically-induced colitis in
animal models.

To investigate potential mechanisms of action, the production of short chain fatty acids (SCFA) in the caecal
content was evaluated as indicators of modulation of gut microbiota activity. As expected, the DNBS treatment
induced a decrease in SCFAs production, which was largely restored by the treatments with 5-ASA and DSM
33715 (Supplementary Fig. S3). Specifically, 5-ASA and DSM 33715 significantly increased acetate, butyrate,
propionate and valerate (Supplementary Fig. S3) productions. Moreover, the two branched short chain fatty
acids (BSCFA) isobutyrate and isovalerate also showed an increased production upon 5-ASA and DSM 33715
treatments (Supplementary Fig. S3). Observing these positive effects in both active treatments (5-ASA and C.
minuta DSM 33715) suggests that restoration of cecal SCFAs levels was likely the consequence of a lower inflam-
matory stress and overall improved gut health. Nevertheless, these data demonstrate the potential of C. minuta
DSM 33715 to protect gut microbial metabolism from DNBS-induced damages.

Microbiological characterisation of C. minuta DSM 33715 (C. min 22).  After candidate selection,
the selected strain DSM 33715 (C. min 22) underwent a full microbiological characterisation in compliance with
regulatory expectations regarding future new live biotherapeutic products. C. minuta DSM 33715 was strictly
anaerobic, nonmotile, non-spore-forming and Gram-negative (Fig. 7a). Colonies were circular, raised, opaque,
and tiny (< 1 mm). Cell morphology observed using TEM microscopy revealed short straight rods with tapered
ends, as described for C. minuta DSM 22607° and DSM 334078, occurring singly or in pairs (Fig. 7b-d). Aver-
age dimensions were 1.27+0.28 um length, 0.507 +0.04 um width and 29.4 nm membrane thickness (average
calculated from 41 cells), which is consistent with a Gram-negative species.

In accordance with previous descriptions of C. minuta strains>'®, C. minuta DSM 33715 was negative for
oxidase and catalase activities, and was able to metabolize glucose, xylose, arabinose, mannose, and rhamnose
(Supplementary Table S1). However, this strain presented a slightly divergent biochemical profile compared to
other described C. minuta strains since it was negative for salicin and mildly positive for mannose. Similarly
to other C. minuta strains™'8, DSM 33715 was resistant up to 80 g/L Oxgall, corresponding to 80% bile (Sup-
plementary Table S1).

Antibiotic resistance profiling was performed according to the guidelines from the Clinical and Laboratory
Standards Institute (Supplementary Table S2) and revealed resistance to tetracycline and ampicillin. The main
fatty acids measured in DSM 33715 were Cg,49,12c (50.17%), C4 (28.22%), C,¢,9 (8.16%), which is a similar
profile to DSM 22607 and DSM 33407 (Supplementary Table S3). However, the fatty acid profiles reported here
contrast with previous analysis®. These discrepancies can be explained by technical differences. Indeed, in addi-
tion to different analytical methods, the source biological material was also distinct since Morotomi et al. started
from solid cultures whereas here liquid cultures were used®.

Discussion

This work was intended to select a C. minuta strain candidate as a future live biotherapeutic product using a
method based on non-biased screening steps followed by in vivo validation. For this purpose, a collection of 32
C. minuta strains were screened based on rigorous selection criteria using in vitro and in vivo assays that allowed
to identify a promising bacterial strain with high anti-inflammatory potential.

Our screening program included an evaluation of the protective action of the strains on gut epithelium upon
challenge with the pro-inflammatory cytokine TNF-a. For this, we used a monolayer of human Caco-2 cells that
constitute the gold standard in mimicking the human intestinal barrier (STEP 1—TEER assay). Interestingly, we
observed that all tested C. minuta strains had a significant protective action on intestinal barrier integrity. This is
consistent with other observations in similar screening assays'”. As a consequence, it was not possible to use this
assay to discriminate between strains. In addition, to favor the inclusion of genetically distinct C. minuta strains,
we prioritized strains donor diversity to select between strains with similar scoring. We also evaluated the anti-
inflammatory potential of the C. minuta strains using the HT-29 human intestinal cell line and human-derived
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Figure 6. C. minuta DSM 33715 (C. min 22) protects against DNBS-induced colitis in mice. Animals received
either C. minuta DSM 33715 (C. min 22) (10° CFU/day), the vehicle, or 5-ASA (150 mg/kg/day) daily for

14 days by oral gavage prior intra-rectal DNBS injection (minimum n=6 per group). The positive control
5-ASA was administered on the day of colitis induction and for the following 3 days of recovery period. Body
weight loss was monitored for 3 days post DNBS injection (a). The macroscopic (b) and microscopic (c)
scores were recorded post mortem. Evaluation of the colonic epithelial structure (d). Arrows indicate strong
alterations of the epithelial surface. Goblet cell number per crypt (e). Colonic levels of IL-6 (f), IL-10 (g) and
IL-1P (h) cytokines and MPO activity (i). Statistics: (a) Repeated measure mixed effects model followed by
Dunnet’s multiple comparison test where the DNBS-vehicle group was chosen as control; (b,c) Kruskal-Wallis
followed multiple comparison; (e-i) One-way ANOVA followed by multiple comparison. *p <0.05, **p <0.01,
***p <0.001, ***p <0.0001 (minimum n =6 per group).

PBMC:s by quantifying the production of relevant cytokines. The HT-29 cells, deriving from a human colorectal
adenocarcinoma, are good representatives of the intestinal membrane at both structural and functional levels®
and were selected here for their ability to secrete high amounts of IL-8 when challenged with TNF-a. IL-8 is a
strong neutrophil chemoattractant produced by epithelial intestinal cells (EIC) that has been found overexpressed

Scientific Reports|  (2022) 12:6017 | https://doi.org/10.1038/s41598-022-10015-3 nature portfolio



www.nature.com/scientificreports/

Figure 7. Representative pictures of C. minuta DSM 33715 (C. min 22). (a) Gram staining of DSM 33715;
(b-d): transmission electron microscopy acquisition of DSM 33715 after simple negative coloration (b) or after
resin embedding showing a longitudinal section (c) and a transversal section (d).

in the mucosa of all intestinal segments from the ileum to the rectum in active CD patients®' as well as in the
serum of both CD and UC patients*’. We therefore considered that strains with a strong ability to prevent IL-8
release would be of high therapeutic potential. Similarly, IL-10 has long been known for its anti-inflammatory
action as it down-regulates the secretion of the pro-inflammatory cytokines TNF-a and IL-1p%. In addition, the
discovery that mice lacking IL-10 and IL-10 receptor expression develop spontaneous enterocolitis established
the crucial role of IL-10 in intestinal inflammation and in the etiology of IBD?*. IL-10 being mostly produced
by leukocytes, we chose to screen our collection of C. minuta strains on human-derived PBMC as an indicator
of a systemic anti-inflammatory potential in humans.

Based on this rationale, we were able to select 5 pre-clinical candidates with high potential to protect the
intestinal mucosa in IBD. We thus progressed with the selection of the clinical candidate in vivo in a chemi-
cally induced colitis model. Out of the 5 pre-selected strains, two significantly reduced the macroscopic score
in the TNBS-induced colitis rat model, and only C. min 22 (DSM 33715) managed to successfully reduce the
microscopic score (Fig. 4). On one hand, this result indicates that our screening strategy was appropriate to
identify a strong clinical candidate for future drug development. On another hand, the panel of chosen in vitro
assays may be complemented to consider other markers of active enterocolitis, such as reduction of TNF-a, of
the interferon gamma-induced protein (IP)-10 expression or of IL-1pB, which have all been reported as being
massively increased in active CD biopsies?!.

C. min 22 (DSM 33715), our selected candidate strain, limited clinical degradation in the DSS-induced colitis
mouse model, a gold-standard for IBD modeling®. Interestingly, it also strongly reduced colonic IL-1f in two
in vivo models suggesting that screening on the ability to reduce IL-1p secretion by macrophages in vitro might
improve predictability. From a therapeutic perspective, low serum baseline concentrations of IL-1p have been
associated with a higher response rate to the anti-TNF-a drug infliximab in CD patients, but not in UC?®. This
observation opens perspectives of potential use of C. minuta DSM 33715 (C. min 22) as an add-on to anti-TNF-a
therapy for CD patients.

Observations made in animal models should always be interpreted with caution due to their limited ability
to predict human response. Even if we have a strong rationale based on epidemiological data to target specifi-
cally CD where Christensenellaceae have been consistently reported as being reduced'’, there is currently no
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established accurate preclinical model of CD that would discriminate from UC. For this reason, we diversified
the models used and paid particular attention to use different animal species (i.e., rats and mice). We chose these
chemically induced acute models of colitis primarily because they are well characterized, reproducible, simple
to set up and deliver quick readouts, which are all essential criteria for a screening process. In addition, combin-
ing these models provides some interesting insights into potential mechanisms of action. Indeed, TNBS- and
DNBS-induced colitis models (so called hapten-induced colitis) provoke a cell-mediated acute inflammation
mostly affecting the distal colon that resembles human IBD?. Both TNBS and DNBS induce a similar immune
response in rodents as demonstrated by Wallace et al.?®, involving activation of the Th1- and Th17-mediated
immune system®. To the contrary, the DSS-mouse model induces erosion of the mucosal layer in the lower
part of the intestine, provoking an acute colitis through epithelial damage?”. Although the immune response to
DSS is first characterized by a strong Th1-mediated response with high TNFa secretion, it rapidly converts into
a Th2-dominant response®’. The fact that we were able to prevent gut inflammation in both models indicates
that the bacteria mediate their effects through a common immune pathway that will need to be explored in the
future. Nevertheless, these models mostly involve the innate immune response and therefore limit our ability to
anticipate responses of the adaptive immune system®'. Thus, follow-up studies focusing on detailed mechanisms
of action will also need to consider chronic models of colitis, ideally combined with genetic models of IBD and
humanized animal models to improve prediction of outcomes in patients.

From a mechanistic perspective, we observed a reduction of caecal SCFAs after DNBS-induced colitis in
vehicle-treated animals, which is aligned with clinical observations where fecal SCFAs and SCFA-producing
bacteria have been shown to be reduced in IBD*%. Interestingly, both DSM 33715 (C. min 22) and 5-ASA pre-
vented these colitis-induced reductions of SCFAs, which may potentially mediate the beneficial effects observed
on gut inflammation in this study since SCFAs have strong immunomodulatory properties. These are mediated
through stimulation of GPCR41 receptors, which induce production of protective IL22 by CD4+ T cells* and
GPCR43 receptors that promote Treg cells, the immune sentinels of healthy gut epithelia®. Accordingly, the
pharmacological stimulation of SCFA receptors has also been shown to reduce susceptibility to develop colitis in
a DSS mouse model through GPCR43 stimulation®. Even if the modulatory effect of 5-ASA on IBD patients’ gut
microbiota has been documented®®, its impact on SCFA levels has never been described to date. Considering the
previously described keystone role of C. minuta species'®, we assume that the beneficial effect of DSM 33715
(C. min 22) on SCFA levels is mediated through a modulation of gut microbial function leading to an increased
production of SCFA. Yet, further metagenomics studies on fecal material collected during colitis studies are
necessary to elucidate this point.

Finally, the selected C. minuta clinical candidate, strain DSM 33715 (C. min 22), was characterized following
current regulatory guidelines appropriate for further drug development®®. The characterization panel revealed
high similarity with previously described C. minuta strains>'® but DSM 33715 (C. min 22) slightly differed from
the others at the biochemical level (negative for salicin and positive for mannose metabolism) but these modest
differences are not sufficient to explain differences in anti-inflammatory effects. Hence, a complete comparative
genome analysis will be needed to identify specific regions that may convey unique functions to this particular
strain.

In conclusion, we described here a complete screening process combining in vitro and in vivo assays to
conduct a rational selection of a live bacterium of the C. minuta species as a clinical candidate for CD therapy.
Starting from a collection of 32 strains, we identified C. minuta DSM 33715 (C. min 22) as the most promising
candidate. This strain will then need to be further evaluated to be granted authorization to enter clinical stage.
At a broader level, such approach will be valuable to screen other live micro-organisms to be developed as future
live biotherapeutic products for clinical applications.

Methods

Human stool collection and bacterial isolation. Human stool sample collection was authorized by
the French national competent ethical authority (EudraCT number: 2020-A02134-35) under the status of Non-
interventional trial involving human (RIPH3 in French classification) respecting European Directive on Clini-
cal trials 2001/20/EC (authorization number EUDRACT (European Union Drug Regulating Authorities Clini-
cal Trials Database) =2020-A02134-35). Relevant data regarding volunteer health were collected following the
French Reference Methodology (MR-003) in line with the European Regulation (EU-2016/679). All donors
were 18-60 years old Europeans from both genders and provided written informed consent prior collection.
To be included, volunteers self-declared them as healthy and free from any oral antibiotic treatment for at least
2 months before sample collection.

The strains were isolated as previously described®*#.

Bacterial cell culture conditions. Christensenella minuta strains were cultured on pre-reduced Gifu
anaerobic modified medium (GAMm, Hyserve) during 3 days at 37 °C in anaerobic atmosphere (H, 5%,
CO, 5%, N, 90%). For the screening assays, all cultures were grown until reaching an optical density of 0.3+0.05.
Bacterial cultures were then centrifuged and resuspended in PBS-1% glycerol before storage. All in vitro assays
were performed using the strains at a multiplicity of infection (MOI) of 50 (50 bacterial cells for 1 eukaryotic
cell), except for the NF-kB reporter assay that was performed using the culture supernatant. Reference strain C.
minuta DSM 22607 was used as a control in all performed assays.

Eukaryotic cell culture conditions.  All cell lines were obtained from the European Collection of Authen-
ticated Cell Cultures (ECACC, Sigma). HT-29 cells, Caco-2 cells and THP-1 cells were grown in the condi-
tions described by the manufacturer. Human peripheral blood mononuclear cells (PBMCs) isolated from blood
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of healthy donors were obtained from Lonza Biosciences and stored in liquid nitrogen for long-term storage
(>1 month). After thawing, cells were maintained in 10%FBS-RPMI-1640 medium (Gibco) during 24 h before
seeding for experimentation.

Immunomodulatory assays in PBMCs. Assays were performed on three healthy donors. PBMCs were
seeded at 1 million per well in 24-well plate. Bacteria were added at a MOI 50 or PBS-Glycerol, as a control, and
co-cultures were maintained for 24 h. Interleukine-10 (IL-10) was quantified in supernatant by ELISA (human
IL-10; BioLegend).

Immunomodulatory assays in PMA-differentiated-THP1 cells. THP-1 cells were seeded at 5 x 10°
cells/well in 24-well plate in complete medium with 100 ng/ml PMA (Enzo Life Sciences) during 48 h, for dif-
ferentiation in M0O-macrophages. After differentiation, adherent MO were washed with 2% FBS medium and co-
incubated with bacteria (MOI 50) or its control (PBS-glycerol) in 2% FBS medium for 24 h. IL-10 was quantified
in supernatant by ELISA (human IL-10; BioLegend).

Immunomodulatory assays in HT-29 cells and HT-29 cells transfected with NF-kB luciferase
reporter vector. HT-29 cells were used to determine effects on the regulation of inflammation induced by
TNF-a stimulation by measuring IL-8 production or NF-kB activation, as described previously in Kropp et al.'.

Assessment of intestinal permeability by transepithelial electrical resistance (TEER). The
Caco-2 cell line was used to determine effects on epithelial barrier function'?. Briefly, when the optimal TEER
values were reached (EVOM3, World Precision Instrument), cells were treated in the apical compartment, with
bacteria at a MOI 50 or its control (culture medium), 3 h before adding 100 ng/ml of TNF-a (InvivoGen) in the
basal compartment. The TEER was measured at baseline and 6 h post-treatment. Results were normalized to the
basal condition.

Animal studies. All animal studies were conducted in accredited research facilities and approved by local
ethics committees in addition to the French government. TNBS and DSS studies were conducted by an accred-
ited Contract Research Organization (Intestinal Biotech Development, Lille) in accordance with European
Legislation on animal welfare. These studies were approved by the local investigational ethics review board
(Nord-Pas-de-Calais CEFA N°75, Lille, France; protocol reference numbers 352012 and 19-2009R) and French
government agreement (n°APAFIS#7542-20 17030609233680). The DNBS study was performed in accredited
facilities of the National Research Institute for Agriculture, Food and Environment (IERP, INRAe) in accordance
with European Legislation on animal welfare and were approved by COMETHEA, the local committee on ani-
mal experimentation. (ethics authorization n® APAFIS #16744 201807061805486). The following experimental
protocol and associated results are reported following the ARRIVE 2.0 guideline for experimental animals.

TNBS-induced colitis in rats. Sprague Dawley male rats were randomly divided into 4 groups (n=6 for the
CTRL-Vehicle and n=12 for the TNBS-induced groups). To evaluate the product effect a group TNBS-Vehicle
and a positive control TNBS-5-ASA were included. The five pre-selected candidates were administered by oral
gavage at 10° CFU/day, starting 14 days before colitis induction until the day of euthanasia and the 5-ASA
granules (150 mg/kg/day) were mixed in food. For colitis induction, rats were anesthetized and received an
intrarectal injection of TNBS (80 mg/kg in 40% Ethanol). Animals were sacrificed by neck dislocation 4 days
after TNBS injection and tissue samples were collected and stored at — 80 °C for analysis. The body weight vari-
ation, macroscopic and microscopic damage scores were determined as previously described'***. Inflammation
was assessed by measuring IL-183, IL-6 and IFN-y cytokine productions (eBioscience) and the level of lipocalin-2
(Clinisciences) in colon by ELISA method.

DSS-induced colitis in mice. C57BL/6 male adult mice were randomly divided into 4 groups (n=6 for the
CTRL-Vehicle and n =12 for the DSS-induced groups (DSS-Vehicle, DSS-DSM33715, DSS-5-ASA) DSS-Vehicle
and a positive control DSS-5-ASA were included. C. minuta DSM 33715 (C. min 22) and 5-ASA 150 mg/kg/day
were administered as described in the TNBS model. For colitis induction, the induced mice received 2.5% of DSS
(45kD; TDB Consultancy AB) in their drinking water for 5-days followed by a regime of 6 days of regular water
until sacrifice by neck dislocation (total of 11-days from the start of DSS induction). The tissues samples were
collected and stored at — 80 °C. Body weight evolution, Disease Activity Index (DAI)'® and global histological
score!” were recorded to evaluate the product effect on colonic inflammation. MPO activity was also measured
by ELISA in colonic tissue (Clinisciences).

DNBS-induced colitis in mice. C57BL/6 male adult mice were randomly divided into 4 groups (n=6 mice for
CTRL-Vehicle mice and n=10 mice for DNBS- induced groups. One negative control group (DNBS-Vehicle)
and one positive control group (DNBS-5-ASA) were included. DSM 33715 (C. min 22) was administered by oral
gavage at 10° CFU/day, starting 14 days before colitis induction until the day of euthanasia and the 5-ASA at
100 mg/kg/day (Sigma) only from the day of the induction. For colitis induction, the mice received an intrarec-
tal injection of Dinitrobenzene sulfonic acid (DNBS) (175 mg/kg dissolved in 30% Ethanol). Animals were
sacrificed 3 days post-induction by neck dislocation and tissue samples were collected and stored at -80 °C for
analysis. Inflammation was assessed by measuring the same read-outs as for the TNBS study. Additionally, the
goblet cells number count was performed as previously described*'.
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SCFA measurements. Caecal samples were extracted with water (wt g/vol) and centrifuged 15 min at
15000g. Supernatants were collected and deproteinized overnight at 4 °C with the addition of phosphotungstic
acid (10%, Sigma). Then, samples were processed and data analyzed as described in Kropp et al.'.

Microbial characterization. All phenotypic tests were performed in triplicate and reference
strains C. minuta DSM 22607 and Bacteroides fragilis DSM 2151 used as controls. Biochemical characterization
(API20), oxidase activity, catalase activity, Gram staining, spore forming, bile acid and pH tolerance, and antibi-
otic resistance were evaluated as described in Mazier et al.'®. Cellular fatty acids were analyzed at DSMZ services
by gas chromatography followed by Sherlock Microbial Identification (MIDI, Microbial ID).

Transmission electron microscopy (TEM). For single negative coloration, a negative staining of the
bacterial solution was performed using Nano-Tungsten (Nano-W, Nanoprobes, LFG Distribution). For resin
embedding, bacteria were defrosted slowly (at 4 °C) and fixed with 5% (v/v) glutaraldehyde in 0.2 M cacodylate
buffer (pH=7.2) mixed 50/50 (v/v) with the culture medium at 4 °C. Then samples were washed in 0.1 M caco-
dylate buffer, post-fixed in 1% (v/v) osmium tetroxide in cacodylate buffer 0.1 M during 2 h and washed. Sam-
ples were embedded in 1% (w/v) agarose in water, ethanol dehydrated, and embedded in a mixture of propylen
oxide and epoxy resin (Epon 812; Delta Microscopy) 50/50 (v/v) for 2 h and then in 100% resin overnight at RT
followed by 24-48 h at 60 °C. Samples were sliced at 70 nm thick sections and picked up on copper grids with
a carbon film at the surface and stained with uranyl acetate and lead citrate. Grids were examined with a TEM
(Talos F200S G2 FEG) at 200 kV, 4 K*4 K One View. TEM studies were conducted at the Bordeaux Imaging
Center—Bordeaux University, a Core facility of the French network “France Bio Imaging”

Statistical analysis. Statistical analysis was performed using the specialist software Prism 9 (version 9.2.0,
GraphPad). As a first step, distribution normality of each dataset was appreciated using a Shapiro-Wilk test. For
in vitro screening assays, a one-way ANOVA test was applied followed if appropriate with a multiple comparison
using the Dunnett’s test comparing all groups to a single control indicated in each figure legend. For in vivo
assays, an automatic detection of outlier values was performed using the iterative Grubb’s test. Body weight
data were analyzed using repeated measures mixed-effects model followed by multiple comparisons. Macro-
scopic, microscopic, DAI, global histological scores were analyzed using unpaired t-test, Mann-Whitney, one
way ANOVA or Kruskal-Wallis test depending on conditions. All the multiple comparison were made using
two-stage step-up method of Benjamini, Krieger, and Yukutieli. All values are presented as mean+ standard
error of the mean.
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