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ABSTRACT

Background & Aims: Probiotics can reduce symptoms of irritable bosyeldrome (IBS), but little

is known about their effects on psychiatric comditiés. We performed a prospective study to
evaluate the effects oBifidobacterium longum NCC3001 BL) on anxiety and depression in
patients with IBS.

Methods: We performed a randomized, double-blind, placetnatrolled study of 44 adults with
IBS and diarrhea or a mixed-stool pattern (baseBame Il criteria) and mild to moderate anxiety
and/or depression (based on the Hospital Anxietl@pression scale) at McMaster University in
Canada, from March 2011 to May 2014. At the scragnisit, clinical history and symptoms were
assessed and blood samples were collected. Patven¢sthen randomly assigned to groups and
given dailyBL (n=22) or placebo (n=22) for 6 weeks. At week @n@ 10, we determined patients’
levels of anxiety and depression, IBS symptomslityuef life, and somatization using validated
guestionnaires. At week 0 and 6, stool, urine albdd samples were collected, and functional
magnetic resonance imaging (fMRI) test was perfatm&e assessed brain activation patterns,
fecal microbiota, urine metabolome profiles, semarkers of inflammation, neurotransmitters and
neurotrophin levels.

Results: At week 6, 14/22 patients in tiB: group had reduction in depression scores of 2tpain
more on the Hospital Anxiety and Depression soadef/22 patients in the placebo group (P=.04).
BL had no significant effect on anxiety or IBS symp$o Patients in th8L group had a mean
increase in quality of life score compared with gi@cebo group. The fMRI analysis showed that
BL reduced responses to negative emotional stimutidhiple brain areas, including amygdala and
fronto—limbic regions, compared with placebo. Theups had similar fecal microbiota profiles,

serum markers of inflammation, and levels of neoptins and neurotransmitters, but tBe



group had reduced urine levels of methylaminesaanthatic amino acids metabolites. At week 10,
depression scores were reduced in patients d@lers placebo.

Conclusion: In a placebo-controlled trial, we found that tmelpotic BL reduces depression but not
anxiety scores and increases quality of life inguas with IBS. These improvements were
associated with changes in brain activation padtérat indicate that this probiotic reduces limbic
reactivity. ClinicalTrials.gov no. NCT01276626.

Key words: IBS, anxiety, depression, fMRI



BACKGROUND

Irritable bowel syndrome (IBS), characterized byl@hinal pain and altered bowel habits, affects
11% of the world-wide populatidn has a significant socioeconomic impaeind its current
treatments have limited efficatylts pathophysiology is incompletely understood isiconsidered

to be a disorder of gut-brain interacti@nd is frequently accompanied by psychiatric discs™.

Accumulating evidence suggests that commensal fiagiay a role in IBS, as multiple studies
have demonstrated an abnormal composition or mitadumivity of gut microbiota in patients with

IBS°. Dysbiosis, triggered by acute bacterial gastrerétig, antibiotics or dietary factors, which are
known to affect the composition of microbiota, nmarywe not only the gastrointestinal component
of IBS but also contribute to its psychiatric cotnidity®. Furthermore, specific probiotic bacteria

have been shown to improve gastrointestinal symgtonBS.

We have previously demonstrated that administratioB. longum NCC3001subspecies longum
strain BL) normalized anxiety-like behavior and hippocampedin Derived Neurotrophic Factor
(BDNF) levels in mice with low-grade gut inflammani through vagal dependent pathways
Based on these results, we hypothesized Bhawvill improve psychiatric comorbidity in patients
with chronic bowel disorders and thus we perforraqalot study in IBS patients. As anxiety and
depression are rather difficult to distinguish mnaal models, they frequently co-exist in patients
and altered central BDNF levels were reported ith boonditions, we chose as our primary
objective to evaluate the impact 8L on co-morbid anxiety and depression. The secondary
objectives were then to assess the effe@Lobn IBS symptoms and quality of life, and to explor
changes in brain activation patterns, circulatingflammatory markers, neurotransmitters,

neurotrophins, gut microbiota profile and urine abetites as a measure of host-microbial



metabolic interactions. Considering the large logfeneity of IBS we decided to restrict our study
to IBS patients with diarrhea or mixed stool patteas they apper to share similar sensory neuro-
imune interaction and are more likely to presenthwow-grade gut inflammation and similar

microbiota compared with IBS patients with condtiipa®>.

Although several clinical studies investigated etfeof probiotic bacteria on behavior and brain
function™**2 mostly in healthy individuals, our study is thiest one to show that probiotics can
improve depression scores as well as alter braiwitgcpatterns in IBS patients with comorbid

depression and anxiety.



METHODS

Study oversight

We conducted a randomized, double-blind, placeburobbed, single center pilot study from
March 2011 to May 2014. The study was approved Hey Hamilton Health Sciences and St.
Joseph’s Health Care Research Ethics Boards, ditipants signed the informed consent. The
study was registered in clinicaltrials.gov underTC276626. All authors had access to the study

data and reviewed and approved the final manuscript

Participants

We recruited adult patients with a diagnosis of W88 diarrhea or mixed-stool pattern (Rome IlI
criteria)'®, and mild to moderate anxiety and/or depressiamescbased on the Hospital Anxiety
and Depression (HAD) scafe(HAD-A or HAD-D score 8-14). Patients with a histaf organic
diseases, immune deficiency, major abdominal syrgepsychiatric condition other than anxiety
or depression, use of immunosuppressants, gluccosieroids, opioids, antidepressants or
anxiolytics in regular doses, alcohol or illicitudy consumption, were excludedoperamide and
laxatives were allowed as rescue medications. Qitaiotics in any form were forbidden during
the 1-month run-in period and the trial. Antibiatiwere forbidden during the 3 months prior to the

run-in period and the trial.

Design of the study

The study involved four hospital visits (Supplenagptfigure 1). At the screening visit ( -4 weeks),
clinical history and symptoms were assessed andsigdly exam and complete bloodwork
performed. At the baseline visit (week 0), the irsabn and exclusion criteria and symptoms were

re-assessed, stool, urine and blood samples wheeted, and an fMRI study performed.



The patients were then randomised to receive 4Besaof either spray driedl (1.0E+10 CFU
/lgram powder with maltodextrin) or placebo contagnl gram of maltodextrin. Treatment
products were indistinguishable in terms of packagdor, taste and consistency. Patients were
instructed to dissolve the content of the sachdi0@-200 ml of lactose-free milk, soy milk or rice
milk, preheated to 20° Celsius. Patients were aské¢do change their eating habits or fibre intake.
Participants recorded the treatment intake, thetgsgrhets were used to assess the compliance at
the next visit (week 6), where their symptoms wassessed, blood, urine and stool samples
collected and fMRI test performed. Finally, pat@rgymptoms were re-assessed at a follow-up

visit (week 10).

In addition to the regular hospital visits, HAD se® were also assessed at 3 weeks of treatment
following request of Health Canada. HAD questionesiwere provided to patients at Visit 1 and

then mailed or e-mailed to the investigators.

Study endpoints

The primary endpoint was a reduction in anxiety/andepression scores gf points on HAD
scalé® at 6 weeks. This was based on the previously kstied mean clinically important
difference for the anxiety and depression scorehenHAD scale of 1.3 and 1.4, respectivély
Secondary endpoints included improvement in anxaetgt depression scores (HAD, continuous
data), anxiety (State-Trait Anxiety Inventory, STAIBS global adequate relief, IBS symptoms,
somatization, quality of life, changes in brainieation patterns (functional Magnetic Resonance
Imaging, fMRI), serum inflammatory markers, neusosmitters and BDNF, and urine

metabonomic and stool microbiota profiles.



Randomization

The randomization sequence was performed usingngui@r program (Proc Plan, SAS, V. 9.1). A
block randomization was stratified by gender an8 Hatus (diarrhea or mixed stool pattern). The
codes were kept in sealed opaque envelopes akbtafgtients according to strata. Each pack was
assigned a number according to the randomizatignesee. On recruitment, the patients were
assigned into one of four strata and given the nersecutive randomization number available for
that stratumTreatment allocation was concealed from participamid study staff.

Treatment products indistinguishable in terms otkpge, color, taste and consistency, were
identified with two non-speaking codes per arm.ifffdentity was blind to subjects, investigators
and support staff, known only by the manufacturerstié Product Technology Centre Konolfingen

Switzerland.

Study Measurements

Anxiety and depression were assessed by the HAR sés an additional measure of anxiety we
used the STAP'which assesses both state and trait anxiety. |B$tms and signs were assessed
by the Birmingham IBS scot®and Bristol stool scalé To evaluate an overall improvement of
IBS symptoms, patients were asked a validated muestOver the past week have you had
adequate relief of your IBS symptoms?” with a dicimeous option for respong&sHealth-related
quality of life (QoL) was measured by the SF3@Gnd somatization by the PHQ-15

questionnairesS.

Brain activity was assessed by functional magneggonance imaging (fMRI) using General
Electric 3-Tesla Discovery MR 750, whole body shbdre scanner with 32 parallel receiver
channels (General Electric, Milwaukee, WI). The dish protocol included a seven minute T1

weighted structural scan, followed by four repetis of a fearful face backward masking
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paradigni’ (Supplementary figure 2) during four fMRI Blood {en Level Dependent scéfs
(BOLD EPI; TR/TE=2800/35 ms, flip angle=90°, 3 minick slices, no gap, field of view=24 cm,
matrix=64x64). Pre-processing of MRI data was catgul using Brain Voyager QX Version 2.8.2,
32-bit (Brain Innovation, Maastricht, Netherlandshnatomic and functional data were inspected
and scans with artefacts or fMRI scans with movengegater than 5 mm in any of 6 planes were
excluded from analysis. Anatomical scans were foanmged into standard sagittal orientation, and
underwent spatial normalization into standard TEatdr space. Slice scan time correction and 3D
motion correction were carried out on the fMRI datad spatial smoothing applied using a
Gaussian filter (FWHM=6 mm). The amygdala was gelb@s region of interest (ROI), initially
derived from the WFUPiIck Atlas and refined accogdin anatomic landmarks on the full group
average transformed T1 image.

Blood and urine samples were collected after ammgiet fast. After processing, the samples were
stored at -80 C until assessme&damples for BDNF were collected using the PAXgeloo& RNA
(PreAnalytiX, Qiagen BD, Toronto, Canada). Serurtokiynes and CRP levels were assessed by
Human Prolnflammatory 7-Plex Ultra-Sensitive Kit $l1, Gaithersburg, MD) and CRP Abbott
Architect kit (Abbott Laboratories, IL), respectiyeBDNF protein level was assessed by Human
BDNF DuoSet ELISA kit (R&D Systems, Minneapolis, MNPlasma neurotransmitters were
quantified using following kits: 5-HT: IBL, Hamburgermany; Substance P: Abcam, Cambridge,
UK; CGRP: Cloud-Clone Corp, Houston, TX.

Urine metabolites were assessed by NMR profiling using a Bruker Avance Il 600 MHz
spectrometer equipped with a 1.7 mm probe at 30@rkiker Biospin, Rheinstetten, Germany),
using a standard pulse sequence with water suppmessid processed using TOPSPIN (version
2.1, Bruker, Germany) software package. The meitahdentification was achieved using in house
database and 2EH NMR spectroscopy experiments. Chemometric arglysis performed using
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the software package SIMCA-P+ (version 14.0, UrnstrAB, Umed, Sweden) and in-house
developed MATLAB routines. Orthogonal Projection ltatent Structures (OPLS) and OPLS
discriminant analysis (OPLS-DA) were employed fgplering the variance in the metabonomics
data that may explain statistical differences betwgroups of samples. The classification accuracy
of the OPLS-DA was established from the predici@ah@es in the 7-fold cross-validation cycle.
To highlight the weight of individual variables the model, Variable Importance in Projection
(VIP) was used, with a value above 1 used as alibté by convention. For additional details, see
Supplementary Methods.

Microbiota analysis was performed using lllumingsencing of the V3 region of 16S rRNA gene
as described previoudfy for details see Supplementary Methods. Bactstialin-specific PCE

was used on fecal DNA extracts to detect the peesefBL at the end of the treatment period.

Statistical analysis

Statistical analyses were performed using IBM-SBBBI-SPSS Statistics v20, Chicago, IL). We
performedpost-hoc power calculations based on our previous animi, adehich showed strong
therapeutic potential of this probidtit We estimated that a sample size of 19 in eastpgwould
have 80% power using a two-groyp test with 0.05 two-sided significance level assun30%

have an improvement in depression and/or anxietiggrplacebo group and 75% in tBdongum

group.

Data from all randomized subjects were analyzedraatg to intention to treat (ITT) principles for
the primary outcome. To deal with missing dataused the extreme case analysis assuming that
all missing subjects had no improvement in symptdpes protocol evaluation (PP) excluded data

from subjects who did not complete the trial duedasumption of proscribed medication or non-

12



compliance with the study protocol, and was usedhfe primary and secondary outcomes. For
testing the effects on the two primary endpoinegrBon Chi-Squared and Mann-Whitney U test
were used as appropriate. In addition, the HADesorere analyzed at baseline, week 3, 6 and 10
post-treatment using ANOVA repeated measures. ANEB@Xs used to adjust for baselines
differences in HAD depression scores. A two-sidesd tvas used and p<0.05 was considered

statistically significant.

fMRI data were analyzed by the general linear m¢@M) with experimental events convolved
with the hemodynamic response function. Activatoaps were constructed identifying clusters of
activity associated with peak differences in adtora for experimental conditions (fear, happy,
fixation)”>. BOLD signal contrasts were submitted to ranekffect analyses and corrected for
multiple comparisons using the False Discovery Raiproacf. Second-level random effects-
GLM analyses assessed differences in-group respottsehe fearful faces before and after
treatment. A priori predictions thaBL will modulate activation in the amygdala were ¢éstith
region of interest (ROI) analysis. A standard Bradm map (WFU Pic Atla8) was co-registered
to the average composite anatomic data set andtagaescribe Regions of Interest (ROI) in the
right and left amygdala. An event related deconwafumodel for each participant was used to
examine % BOLD signal change at each and everylwoixiein the ROI. Contrasts were corrected
for multiple-comparisons at the cluster level gsithe false discovery rate methodology
(FDR(qg)<.05¥° and the average statistical value for ROI reported

For metabonomic analaysis, representative sigridalseadentified metabolites were integrated and

tested using non-parametric Mann Whitney test.

Role of the Funding source
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Nestec SA was not involved in collection, analysisterpretation of the clinical data. The
corresponding author was in charge of collectioth @malysis of data and had final responsibility

for the decision to submit for publication.
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RESULTS

Study patients

Sixty patients were enrolled in the study (FiguyeSixteen patients failed the screening due to: 1)

very mild IBS symptoms (n=2) or low HAD score (n1J) use of antibiotics (n=2); 3)
unwillingness to follow the protocol (n=7), or sk to follow-up (n=4). Thus, 44 patients were

randomized (22 in each study arm), from whom 38 meted the studyBlL=18, placebo=20).

During the treatment, six patients dropped out ttuase of antibiotics (n=4), or antidepressants

(n=2). No differences were observed between theiggdn baseline characteristics (Table 1),

except for higher HAD-D scores in tB& group (Table 2).

Primary outcome: | mprovement in depression and/or anxiety scores
At 6 weeks, 14 out of 22 (64%) patients in Blegroup had decreased depression scores (HAD-D
>2 points) compared with 7 out of 22 (32%) patienten placebo (relative risk (RR) 1.98; 95%
confidence interval (Cl) 1.16-3.38; p=0.04) in th& population (Table 3A). This response was
more prominent in the PP analysis with 78% inBhegroup compared with 35% of the placebo
group having lower depression scores (RR 2.4; 95% Z6-4.58; p=0.016). The improvement in
HAD-D scores was sustained in both the ITT (RR 2984 Cl 1.07-3.93; p=0.04) and the PP
analysis (RR 2.14; 95% ClI 1.11-4.12; p=0.04) awvE@k follow-up. The results at 6 weeks were
similar when the analysis was performed in onlygtlegroup of patients with baseline scores
indicative of depression (HAD-B8), (RR 3.75; 95% CI1 0.6-22.1; p=0.047). No sigraft
differences in number of patients with decreasedetyn (HAD-A >2 points) were found between

the groups at 6 or 10-week follow-up.

A sensitivity analysis performed to explore thatieinship between depression scores and

gastrointestinal symptoms showed that the benégéfiact of BL on depression scores at 6 and 10

15



weeks was more likely to occur in those patients véported adequate relief of IBS symptoms

(Table 3B).

Secondary outcomes

HAD scores

After treatment, there were no significant diffezea on HAD-D scores when assessed as a
continuous outcome between the two groups (Tahleu)when adjusting for baseline differences
a greater improvement was found in Blegroup (ANCOVA p=0.049). Anxiety scores assessed as

a continuous outcome were similar between the twagms (Table 2).

I BS symptoms

There was no difference in adequate relief of IB@&@toms in the ITT analysis at 6 weeks (RR 1.6,
95% CI 0.86-2.91; p=0.22) but the PP analysis sklaavstatistically significant benefit 8L over
placebo (RR 2.03 95% CI 1.13-3.65; p=0.02). Tlesdiicial effect was not, however, maintained
at 10-week follow-up (RR 0.70, 95% CI 0.24-2.090552). No significant differences were
observed in the overall Birmingham score or subbescéor constipation, diarrhea or pain at 6 or 10

weeks (Table 2).

State and trait anxiety and somatization
No differences in STAI scores were observed betwgrenips at 6-week or 10-week follow-up
(Table 2). Somatization scores were also similaween groups at 6-week or 10-week follow up

(Table 2).

Quality of life
QoL improved in the physical subdomain in Blegroup compared with placebo (p=0.03; 95% CI

0.01-0.90) (Table 2)with ameliorationin general physical health (physical functioning;04;

16



95% CI 0.43-0.51) and problems with work or othailydactivities (role physical; p=0.01; 95% ClI

0.009-0.013).

Brain activation patterns by fMRI

Brain activation patterns differed in responsedarful versus happy faces in all subjects studied
(Supplementary Figure 3, Supplementary Table ljorigetreatment, there was no difference in
response to fear stimuli versus fixation betweesmcgbo and th&L group, except for greater
engagement of the visual association and pariaigices in the latter group (Figure 2A-B).
However, after treatment, compared with placebeBthgroup showed reduced engagement of the
amygdala, frontal and temporal cortices, as welheghtened engagement of occipital regions in
response to the fear stimuli (compared with fixaigFigure 2B-C, Table 4). Overall, the change in
engagement of the amygdala correlated with the gihan depression scores (r=0.52, p=0.004;
Figure 2E). Within theéBL group, reduced engagement of the amygdala carcelaith decreased
depression scores (r=0.58, p=0.03), but this wasabserved in the placebo group (r=0.20,
p=0.46). In theBL group, reduced engagement of the amygdala was likelgto occur in patients
with adequate relief of IBS symptoms than in thag@out it (RR 3.07 95% (0.89-10.59 p=0.03),

but this was not observed in the control group (RR95% CI1.00-2.23 p=0.51; Figure 2E).

There was no difference when comparing respongsattul versus neutral faces.

I nflammatory markers, neurotransmitters and BDNF levels

No differences in serum inflammatory markers (CRRF-a, IFN-y, IL-1f3, IL-6, IL-8, IL-10, IL12

and IL-10/12 ratio) or neurotransmitters (5-HT, staimce P and CGRP) were found between the
groups at 6 weeks (Supplementary table 2). Simpjlavo changes in blood BDNF mRNA or

BDNF protein levels were identified.
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I ntestinal microbiota composition

There were no major differences in taxa, compasialistance or alpha diversity (Shannon, Chaol
and Observed Species indices) before or afterrdenent between the two groups. Microbiota
profiles were also similar when assessed by BrayiCerinciple Coordinate analysis or Bray-
Curtis Distance comparisons (Supplementary Figlir&l4 was detected at the end of treatment in

15 out of 18 (80%) patients of the probiotic group.

Urine metabonomics

OPLS discriminant analysis was applied using oregliptive and two orthogonal components to
model urine metabolic differences between the twaugs (Supplementary Figure 5). The model
was statistically robust only for post-treatmenalgsis (R2X=0.17, R2Y=0.84, Q2Y=0.20, where
R2X: explained variance in the metabonomics datm€umetabolites), R2Y: explained group
variance (placebo and probiotic) and Q2Y: robustredsthe model). Before treatment, there was
no difference between the two groups (Q2Y<0). Afteatment, however, tH&l. group showed a
lower urinary excretion of phenylacetyglutamine @A creatine, 4-cresol sulfate and
trimethylamine-N-oxide (TMAQO) ( Supplementary Figus, Table 6). Levels of 4-cresol sulfate
after treatment correlated with depression scarethe BL group (r=-0.53, p=0.03) but not in the
control group. No other correlation was found betwéhe metabolites and depression scores or the

amygdala activity.

Adverse events
No serious adverse events, with a probable orinerttationship to the study product, were noted

(Supplementary table 3).
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DISCUSSION

In this randomized, placebo controlled study we nfbuthat 6-week administration of
Bifidobacterium longum NCC3001(BL) decreased depression but not anxiety scores, whash
our primary outcome, and decreased responsesrfalfsamuli in multiple brain areas involved in
the processing of emotions, including the amyg@ald fronto—limbic regions. Patients givBh
also reported improvement in overall symptoms @& Hhd physical domain of QoL. Despite being
a pilot study with limited subject numbers, thistl® first trial to show that a specific probiotic
improves depression scores in IBS patients andceslpronounced changes in brain activity in
regions that have been previously implicated inreefion, and that are influenced by anti-
depressant therafy?® Indeed, both depression and anxiety disorder Ieen associated with
amygdala hyperactivity and converging evidence sstggthat one mechanism by which Selective
Serotonin Re-uptake Inhibitors (SSRIs) exert tHm#neficial action is by downregulating its
activity’”?® Our study also validates the use of some muriodet$®to screen probiotics for their
potential therapeutic benefit in humans, Bls was shown previously to improve anxiety-like

behavior and brain chemistry in mice.

There is growing interest in the role of the intest microbiota in health and disease. Gut bacteria
not only instruct and shape the host immune systd, impact its metabolism, but also affect
function in the gut and central nervous sy<teth Animal studies have demonstrated that changes
in microbiota compositiott or administration of specific probiotics, includimifidobacteria, can
alter behavior and brain chemistry of the Ad3t Multiple mechanisms are likely involved in this
microbiota-brain communication, including immuneural and metabolic pathwaysWe have
previously extensively investigated the benefigtiect of BL on behavior in murine models and

shown that this probiotic normalizes inflammatiowhiced anxiety-like behavior and hippocampal
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BDNF level$®. The beneficial effect on behavior was mediatedubh vagal signaling, possibly

through release of neuroactive metabolites actingrderic neurors

Despite accumulating evidence of the influence afrabiota on behavior in animal models, data
from humans are rather limit¥d Two studies in healthy volunteers reported noomejffects of
probiotic on anxiety and depression scttés A very recent pilot study in patients with major
depression showed that depression improved inthetplacebo and probiotic groups, although the
improvement appeared to be greater in the fatt@he only study, which directly linked the gut
microbiota to brain function, assessed effects pfturme of probiotic bacteria in healthy females.
Although no change in behavior in that trial waserved, fMRI showed decreased BOLD activity
in the limbic and sensory brain regions in respdodacial expressions, which stimulate emotional
responses. We used a similar emotive challenge that is kneminduce activation in several brain
regions, including the amygdala, where the feapagse is particularly saliefif and which was
thus chosen as a predetermined R@¢. found thaBL administration decreased activation of the
amygdala and the fronto—limbic complex comparedhwplacebo, which was paralleled by
decreased depression scores. The amygdala is lyoingalved in regulation of fear and anxiety,
but also in activation of the hypothalamic-pitujtadrenal axis (HPAY and modulation of the
visceral sensitivity. In our study, pain scores appeared to improveeritotheBL group compared
to the placebo group, although the difference waisstatistically significant. However, theL
group was more likely to report the adequate refelBBS symptoms and this was associated with
decreased amygdala activation. Thus changes in paigeption could explain the overall
improvement of IBS symptom in tH&_L group but this should be further investigated utufe,

better powered trials.
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Multiple studies have demonstrated beneficial e$fexf different probiotics in patients with IBS,
and a recent meta-analysidas shown that bifidobacteria are more likely topiove
gastrointestinal symptoms than lactobacilli. Ungied mechanisms may involve improvement of
low-grade gut inflammation present in a subsetaifemts with IBS®. Inflammation has also been
linked to psychiatric disorders as pro-inflammatagtokines can affect mood by a number of
mechanisms, including activation of the HPA axisd aalteration of the metabolism of
neurotransmittefS. We found no differences in serum CRP or cytokireels between placebo
and patients givemBL, indicating that the beneficial effect of this pratic is not mediated by

improvement in inflammation, in agreement with frevious study in miée

Our murine study demonstrated that hippocampal BDE upregulated bBL®. Neurotrophin
BDNF influences survival and differentiation of mens, formation of functional synapses and
neuroplasticit§* and is decreased in major depressive disdtdéfe found no differences in serum
BDNF or neurotransmitter levels, including serotgnin patients givemBL compared with patients
in the placebo group but this does not rule oatgbssibility that BDNF or neutransmitters levels

in specific brain regions were modulated by thebjotc.

As changes in gut microbiota composition have béeked to altered behavior and brain
chemistry®, we assessed fecal bacterial profiles before #&ed the treatmentAnalysis of fecal
16S rRNA gene sequencing suggests that the beadeéffiect of BL is independent of major
alterations in microbioal composition. HowevBlL, altered the urinary metabolic profile suggestive
of downregulated bacterial degradation of methyfesiand aromatic amino aclgsincluding a
decrease in host-bacterial co-metabolite 4-cresifdte, a by-product of tyrosine fermentatin
Interestingly, 4-cresol sulfate is known to inhidapamine3-hydroxylasé®, which is a constituent

of the catecholamine biosynthetic pathway involirechood regulatioff. This enzyme converting
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dopamine into noradrenaline is expressed in th&aeand peripheral nervous systamwell as in

chromaffin cells of the adrenal meddfilaand its decreased activity has been associatdd wi
depressioff. In our study, levels of 4-cresol sulfate correlatéth improved depression scores in
BL group suggesting that dopamine/noradrenaline @athmay play an important role in the effect
of this probiotic. In future studies, a targetedtaelomic approach should provide further insight
into the impact ofBL on the bacterial metabolism of aromatic amino @@dd the subsequent

modulation of the host’s catecholamine production.

Although this is the first randomized trial to shtlvat probiotics decrease depression scores in IBS
patients there are limitations that are importanémphasize. We used the HAD scale to identify
patients with psychiatric comorbidity, which is Wwelalidated and widely used in studies
investigating IBS as a simple tool to screen famotbid anxiety or depressitrits psychometric
properties may be inferior to clinician-administérating scales for depression and anxiety, but its
main advantage is that it does not measure sorsgtiptom$®*® a strong confounding factor in
any study of IBS patients. Indeed, there is no sapgalidated questionnaire that can be used in
patients with a concurrent medical disorder. Howgaeconfirmatory trial using additional specific
psychometric tools in a larger cohort of patienineeded to substantiate our current results. A
weakness of our study was the difference in thelbbesdepression scores between the two groups
with lower values in the placebo group. The improeet in depression in the probiotic group
could relate to regression to the mean or refldtma effect. We believe this is unlikely, howeyer
as a statistically significant result in favor Bif remained when adjusting for baseline differences
using, and when performing analysis only in thegsabp of patients with baseline scores
indicative of depression (HAD-B8). Also, there was a linear decrease in the dejmesubscale

of the HAD score in theBL group that did not asymptote with the placebo HABore
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(Supplementary Figure 6). Furthermore, the obseprehges in brain activation patterns in the
areas involved in mood regulation in tBe group support the notion that this probiotic has-a
depressive properties. We have not shown any effeBL on individual gut symptoms but our
study was not adequately powered to detect thesegels. Thus, a larger, appropriately powered
trial with patients with IBS and comorbid depressi® needed to verify our data on psychiatric and

gut symptoms beforBL can be recommended in clinical practice.

In conclusionB. longum NC3001 has longstanding beneficial effects on mild to natkecomorbid

depression and it temporarily improves overall sioms of IBS and QoL. This is associated with
changes in activity of multiple brain areas invalve emotional processing, but no improvement in
individual gut symptoms, suggesting that centréa$ of this probiotic underlies its therapeutic

effect, possibly through modulation of host catéahmne production.

23



REFERENCES

1- Lacy BE, Mearin F, Chang let al. Bowel disordersGastroenterology 2016; 150(6): 1393—

1407.

2- Canavan C, West J, Card T. Review article: thenemic impact of the irritable bowel

syndromeAliment Pharmacol Ther 2014; 40(9): 1023-34.

3- Drossman DA, Hasler WL. Rome IV—Functional Glsaliders: Disorders of gut-brain

interaction.Gastroenterology 2016; 150(6): 1257-1261.

4- Palsson OS, Drossman DA. Psychiatric and psggmal dysfunction in irritable bowel
syndrome and the role of psychological treatmeaéstroenterol Clin North Am 2005; 34(2): 281-

303.

5- Simrén M, Barbara G, Flint Hét al. Intestinal microbiota in functional bowel disordea Rome

foundation reportGut 2013; 62: 159-76.

6- Barbara G, Feinle-Bisset C, Ghoshal [ECal. The intestinal microenvironment and functional

gastrointestinal disorder&astroenterology 2016; 150(6): 1305-1318.

7- Ford AC, Quigley EMM, Lacy BEgt al. Efficacy of prebiotics, probiotics, and synbigatim
Irritable Bowel Syndrome and chronic idiopathic stypation: Systematic review and meta-

analysisAmJ Gastroenterol 2014; 109:1547-61.

8- Bercik P, Verdu EF, Foster Jét al. Chronic gastrointestinal inflammation inducesiatylike
behavior and alters central nervous system bioctteynin mice.Gastroenterology 2010; 139(6):

2102-12.

24



9- Bercik P, Park AJ, Sinclair 2 al. The anxiolytic effect oBifidobacterium longum NCC3001
involves vagal pathways for gut-brain communicatibleurogastroenterol Motil 2011; 23(12):

1132-9.

10- Hughes PA, Harrington AM, Castroefal. Sensory neuro-immune interactions differ between

irritable bowel syndrome subtypésut 2013; 62(10): 1456-65.

11- McKean J, Naug H, Nikbakht & al. Probiotics and Subclinical Psychological Symptaoms
Healthy Participants: A Systematic Review and Matalysis.J Altern Complement Med 2016

Nov 14.

12-Tillisch K, Labus J, Kilpatricket al. Consumption of fermented milk product with prdigo

modulates brain activityGastroenterology 2013; 144(7): 1394-401.

13- Longstreth GF, Thompson WG, Chey WdDal. Functional bowel disorder&astroenterology

2006; 130(5): 1480-91.

14- Snaith RP, Zigmond AS. The Hospital anxiety afepression scale with the Irritability
depression — anxiety scale and the Leeds situdtimmdiety scale manual. Published by GL

assessment Ltd. 1994.

15- Puhan M, Frey M, Buchi $ al. The minimal important difference of the hospaakiety and
depression scale in patients with chronic obstvegbulmonary diseasklealth Qual Life Outcomes

2008; 6: 46.

16- Gaudry E, Spielberger CD, Vagg P. Validatiorstate-trait distinction in anxiety distinction.

Multivariate Behav Res 1975;10:331-41.

25



16- Roalfe AK, Roberts LM, Wilson S. Evaluationtbé Birmingham IBS symptom questionnaire.

BMC Gastroenterol 2008 Jul 23; 8:30.

17- O'Donnell LJ, Virjee J, Heaton KW. Detection pfeudodiarrhoea by simple clinical

assessment of intestinal transit ranBMJ 1990; 300(6722): 439-40.

18- Passos MC, Lembo AJ, Conboy lehal. Adequate relief in a treatment trial with IBSipats:

a prospective assessmefitn J Gastroenterol 2009; 104(4): 912-9.

19- McHorney CA, Ware JE Jr, Raczek AE. The MOSt86: Short-Form Health Survey (SF-36):
II. Psychometric and clinical tests of validity ineasuring physical and mental health constructs.

Med Care 1993;31(3):247-63.

20- Kroenke K, Spitzer RL, Williams JB. The PHQ-1&lidity of a new measure for evaluating the

severity of somatic symptomBsychosom Med 2002; 64(2): 258-66.

21- Hall GB, Doyle KA, Goldberg Jt al. Amygdala engagement in response to subthreshold
presentations of anxious face stimuli in adultshwiutism Spectrum Disorders: preliminary

insights.PloSOne 2010; 5(5): e10804.

22- He X, Yablonskiy DA. Quantitative BOLD: mappirdg human cerebral deoxygenated blood

volume and oxygen extraction fraction: defaultestistagn Reson Med 2007; 57:115-26.

23- De Palma G, Blennerhassett P, LwetJal. Microbiota and host determinants of behavioral

phenotype in maternally separated midat Commun 2015; 6: 7735.

24- Rougé C, Goldenberg O, Ferrarisetal. Investigation of the intestinal microbiota in f@en

infants using different method&naerobe 2010; 16(4): 362-70.

26



25- Genovese CR, Lazar NA, Nichols T. Thresholdiofy statistical maps in functional

neuroimaging using the false discovery rateuroimage 2002;15(4): 870-8.

26- Maldjian JA, Laurienti PJ, Kraft RA, Burdettel.JAn automated method for neuroanatomic
and cytoarchitectonic atlas-based interrogatiorfnofi data setsNeurolmage 2003; 19, 1233-

1239.

27- Harmer CJ, Mackay CE, Reid C&, al. Antidepressant drug treatment modifies the neural

processing of nonconscious threat ciBesl Psychiatry 2006; 59(9): 816-20.

28- Fu CH, Williams SC, Cleare A& al. Attenuation of the neural response to sad facesajor
depression by antidepressant treatment: a prospeewvent-related functional magnetic resonance

imaging studyArch Gen Psychiatry 2004; 61: 877-89.

29- Hooper LV, Littman DR, Macpherson AJ. Interans between the microbiota and the immune

system.Science 2012; 336 (6086): 1268-73.

30- Collins SM, Surette M, Bercik P. The interplagtween the intestinal microbiota and the brain.

Nat Rev Microbiol 2012; 10(11): 735-42.

31- Bercik P, Denou E, Collins 8 al. The intestinal microbiota affect central levelsboain-

derived neurotropic factor and behavior in miGastroenterology 2011; 141(2): 599-60.

32- Bravo JA, Forsythe P, Chew M¥ al. Ingestion of Lactobacillus strain regulates eomi
behavior and central GABA receptor expressionmmoaise via the vagus nenkr.oc Natl Acad <ci

U SA 2011, 108(38): 16050-5.

27



33- Messaoudi M, Violle N, Bisson Jrt al. Beneficial psychological effects of a probiotic
formulation (actobacillus helveticus R0O052 andBifidobacterium longum R0175) in healthy human

volunteersGut Microbes 2011;2(4):256-61

34-Benton D, Williams C, Brown A. Impact of consumiagnmilk drink containing a probiotic on

mood and cognitiorEur J Clin Nutr 2007; 61(3):355-61.

35- Akkasheh G, Kashani-Poor Z, Tajabadi-Ebrahimigual. Clinical and metabolic response to
probiotic administration in patients with major degsive disorder: A randomized, double-blind,

placebo-controlled triaNutrition 2016; 32(3):315-20.

36- Whalen PJ, Rauch SL, Etcoff Nét,al. Masked presentations of emotional facial expogssi

modulate amygdala activity without explicit knowtgdJ Neurosci 1998; 18(1): 411-8.

37- Davis M. The role of the amygdala in fear angiety. Annu Rev Neurosci 1992;15: 353-75.

38- Myers B, Greenwood-Van Meerveld B. Corticostneceptor-mediated mechanisms in the
amygdala regulate anxiety and colonic sensitivitym J Physiol Gastrointest Liver Physiol 2007;

292 (6): G1622-9.

39- Bashashati M, Rezaei N, Shafieyounedal. Cytokine imbalance in irritable bowel syndrome:

a systematic review and meta-analysiaurogastroenterol Motil 2014; 26(7): 1036-48

40- Haroon E, Raison CL, Miller AH. Psychoneuroimmalogy meets neuropsycho-pharmacology:
translational implications of the impact of inflaration on behaviorNeuropsychopharmacology

2012; 37(1): 137-62.

28



41- Murray PS, Holmes PV. An overview of brain-ged neurotrophic factor and implications for

excitotoxic vulnerability in the hippocampust J Pept 2011; 2011: 654085.

42- Duclot F, Kabbaj M. Epigenetic mechanisms ulyitey the role of brain-derived neurotrophic

factor in depression and response to antidepressdatp Biol 2015; 218(Pt 1): 21-31.

43- Boulange CL, Neves AL, Chilloux & al. Impact of the gut microbiota on inflammation,

obesity, and metabolic diseagnome Med 2016;8:42.

44- Selmer T, Andrei Pl. p-Hydroxyphenylacetate atboxylase fromClostridium difficile. A
novel glycyl radical enzyme catalysing the formatmf p-cresolEur J Biochem 2001; 268:1363-

1372.

45- Goodhart PJ, DeWolf WE Jr, Kruse LI. Mechanisased inactivation of dopamine beta-

hydroxylase by p-cresol and related alkylphenBischemistry 1987;26:2576-83.

46- Togsverd M, Werge TM, Tanko LBt al. Association of a dopamine beta-hydroxylase gene
variant with depression in elderly women possil@flecting noradrenergic dysfunctiod.Affect

Disord 2008; 106:169-72.

47- Kapoor A, Shandilya M, Kundu S. Structural gigi of dopamine beta-hydroxylase, a drug
target for complex traits, and functional significa of exonic single nucleotide polymorphisms.

PLoSOne 2011; 6:26509.

48- Johnston M, Pollard B, Hennessey P. Constratidation of the hospital anxiety and

depression scale with clinical populatiod$sychosom Res 2000; 48(6): 579-84.

29



LEGENDS

Figure 1: Flowchart study population

Figure 2: Brain activation patterns assessed by fMRI

Functional Magnetic Resonance Imaging (fMRI) wasdu® assess the BOLD response to fearful
stimuli compared with fixation. Group differencesactivation pattern are displayed. At baseline,
when examining all brain regions (A), there wagttly greater engagement of the visual
association (Al) and parietal cortices (A2B longum (BL) group compared with the placebo
group, with no difference in predetermined regibmterest (ROI), amygdala (B). After treatment
(at 6 weeks), thBL group displayed lesser engagement of the amygashagll as frontal and
temporal cortices that are involved in anxiety amabd regulation (C, D; in yellow-orange) and
increased engagement of occipital regions (in bto@)pared with the placebo group. At 6 week,
the amygdala activation correlated with the depo@sscores in the whole cohort and Biegroup
(E, middle and right panel). Patients with adequelief of IBS symptoms (blue dots) were more
likely to have lesser engagement of the amygdhala the patients without improvement in their

IBS symptoms (red dots).

30



Table 1: Demographics characteristics of study population

B. longum Placebo
n=22 n=22
Sudy status, n (%)
Completed 18 (82) 20 (91)
Dropped out 4 (18) 2(9)
Age, median (IQR) 46.5 (30-58) 40.0 (26-57)
Female, n (%) 12 (54) 12 (54)
Ethnicity n (%)
Caucasian 19 (86) 21 (95)
Other 3 (14) 1(5)
Smoking status
Smokers, n (%) 3 (14) 3(14)
Alcohol consumption 8 (36) 11 (50)

Consumers, n (%)

Fibre consumption, g/day,

18.0 (12.0-23.2)  13.5(10.0-18.2)

median (IQR)
BMI, median (IQR) 25.1 (21.5-28.4) 24.6 (22.3-29.5)
I BS subtype n (%)
Female Diarrhoea 6 (27) 6 (27)
Female Mixed 6 (27) 6 (27)
Male Diarrhea 8 (37) 7 (32)
Male Mixed 2 (9) 3 (14)
Anxiety and depression, n (%)
Anxiety (HAD-A >8) 21 (95) 18 (82)
Depression (HAD-D >8) 13 (59) 8 (36)
Anxiety and depression 12 (54) 6 (27)

No significant differences between groups for demographics characteristics (P value for all
comparisons between groups >0.05)



Table 2. Depression, anxiety, | BS symptoms, quality of life and somatization scores

Mean difference

Mean differenc

Beforetreatment | Post-treatment, 6 weeks Follow-up, 10 weeks
Test/ Mean (SD) 95% Cl 95% Cl
Placebo | B.longum | Placebo | B.longum Placebo | B.longum
Seoression HAD.D 5.2 7.6 45 3.9 0.6 4.7 4.7 0.15
epression RAL- (3.0) 3.7) (3.1) (3.1) (-1.6t02.6) | (3.5) (3.8) (-2.5 t0 2.5)
ety HADA 93(2.6)] 102 7.1 6.5 0.6 8.0 7.6 0.39
MEty RAL- (3.2) (3.9) (3.8) ((191t03.2) | (4.3) (4.8) (-2.7 10 3.5)
Arsicty STAL 40.4 413 38.8 33.1 5.7 37.6 38.4 0.83
ey (123) | (139 (12.9) (9.5) (2.0t0 135) | (11.9) (153) | (-10.1t08.4
ety TA 44.0 47.7 425 39.4 3.1 42.2 32.3 2.84
ey (11.9) | (105) (11.3) (11.6) | (451t0106)| (11.3) (12.7) | (5.21010.9
|BS Birmingham: 17.8 17.7 126 8.8 3.8 13.0 12.4 0.55
rotal (7.9) (7.1) 9.2) (9.2) (24109.9) | (6.9) (9.5) (-4.9 10 6.1)
Birminghan 3.8 3.0 3.1 14 17 3.2 2.5 0.71
constipation (3.6) (3.1) (3.5) (1.6) (01t03.6) | (3.5) (3.8) (-1.7t03.2)
Birminghan 8.2 8.5 4.7 4.1 0.5 5.1 5.2 0.17
diarrhea (4.3) (4.8) (4.3) (5.8) (28103.9) | (3.2) (4.9) (-2.9t0 2.6)
Birminghant 6.3 6.2 4.9 3.4 15 4.7 4.7 0.15
Pain (3.9) 3.2) (4.1) (3.5) (11to41) | (3.4) (3.8) (-2.4t0 2.4)
a6 P | 439 45.0 43.1 49.9 6.8* 46.9 46.4 0.52
QoL-S7-36: Physical | 156y | (10.0) (9.9) (88) | (-13.2t0-0.4)| (10.0) (9.6) (-6.3 to 7.4)
36 Mertal 41.9 39.4 433 47.1 -3.80 41.3 46.4 5.06
QoL-57-36 Menta 11y | e 9.7) (9.9) (-10.41t02.8) | (12.0) (12.8) | (-13.7t03.6
QoL-SF-36: 78.5 78.3 76.8 94.5 147 79.2 83.3 4.17
Physical functioning | (225) | (24.2) (22.7) 95 | (26.7t0-2.7)| (231) | (19.8) | (-18.7t0 10.4
QoL-SF-36: 51.3 61.1 475 80.8 -33.4% 59.7 62.5 2.77
Role physical (38.4) | (43.1) (38.8) (35.9) | (-585t0-8.2)| (38.5) 42.2) | (-30.1t0 24.6
QoL-SF-36. 61.2 51.0 58.2 65.1 6.9 62.2 60.1 2.11
Bodily pain (242) | (20.1) (23.3) 207) | (21.7t07.9)| (25.5) (20.4) | (-13.5t0 17.7
QoL-SF-36. 55.2 59.6 60.9 68.1 73 59.9 65.6 5.61
General health (19.2) | (20.9) (22.1) (17.0) | (206t06.1)| (20.7) (21.1) | (-19.8t085
6 Vit 455 40.3 43.7 55.3 115 46.4 49.7 -3.33
QoL-S-36: Mitality | 195y | (18.7) (18.9) (17.4) | (238t00.7)| (20.4) (25.0) | (-18.8t0 12.1
QoL-SF-36: 61.9 56.9 68.1 77.2 -9.08 63.9 72.2 -8.33
Sodial functioning 216) | (26.8) (24.4) (19.4) | (24.0t05.8)| (26.7) (225) | (-25.1t08.4
QoL-SF-36. 60.0 55.6 56.7 78.4 2138 59.3 68.5 9.25
Role emfional (39.9) | (39.6) (40.6) (38.9) | (485t04.9)| (43.6) (435) | (-38.71020.2
QoL-SF-36. 62.0 59.6 65.6 715 5.9 64.0 69.3 5.33
Mental health (202) | (@18.7) (17.6) (16.4) | (17.4t055)| (20.6) (20.6) | (-19.3t08.6
PHOI5: Somatization | 11.1 11.9 10.0 8.4 161 9.4 10.0 -0.63




| 29 | @5 | 39| @2 | (08t40) (3.5)] 48| 341022

*p<0.05 vs placebo; HAD-D: Hospital Anxiety and Degsion score for depression, HAD-A:
Hospital Anxiety and Depression score for anxi&yAI/TAI: State and Trait Anxiety
Inventory, QoL SF-36: Quality of Life Short Form;3®HQ-15: Patient Health Questionnaire;



Table 3: Decrease >2 points in depression and anxiety HAD scores at 6 and 10 weeks in the
whole group (A) or when stratified by adequate relief of 1BS symptoms (B)

A
B.longum | Placebo ITT Analysis PP Analysis
Outcome
n n RR 95% ClI p value RR 95% CI p value
Decrease HAD-D 14 7 198 116338  0.04 240 1.26-4.58 0.0
>2 at 6 weeks
Decrease HAD-A 14 11 131 072242 054 169  0.76-3.77 0.19
>2 at 6 weeks
Decrease HAD-D
2 at 10 weeks 13 6 2.05 1.07-3.93 0.04 2.14 1.11-4.12 0.04
Decrease HAD-A
2 at 10 weeks 12 10 1.4 0.65-2.82 0.50 1.6 0.77-3.17 0.34
B
Outcome B.longum | Placebo ITT Analysis PP Analysis
n n RR 9%5% ClI  pvaue | RR 95% CI pvalue
Adequate relief of |BS symptoms
ease -D>
Decrease HAD-D 22 11 2 307 089-106 003 307 0.89-10.6 0.03
at 6 weeks
Decrease HAD-A 11 4 153 0.72-327 066 153 0.72-3.27 0.34
>2 at 6 weeks
Decrease HAD-D
>2 at 10 ks 4 1 6.00 1.03-35.9 0.04 6.00 1.06-35.9 0.04
Decrease HAD-A
>2 at 10 weeks 4 4 1.5 0.85-2.64 0.46 1.50 0.85-2.64 0.46
No Adequate relief of | BS symptoms
Decrease HAD-D
52 at 6 S 3 5 0.93 0.29-2.98 1.0 1.6 0.56-4.54 0.56
Decrease HAD-A
52 at 6 S 3 7 0.66 0.23-1.92 0.34 1.14 0.45-2.90 0.98
Decr HAD-D 9 5 1.60 0.67-3.78 0.31 1.80 0.80-4.02 0.25

>2 at 10 weeks




Decrease HAD-A
>2 at 10 weeks

8

6

1.18

0.52-2.68

0.73

1.33

0.62-2.84

0.70

Chi® test, HAD-D: Hospital Anxiety and Depression sctmedepression, HAD-A: Hospital

Anxiety and Depression score for anxiety, ITT: hiten-to-treat analysis, PP: Per-protocol

analysis




Table 4: Brain activation patternsin all brain regions (top) and the amygdala (bottom).

Left/right Brain region Brodmann T-value p-value No-
area voxels
Right Middle Temporal Gyrus BA 21 4.62796 0.000013 818
Right Middle Temporal Gyrus BA 21 3.860474 0.000222 278
Right Cerebellum * 3.964027 0.000154 452
Right Inferior Frontal Gyrus BA 47 4.564617 0.00@01 4657
Right Cuneus BA 19 -3.889998 0.0002 1268
Right Middle Occipital Gyrus BA 19 -4.455264 0.0@®0 898
Right Middle Frontal Gyrus BA 10 4.099587 0.000095 526
Right Amygdalal BA 28 3.983939 0.000144 1474
Parahippocampal Gyrus
Right Cuneus BA 19 -3.709217 0.000372 1527
Right Medial Frontal Gyrus BA 11 4.73075 0.000009 653
Left Middle Occipital Gyrus BA 19 -4.04685 0.000115 1196
Left Amygdala/ BA 35 4.451565 0.000026 1727
Parahippocampal Gyrus
Left Middle Frontal Gyrus BA 10 3.687655 0.0004 008
Left Middle Occipital Gyrus BA 19 -4.466287 0.00@02 776
Left Middle Temporal Gyrus BA 21 4.097827 0.000096 689
Left Middle Occipital Gyrus BA 19 -3.282744 0.00m49 472
L eft/right Brain region T-value p-value No. voxels
Right Amygdala 3.98394 0.000144 690
Left Amygdala 4.031566 0.000121 212

Brain activation patterns assessed by fMRI for {pesttment group differences (placebo vs
treatment; fear vs. fixation) in all brain regigiep) and for ROI- amygdala analyses (bottom).
All data are corrected for multiple comparisonsF§)<.05. Positive T-values identify regions
of greater activation in response to fear stimuithe placebo group comparedBio group.



Table5: Urinary metabolites after 6 weeks of treatment assessed by *H NMR

_ . 'H NMR signal OPLS Correlation Relative concentration (au)
Urinary metabolites o o p-value
(multiplicity) coefficient (VIP) Placebo B. longum
Creatine 3.04 (s) -0.44 (1.36) 14.49 (10.3) 7.40)(3 0.007
Phenylacetylglutamine 7.43 (m) -0.50 (1.76) 4.8)1. 3.01 (1.3) 0.013
4-cresol sulfate 2.35(s) -0.36 (1.42) 5.38 (2.3 9@Q.7) 0.022
Trimethylamine-N-Oxide 3.27 (s) -0.32 (1.18) 4460 Q) 15.48 (4.5) 0.002

Metabolite data are reported as mean (SD) withrhitrary unit (au) derived frotH NMR

spectral peak area. VIP: Variable Importance ojdtion; m: multiplet; s: singlet.




Figurel.
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Supplementary Figure 1: Design of the study

fiber score)

3. General bloodwork
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3. fMRI
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Supplementary Figure 2: The backward masking paradigm.

The backward masking paradigmhe fixation was jittered, followed by the preseima of a
fearful or happy face for 67 ms, followed by theskiag of the stimuli with a neutral face for 83
ms. Participants had 1800 ms to respond. Four piasens of the paradigm were collected, with

84 trials per presentation (scan).

Jittered Fixation

83 ms mask

1800 ms response



Supplementary Figure 3. Group responsesto fear stimuli vs. happy or fixation stimuli.

A. Full group response to fear face stimuli at bitie points contrasted with the full group
response to happy face stimuli. The analysis ifledta number of brain regions that showed
greater engagement in response to the fear stinolliding the amygdala, insula and regions in the

frontal cortices.

B. Full group response to fear stimuli contrastéithull group response to fixation stimuli, at hot
time points revealed broad activation includingfigform gyri, thalamus, striatal regions, pareta

cortices and hippocampal/amygdala complex.
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Supplementary Figure 4. Gut microbiota analysis
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Supplementary Figure 5: Overview of 1H NMR urine metabolic profile and multivariate data

analysis

A: Typical 1H NMR urine metabolic profile with sslted metabolite signature highlighted in

aliphatic (0.5 — 4.5 ppm) and aromatic spectrahsu@.5 — 9.0 ppm).

B: Overview of OPLS-DA coefficient plots resultifgr urine NMR data and group discriminant
analysis (placebo top, probiotics bottom). The Olts&fficients plots are presented using a back-
scaling transformation and projection to aid biokeawvisualization. The direction of the signals in
the plots relative to zero indicates positive agateve covariance with the group of interest. Each
variable is plotted with a color code which indesits discriminating power as calculated from the

correlation matrix thus highlighting biomarker rispectral regions.



A- Typical urine metabolic profile
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Supplementary Figure 6: Differences in estimated marginal means for HAD-D and HAD-A

(ANOVA multiple measurements)
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Supplementary table 1: Full group responses at both time pointsin responseto fear vs. happy

stimuli

Left/

right Brain region Brodmann area T P value No. voxels
Right Insule BA 13 5.410¢ 0.00000:t 313¢
Right | Superior Temporal Gyri BA 22 4.840: 0.0000:¢ 784¢
Right Inferior TemporaGyrus BA 20 4.180: 0.00024- 46¢
Right Inferior Parietal Lobul BA 40 3.951: 0.00045! 114¢
Right | Superior Temporal Gyri BA 21 3.330( 0.00237! 15¢
Right Middle Temporal GyrL BA 22 3.736: 0.00081! 141(
Right | Superior Temporal Gyri BA 39 3.420: 0.00187! 11E
Right | Superior Temporal Gyri BA 38 -4.661¢ 0.00006! 181
Right Cingulate Gyru BA 24 4.489( 0.00010! 141¢
Right Insule BA 13 3.346( 0.00227! 18€
Right Lentiform Nucleus Lat. C?IObUS 4.7033 0.000058 4401

Pallidus

Right Thalamu Pulvina 4.647" 0.00006 111¢
Right Paracentral Lobu BA 5 4.296: 0.00017: 85k
Left Parahippocampal Gyr BA 27 4.327: 0.00016:. 30¢€
Left Precunet BA 18 3.643t 0.00104. 58¢
Left Amygdale Amygdale 3.950: 0.00045: 144
Left Caudat Caudate Ta 3.388: 0.00204: 15€
Left Insule BA 13 3.671¢ 0.00096! 567
Left Lentiform Nucleu Putame 4.227( 0.00021! 97¢
Left Middle Occipital Gyru BA 19 3.516¢ 0.0014¢ 231
Left Inferior Frontal Gyru BA 46 3.442¢ 0.00177. 142
Left Middle Temporal Gyru BA 21 3.7841- 0.00071 50t
Left Superior Temporal Gyri BA 22 4.278¢ 0.00018 68<
Left Inferior Temporal Gyrt BA 20 3.510( 0.00148! 20¢




Supplementary table 2: I nflammatory cytokines, BDNF and neurotransmitter levels at six weeks

Test / Baseline After treatment (6 weeks)
Median (IQR) B. longum Placebo B. longum Placebo v P
CRP 1.12 (0.4-2.3) 0.85 (0.4-0.9) 1.32 (0.45-1.7) 1(70-1.9) 1205| 0.18
TNF-a 0.98 (0.82-1.17) 0.96 (0.89-1.25 0.97 (0.82-1.05)1.06 (0.95-1.29) 116.0 0.33
IFN-y 0.13(0.07-0.22) |  0.11(0.08-0.15)  0.14 (0.10-0.18)0.13 (0.09-0.18) | 136.0]  0.79
IL-6 0.22 (0.14-0.27) 0.20 (0.15-0.24 0.18 (0.13-0.26)0.23 (0.18-0.40) 90.0 0.06
IL-8 0.79 (0.64-1.42) 0.90 (0.65-1.17 0.97 (0.70-1.14)0.85 (0.66-1.11) 119.0 0.39
IL-18 0.97 (0.70-1.14) 0.05 (0.02-0.07 0.04 (0.02-0.05)0.04 (0.01-0.06) 116.0 0.33
IL-10 1.32 (1.10-1.61) 1.39(1.17-1.48 1.45 (1.05-1.66)1.69 (1.32-2.02) 101.0 0.14
IL-12 p70 0.09 (0.04-0.15)|  0.05 (0.04-0.07)  0.06 (0.05-0.08)0.06 (0.04-0.09) | 136.0;  0.78
IL10/12 ratio 26.5 (18.7-36.4) 24.1 (20.9-31.1 19.7 (11.6-27.7)24.4 (16.8-36.0) 114.0 0.30
%Tn/ 20 (20-28) 29 (17-52) 25 (17-41) 37 (21-55) 12400 100
BDNF ELISA 6.61 (2.43-8.41) 4.87 (3.21-11.11) 7.00 (3.60-1p.565.83 (3.15-10.37 148.0 0.65
CGRP 23.6 (17.1-28.8)| 25.2(18.8-30.8)  23.8 (17.4-30/3) 26.5 (20.9-32.7)| 147.0,  0.34
Substance P | 1.01(0.61-1.42)|  1.26 (0.75-1.6d)  1.03 (0.75-1.49)1.19 (0.59-1.51)| 176.0]  0.91
Serotonin 12.3 (5.8-14.5) 10.2 (6.6-19.3 8.3 (4.2-14.9 6.9-12.1) 165.0| 0.67

Concentrations of individual biomarkers: CRP (mg/LNF-a, IFN-y, IL-6, IL-8, IL-1f, IL-10 (all
pg/mL), BDNFp actin Log1® (copies/ng RNA), BDNF ELISA (ng/mL) CGRP (pg/miQubstance P
(ng/mL), Serotonin (ng/mL),



Supplementary table 3: Most common adver se events

Adverse Event B.longum | Placebo | Pvalue | Causality| Outcome
n n
Constipation 0 2 0.48 NR Recovered
NR Recovered
Rectal bleeding 0 1 1.0 NR Recovered
Rhinitis 2 1 1.0 NR Recovered
NR Recovered
NR Recovered
Headaches 4 1 0.34 Possible | Recovered
Possible | Recovered
Possible | Recovered
Possible | Recovered
NR Recovered
Oral vesicles 1 0 1.0 NR Recovered
Anal fissure 1 0 1.0 NR Recovered
Neck pain 0 1 1.0 NR Recovered
Urine infection 1 0 1.0 NR Dropped*
Nausea 0 1 1.0 NR Recovered
GERD symptoms 2 1 1.0 NR Recovered
NR Recovered
NR Recovered
Abdominal pain 0 1 1.0 NR Recovered
Diarrhoea 0 1 1.0 NR Recovered
Cold 2 2 1.0 NR Recovered
NR Recovered
NR Recovered
NR Recovered
Otitis 1 0 1.0 NR Dropped*
Food allergy 1 0 1.0 NR Recovered
Sreptococcus 1 0 1.0 NR Dropped *
pharyngitis
Back pain 1 0 1.0 NR Recovered
Iritis 1 0 1.0 NR Recovered
Anxiety attack 0 1 1.0 NR Recovered
Total 18 14 0.31

NR: Not related, *Dropped from the study due to obantibiotics
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Supplementary methods:
Microbiota analysis:

Microbiota analysis was performed using lllumingwsencing of the V3 region of 16S rRNA gene
as described previoudlyThe data were processed by an in-house biointizsngipeline that
incorporates quality filtering, CutaddptPandaSet; AbundantOTY, mothur and QIIME.
Abundant OTU provide output of clustered sequenpesperational taxonomic units (OTUS).
Taxonomic assignments use the RDP clas§ifieith the Greengenes training $efnalysis
includes alpha-diversity measures for each sampleestimates of total diversity using QIIME, as
well asp-diversity measures (weighted and unweighted UgjfBray-Curtis) and other statistical

analysis using QIIMEnNd the PhyloSégackage implemented in R.

Metabonomics analysis:

1H NMR metabolite profiling approach was appliedutine samples, since this biofluid contains
useful time-averaged representations of the reltemteostatic metabolic history of the individual
and also carry indirect information on the gut mimal metabolic activities via the excretion

patterns of many polar microbial-mammalian co-melités'® ** (Supplementary Figure 5A).

Forty pL of urine were mixed with 20 pL of deutediphosphate buffer solution 0.6 M KH2POA4,
containing 1 mM of sodium 3-(trimethylsilyl)-[2,232H4]-1-propionate (TSP, chemical shift
referencedH = 0.0 ppm). 60uL of the mixture were transferigtd 1.7mm NMR tubes. 1H NMR

spectra were acquired with a Bruker Avance 1l 60BZ2Vspectrometer equipped with a 1.7 mm

probe at 300 K (Bruker Biospin, Rheinstetten, Garypausing a standard pulse sequence with

11



water suppression, and processed using TOPSPINsiduer2.1, Bruker, Germany) software
package. The metabolite identification was achieusithg in house database and 2D 1H NMR

spectroscopy experiments.

Chemometric analysis was performed using the so&wzackage SIMCA-P+ (version 14.0,
Umetrics AB, Umed, Sweden) and in-house develop&d IM\B routines. Orthogonal Projection

to Latent Structures (OPLS)and OPLS discriminant analysis (OPLS-DA) were ayed for
exploring the variance in the metabonomics data ey explain statistical differences between
groups of samples. The classification accuracyhef@PLS-DA was established from the predicted
samples in the 7-fold cross-validation cycle. Tghtight the weight of individual variables in the
model, Variable Importance in Projection (VIP) wesed, with a value above 1 used as a threshold
by convention. In addition, influential NMR vari&sl that are correlated to the group separation are
identified using the variable coefficients accomfitio a previously published methdds
Representative signals of the identified metab®ktere integrated and tested using non-parametric

Mann Whitney test.
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