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Lactobacillus johnsonii N6.2 mitigates the onset of type 1 diabetes (T1D) in biobreeding
diabetes-prone rats, in part, through changes in kynurenine:tryptophan (K:T) ratios. The
goal of this pilot study was to determine the safety, tolerance, and general immunological
response of L. johnsonii N6.2 in healthy subjects. A double-blind, randomized clinical
trial in 42 healthy individuals with no known risk factors for T1D was undertaken to eval-
uate subject responses to the consumption of L. johnsonii N6.2. Participants received
1 capsule/day containing 108 colony-forming units of L. johnsonii N6.2 or placebo for
8 weeks. Comprehensive metabolic panel (CMP), leukocyte subpopulations by com-
plete blood count (CBC) and flow cytometry, serum cytokines, and relevant metabolites
in the indoleamine-2,3-dioxygenase pathway were assessed. L. johnsonii N6.2 survival
and intestinal microbiota was analyzed. Daily and weekly questionnaires were assessed
for potential effects of probiotic treatment on general wellness. The administration of
L. johnsonii N6.2 did not modify the CMP or CBC of participants suggesting general
safety. In fact, L. johnsonii N6.2 administration significantly decreased the occurrence
of abdominal pain, indigestion, and cephalic syndromes. As predicted, increased serum
tryptophan levels increased resulting in a decreased K:T ratio was observed in the
L. johnsonii N6.2 group. Interestingly, immunophenotyping assays revealed that mono-
cytes and natural killer cell numbers were increased significantly after washout (12 weeks).
Moreover, an increase of circulating effector Th1 cells (CD45RO*CD183+*CD196-) and
cytotoxic CD8* T cells subset was observed in the L. johnsonii N6.2 group. Consumption
of L. johnsonii N6.2 is well tolerated in adult control subjects, demonstrates systemic
impacts on innate and adaptive immune populations, and results in a decreased K:T
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ratio. These data provide support for the safety and feasibility of using L. johnsonii N6.2
in prevention trials in subjects at risk for T1D.

Trial registration: This trial was registered at http://clinicaltrials.gov as NCT02349360.

Keywords: Lactobacillus johnsonii, diabetes type |, probiotic, indoleamine-2,3-dioxygenase, microbiome,
gastrointestinal symptom, T cell, immunological response

INTRODUCTION

Commensal bacteria regulate a myriad of host processes and
provide several nutrients to their host as well as their symbionts
within the microbial community (1, 2). In healthy individuals,
these relationships are thought to occur in equilibrium (3).
However, disruption of this equilibrium may contribute to vari-
ous conditions including inflammatory bowel disease and atopy
[for a review, see Ref. (4)]. As a result of the multiple microbiome
studies being performed, this connection has gained credibility
as associations between gut microbiota and either the risk for or
presence of a variety of specific human diseases have been shown
[for a review, see Ref. (5-7)]. While genetics has been demon-
strated to represent a major risk factor for the development of
type 1 diabetes (T1D), numerous environmental factors have
been suggested that could further elicit a break in immunological
tolerance and initiate or perpetuate B-cell autoimmunity (8, 9).
Recent studies have looked at the fluctuations in the microbiota
and the rate of diabetes development in infant cohorts. These
studies have shown a low abundance of lactate-producing and
butyrate-producing species and an increase of the Bacteroides
genus in children with autoimmunity when compared to controls
(10, 11). Kostic et al. (12) further showed that the fluctuations in
the microbiota composition occur prior to the onset of disease
but after seroconversion.

Interactions between the intestinal environment, epithelial
barrier function, and the immune system have all been shown to
have a major impact on the rate of T1D development in rodent
models (13-15). In order to understand the role of the resident
microbiota in T1D, we performed a culture-independent analy-
sis of the bacteria in fecal samples collected from biobreeding
diabetes-resistant (BB-DR) and diabetes-prone (BB-DP) rats.
These experiments demonstrated a significant difference in
Lactobacillus and Bifidobacterium species in the intestinal micro-
biota of DR and the DP rats, which were correlated with health
status (16). Members of these bacterial genera are widely used
in dietary supplements as probiotics worldwide. However, the
mechanisms by which these individual probiotics modulate host
responses and immunity are diverse and are often strain specific,
rather than shared among genera (17, 18).

Given the observation of L. johnsonii N6.2 in protected DR
rats, we performed an intervention study using L. johnsonii N6.2
in BB-DP animals. It was found that the administration of L.
johnsonii N6.2 to BB-DP rats reduced the incidence of T1D (14).
The feeding of this microorganism postweaning was followed
by changes in the native microbiota, host mucosal proteins, and
oxidative stress response. In the ileum, lower levels of the pro-
inflammatory cytokines IFN-y and TNF-a were also observed
in the L. johnsonii fed group. L. johnsonii-mediated diabetes

prevention correlated with a Th17 cell bias and elevated IL-23
levels within the mesenteric lymph nodes. Further in vitro stud-
ies indicate that the modification of dendritic cells (DCs) by oral
feeding of L. johnsonii N6.2 contributed to the Th17 bias (15).

One potential mechanism by which the host microbial com-
position may alter immune responses is through the metabolism
of tryptophan. This essential amino acid acts as a substrate for the
enzyme indoleamine-2,3-dioxygenase-1 (IDO), which converts
tryptophan to kynurenine (19-21). T helper subset activation
and differentiation has been demonstrated to depend on the bio-
availability of local tryptophan (22), and seminal studies showed
that murine IDO expression was necessary for T cell tolerance
during pregnancy to the semi-allogeneic fetus (23, 24). In an
in vivo feeding assay performed in BB-DP rats, L. johnsonii N6.2
lowered intestinal IDO gene transcription, which in turn corre-
lated with decreased blood plasma kynurenine levels (25). During
in vitro studies, L. johnsonii N6.2 produced H,O, that strongly
inhibited IDO activity. Mass spectrometry analysis of the IDO
catalytic heme-center supported the presence of a molecule in
the L. johnsonii culture cell-free supernatant that modifies this
immunoregulatory enzyme’s prosthetic group, and as a conse-
quence, its activity. These data suggest that this bacterium alters
host IDO activity, with the potential for downstream effects on
T-cell development, intestinal physiology, and ultimately T1D
development.

Translating this work toward a potential method for T1D pre-
vention in humans required a pilot study in healthy individuals.
Hence, the primary aim of this study was to assess the safety and
tolerability of L. johnsonii N6.2. A secondary mechanistic aim was
to characterize the host immune response to L. johnsonii N6.2
consumption, specifically the impact of this bacterium on cir-
culating immunoglobulin, cytokines, leukocyte subpopulations,
and relevant metabolites in the IDO pathway in healthy adults.

MATERIALS AND METHODS

Subjects

Forty-two healthy adults (female = 30, male = 12; mean
age + SD =23.2 & 5.5 years) participated in the study. Participants
were recruited from the community and the University of Florida
campusin Gainesville, FL, USA in accordance with an Institutional
Review Board (IRB) approved study at the University of Florida.
Exclusion criteria included gastrointestinal disease (gastric ulcers,
Crohn’s, ulcerative colitis, etc.), chronic disease such as diabetes,
kidney disease, and heart disease; current or past treatment for
immune-compromising diseases or conditions; currently work-
ing or living with an immunocompromised person; currently
taking medications for constipation, diarrhea, or a psychological
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disorder (depression, anxiety, insomnia, etc.); antibiotics within
the past 4 weeks prior to randomization; currently taking a
probiotic supplement and unwilling to discontinue a minimum
of 2 weeks prior to the study start; current smoker; pregnant or
lactating or a female who plans to become pregnant in the next
6 months; and a known allergy to milk. Inclusion criteria included
men and women 18-50 years of age and approval to participate
following screening blood work and physical examination by the
advising physician.

Experimental Design

In a double-blinded study, healthy volunteers were randomly
assigned to one of two treatments, L. johnsonii N6.2 at 5 X 10°
colony-forming units (CFU) per capsule or placebo (skim milk)
capsule for 8 weeks in a parallel design. Prior to treatment, there
was a 1-week pre-baseline period, and treatment was followed
by a 4-week washout period. One week prior to randomization,
consented participants underwent a physical examination and
were screened via a comprehensive metabolic panel (CMP), and
females received a pregnancy test. During pre-baseline, interven-
tion and washout periods, participants completed a daily online
questionnaire, reporting on: study supplement intake, hours of
sleep, bowel movement frequency, gastrointestinal symptoms,
general wellness, and medication use. In addition, participants
completed the gastrointestinal symptom rating scale (GSRS), and
quality of life was assessed with the quality of life questionnaire,
SF-36v2® on a weekly basis. At the randomization appoint-
ment, height, weight, vitals (blood pressure, heart rate), and
demographic information were obtained. CMP and complete
blood count were assessed at baseline, during weeks 2, 4, and
8 of the study intervention, and during washout. An additional
pregnancy test was given during week 4 of the intervention phase.
At a final appointment, participants returned any unconsumed
supplements.

L. johnsonii N6.2 Culture and Capsules

Elaboration

Lactobacillus johnsonii N6.2 was grown in modified MRS medium
(FGM-LJ2). The media contained peptone 10 g, meat powder 10 g,
yeast peptone 5 g, table sugar 20 g, K;HPO, 2 g, sodium acetate 5 g,
ammonium citrate tribasic 2 g, MgSO4+-7H,0 0.2 g, MnSO,4-H,O
0.05 g, tween 80 1 g; final volume of 1 L with DI water. L. johnsonii
N6.2 was incubated at 37°C for 16 h under microaerophilic con-
ditions. Cells were pelleted by centrifugation at 6,000 g for 20 min
at 4°C and washed twice with BAM R61 0.02 M phosphate buffer
pH 7.3 (Bacteriological Analytical Manual, 8th Edition, Revision
A, 1998). The cell pellet was resuspended in sterile reconstituted
food grade skim milk at 100 g/L (Real Food, IL, USA), transferred
to sterile bags (Whirl-Pak, USA), and frozen at —80°C for at least
2 h. The frozen samples were freeze dried (LabConco FreeZone,
LabConco Corp., MO, USA) for 48 h. The dried powder was
saved at 4°C until capsule filling. Acid resistant capsules (AR
Caps, Size #1, CapsCanada, Pompano Beach, FL, USA) were filled
using a sterilized Profiller (Torpac®, NJ, USA) with the freeze-
dried preparation of L. johnsonii N6.2 in skim milk (Real Food,
IL, USA). Lyophilized skim milk in identical capsules was used as

the placebo. The study capsules were provided in bottles labeled
with treatment codes by a study collaborator who did not have
contact with study participants.

Stool Sample Collection and Transit
Survival of L. johnsonii N6.2

Single stools were collected using a commode specimen col-
lection system (Fisher Scientific, Pittsburgh, PA, USA) during
the last 2 days of pre-baseline, during weeks 2, 4, and 8 of the
intervention, and during washout. Participants were instructed
to place the stool containers on ice immediately after defecation
and deliver samples to study personnel within 4 h of defecation.
Samples were homogenized and fractionated on sterile vials
(approximately 1.0 g/vial) and saved at —80°C until use. Fresh
samples (approximately 1 g) were immediately diluted (1/10 w/v)
in phosphate buffer solution (pH: 7.4), and serial dilutions were
made and plated on MRS agar media (pH; 5.5 & 0.1). Plates were
incubated for 48 h under microanaerobic conditions. Values
were referred as CFU per wet gram stool (CFU/g). The identity
of L. johnsonii N6.2 was confirmed by PCR amplification of the
strain-specific gene T285_00345 gene (26).

Blood Sample Collection and CMP

From fasting blood samples, serum (Red top Tube, BD, USA)
and plasma (EDTA Purple top Tube, BD, USA) were collected.
The CMP was obtained from serum samples evaluating glycemia
(glucose level), kidney function (creatinine and urea level), and
liver function (aspartate aminotransferase, alanine aminotrans-
ferase, alkaline phosphatase, and bilirubin level). The analysis
was performed by Vista Clinical Diagnostics, Clermont, FL,
USA. Additionally, plasma and serum samples were aliquoted,
flash frozen in liquid nitrogen, and stored at —80°C for further
assays. ELISA assays were used to quantify serum insulin levels
(eBioscience, CA, USA) and C-reactive protein (CRP) (Cayman
Chemical, MI, USA).

IDO Activity: Tryptophan Metabolites
Pathway

Quantification of tryptophan catabolites and other metabolites in
blood plasma samples (i.e., tryptophan, kynurenine, kynurenic
acid, xanthurenic acid, serotonin, and anthranilic acid) were per-
formed using global high-performance liquid chromatography
and mass spectrometry (LC-HRMS/HRMS) at the Southeast
Center for Integrated Metabolomics of the University of Florida.

Cytokine Determinations

The following ELISA kits were used: IL-2, IL-6, and TNF-« from
eBioscience (CA, USA); IFN-y and IFN-a from Abcam (MA,
USA); IL-2SsRa from BD (NJ, USA) following the manufacturers’
instructions.

Flow Cytometry

Direct immunofluorescence surface staining of whole blood
samples with six antibody panels was performed to provide a
detailed assessment of immune cell subsets. Five of the panels
and gating strategies are emulated from Maecker (27) and
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consist of a B cell subset panel (CD3, CD19, CD20, CD24,
CD27, CD38, and IgD), innate cell panel (CD3, CD11c, CD14,
CD16, CD19, CD20, CD56, CD123, and HLA-DR), T cell naive
and memory panel (CD3, CD4, CD8, CD38, CD45RA, CD197,
and HLA-DR), T cell effector subset panel (CD3, CD4, CD38,
CD45R0, CD183,CD196, and HLA-DR), and a Treg panel (CD3,
CD4, CD25, CD45R0, CD127, CD194, and HLA-DR). A sixth
follicular helper T (Tfh) panel (CD3, CD4, CD45RA, CD183,
CD196, CD197, and CD279) was designed to assess precursor
Tth (28) and memory Tth (29). Antibodies against the follow-
ing antigens were used: CD3 (SK7), CD8 (SK1), CD19 (HIB19),
CD20 (2H7), and CD45RO (UCHLI1) from BD Biosciences,
HLA-DR (LN243), IgD (IA6-2), CD3 (UCHT1), CD4 (RPA-T4),
CDl1c (Bul5), CD14 (M5E2), CD16 (3G8), CD24 (ML5), CD25
(BC96), CD27 (0323), CD38 (HB7), CD45RA (HI100), CD56
(HCD56), CD123 (6H6), CD127 (A019D5), CD183 (G025H7),
CXCR3 (G025H7), CD185 (J252D4), CD194 (L291H4), CD196
(GO34E3), and CD197 (G043H7) from BioLegend (USA), and
CD279 (eBioJ105) from eBiosciences (USA). Whole blood
(200 pL/stain) was incubated for 30 min at room temperature and
protected from light. Afterward, 2 mL of Fix/lyse 1X (eBioscience,
USA) was added and incubated at room temperature for 5 min.
Successive washing/centrifugation (5 min, 450 g) steps were per-
formed until hemolysis color completely faded. The samples were
acquired on a BD Fortessa cytometer, and data were analyzed by
Flow]Jo software.

Extraction of Fecal Microbiota

DNA was extracted from fecal samples and preserved at —80°C
using the PowerFecal® DNA isolation kit (MoBio Lab, Inc., USA)
with the following modification. 250 mg of fecal sample were
homogenized in 750 pL of bead solution and 100 uL of Protease
from Streptomyces griseus 20 mg/mL (Sigma-Aldrich, Steinheim,
Germany) were added. The mixture was incubated at 37°C for
15 min and samples were processed according to the manu-
facturers’ protocol. In the elution step, the DNA was collected
in 70 uL of water and quantified. The DNA concentration was
standardized to 1 ng/pL before the amplification of the V4 region
using primers for paired-end sequencing on the Illumina MiSeq
platform as described earlier (30).

Microbiota Analysis

Clustering of operational taxonomic units (OTUs) at 97%
similarity was performed with the subsampled open-reference
OTU picking method (31), with no removal of singletons. The
Greengenes reference dataset version 13.8 (32) was used as the
reference for OTU picking and for taxonomy assignment with
uclust (33). OTUs identified as mitochondrial DNA or as chloro-
plasts were removed from further analyses. Parsed raw sequenc-
ing reads are publicly available through NCBI’'s Sequence Read
Archive under the BioProject accession number PRINA378749.

Statistics

Unless otherwise noted, statistical analysis was performed using
JMP Pro software (SAS Institute, Cary, NC, USA). Multivariate
analysis was performed by two-way analysis of variance
(ANOVA) with a post hoc Tukey’s honestly significant difference

test. Bivariate analysis was performed using Student’s t-tests.
Numerical data are summarized as mean + SE. Significance was
defined as p < 0.05.

Analyses of Surveys

For each of the response variables, a repeated measures analysis
was performed by fitting a linear mixed model that considered
the repeated nature of the data. The fitted model had the follow-
ing form: y = p + gender + supp + group(supp) + e where p
is the overall mean, gender is the gender effect, supp is a diet
supplementary effect, group (supp) corresponds to the combina-
tion of measurement week within a diet supplement effect, and
e corresponds to an error term, where measurements from the
same individual were correlated using an unstructured error
with a different correlation for each pair of time points and a
different error variance for each time point. The models were
fitted using SAS v. 9.4 with the procedure MIXED and degrees
of freedom were adjusted using the Kenward-Rogers correction.
Comparisons of means for the diet supplement levels at a given
week were obtaining constructing specific contrasts, and for all
tests a significance level of 5% was considered.

Analyses of Immune Cells

For each of the response variables, a repeated measures analysis
was performed by fitting a linear mixed model that considered
the repeated nature of the data. The fitted model had the following
form: y = p 4 p*x0 + gender + supp + group + time + supp*time
+ group*time + supp*group + supp*group*time + e where p is
the overall mean, p*x0 is the regression coeflicient associated with
the covariate for initial measurement *x0, gender is the gender
effect, supp is a diet supplementary effect, group is the group
effect, and time is the time of measurement. The other terms are
the two- and three-way interactions. Also, e corresponds to an
error term, where measurements from the same individual were
correlated using an unstructured error with a different correla-
tion for each pair of time points and a different error variance for
each time point. The models were fitted using SAS v. 9.4 with the
procedure MIXED and degrees of freedom were adjusted using
the Kenward-Rogers correction. Comparisons of means for a
given model term were obtained with the least significance dif-
ference, and for all tests a significance level of 5% was considered.

Analysis of Microbiota

Community structure was analyzed in R with phyloseq (34) and
plotted with ggplot2 (35). Analysis of similarities (ANOSIM) and
Permutational Multivariate Analysis of Variance (PERMANOVA)
were performed in R using VEGAN v2.0-8 (36). Differences
in taxonomic profiles were analyzed by Welch’s t-test (for two
groups) or by ANOVA (for multiple groups) with Tukey-Kramer
post hoc tests with STAMP (37).

Study Approval

The study was approved by the IRB (# 201400370) at the University
of Florida and conducted according to guidelines established by
the Declaration of Helsinki. Participants were informed of the
aims, requirements, and risk/benefits of the study, and written
informed consent indicating their full knowledge of the study
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protocol was received from participants prior to study enroll-
ment. In addition, an Investigational New Drug (IND#016829)
has been filed with the Food and Drug Administration of the
United States of America.

RESULTS

The Administration of L. johnsonii N6.2
Decreases Indigestion, Abdominal Pain,

and Cephalic Syndrome Scales

Of the 92 individuals initially screened and assessed for eligibility,
50 were consented, and 42 randomized to the treatment groups
(Figure 1) in a double-blind parallel study design. Table 1 sum-
marizes the characteristics and compliance of the subjects that
participated in the study.

The analysis of the hemogram and CMP data showed no
statistically significant differences between the L. johnsonii N6.2
and placebo groups (Table S1 in Supplementary Material). The
only parameter that showed statistical significance after 8 weeks
of treatment was total bilirubin values (placebo = 0.54 + 0.05
versus L. johnsonii N6.2 = 0.70 + 0.05, p < 0.05); however, both
groups were within the reference range of 0.2-1.9 mg/dL (38).
These differences were not observed after the washout period
(12 weeks). No statistically significant differences were observed
in either the control or treatment cohorts with regards to kidney
and liver function (Table S1 in Supplementary Material). As
expected, no alterations in the circulating levels of insulin and
CRP were observed in the L. johnsonii N6.2 group at 8 weeks or

12 weeks compared to placebo. Based on these results, the con-
sumption of L. johnsonii N6.2 was well tolerated without apparent
risks or deviations from the reference ranges for standard clinical
assessments.

We next assessed general digestive health over the course of
the trial. During pre-baseline, intervention, and washout periods,
participants completed a daily online questionnaire reporting
study supplement intake, hours of the sleep, bowel movement
frequency, gastrointestinal symptoms, general wellness, and
medication use. Of the five domains of the weekly GSRS ques-
tionnaire, indigestion (p < 0.05) and abdominal pain (p < 0.05)
were significantly lower among L. johnsonii N6.2 treated subjects
during treatment weeks 2 to 8, and during washout weeks 1-4
compared to placebo (Table 2). Syndrome scores from the daily
questionnaire indicated that cephalic syndrome, including the
symptoms of headache and dizziness, was significantly lower
(p < 0.05) for L. johnsonii N6.2 versus placebo for treatment
weeks 2 and 4-8. The gastrointestinal distress syndrome was
lower (p < 0.05) for L. johnsonii N6.2 versus placebo during most
treatment weeks and neared significance at baseline (p = 0.05).
Interestingly, the probiotic group showed a significant decrease
(p < 0.05) in the epidermal syndrome at the end of the washout
period (Table 3). Stomach ache or pain as an individual symptom
was significantly lower in the group receiving L. johnsonii N6.2
during treatment weeks 1-8 compared to the placebo group, with
a similar trend at baseline (p = 0.06) (Table S2 in Supplementary
Material). Bloating as an individual symptom was lower (p < 0.01)
in L. johnsonii N6.2 versus placebo at baseline and during most
treatment and washout weeks (Table S2 in Supplementary

| Preliminary screen (n=92)

Declined to participate or lost to

A 4

follow up (n=42)

| Consented and assessed for eligibility (n=50) I

Excluded (n=8)
+ Did not meet inclusion criteria (n=2)

A 4

| Randomized (n=42)

A 4

» Withdrew/no longer interested (n=1)
+ Pl withdrawal for noncompliance
(n=5)

,

'

Allocated to code 090115-A
(n=21)

Allocated to code 090115-B

(n=21)

A4

Received allocated intervention
and analyzed (n=20)

»  Withdrew after 53d, no longer
interested (n=1)

Received allocated intervention
and analyzed (n=21)

FIGURE 1 | Study flow diagram to illustrate the number of subjects that were screened, consented, and randomized. Code 090115-A was used for the placebo,

whereas Code 090115-B was used for Lactobacillus johnsonii N6.2.
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Material). Administration of L. johnsonii N6.2 also resulted in
lower individual daily symptoms of cramping, abdominal noises,
and headache for most treatment weeks. Furthermore, a signifi-
cant decrease in the anxiety symptom after the washout period
in the probiotic group was observed (Table S2 in Supplementary
Material). The anxiety changes may have affected the psychol-
ogy syndromes where a trend to decrease (p < 0.1) during the
washout was observed (Table 3).

L. johnsonii N6.2 Survives Human

Gastrointestinal Transit
Gastrointestinal transit survival of L. johnsonii N6.2 was
evaluated by following the total CFU/g of stools counts of lactic

TABLE 1 | Characteristics of the participants and compliance.

Measure Placebo (n = 21) Ljo? (n = 21)
Gender (M/F), n 7/14 5/16
Age, years median (range) 21 (18-48) 23 (18-36)
Race/ethnicity, n (%)
Asian 2 (10%) 4 (19%)
African-American 1 (5%) 1(5%)
Hispanic 3 (14%) 4 (19%)
White 18 (86%) 12 (57%)
Other 0 3 (14%)°
BMI, mean (SD) 23.6 +4.7 236 +4.2
Blood pressure (mean mm Hg) 116/75 119/74
Compliance (%)
Supplement protocol 88.7 +10.0 929 +83
Questionnaires protocol 86.6 + 14.4 90.7 £ 9.7

| actobacillus johnsonii N6.2.
bParticipants who classified themselves as other included n = 2 Hawaiian and
n =1 Unknown.

acid bacteria (LAB) in fresh fecal samples. Additionally, the
presence of L. johnsonii N6.2 was confirmed by RT-PCR of the
T285_00345 gene.

Overall, a large variability in the amount of the total CFU of
LABs was observed between subjects (from 10? to 10* CFU/g
stools) at time 0, and no significant changes were observed over
time either in the placebo or in the L. johnsonii N6.2 treatment
group (Figure 2A). However, it was possible to observe three
groups of subjects within each treatment: (a) subjects with high
counts of LAB throughout the study (>10° CFU/g), (b) a group
that at time 0 showed low concentrations of LAB that increased
over time (from 10* to 10® CFU/g), and (c) subjects with low
counts of LAB throughout the study (<10° CFU/g). To quantify
the variation of the LAB population, the log CFU/g values for
time 0 was subtracted at each time point and expressed as rela-
tive change (log CFU/gut cach time point/10g CFU/ et time o). For subjects
with consistently high or low LAB populations (groups a and c),
the relative fold change in LAB was 1.0 + 0.11 and 0.8 + 0.02,
respectively, in the probiotic group (Figure 2B). Similar results
were obtained in the placebo group (Figure 2C). As expected,
subjects in group b that received L. johnsonii N6.2 capsules
displayed the highest relative change in LAB counts (Figure 2B).
After the washout period, the LAB counts appeared to return
to baseline levels (Figures 2B,C). These results suggest that L.
johnsonii N6.2 survived the transit through the gastrointestinal
system and potentially may not colonize the gut.

To verify this hypothesis, the presence of L. johnsonii N6.2 was
confirmed using specific RT-PCR of the T285_00345 gene and
expressed as genomic equivalents/100 ng of DNA (Figure 2D).
This gene was found in the genome of L. johnsonii N6.2 but not
in others in the NCBI database. It was found that the T285_00345

TABLE 2 | Gastrointestinal symptom rating scale scores.

Period Abdominal pain? Reflux® Diarrhea® Indigestion? Constipation®
Placebo Ljo Placebo Ljo Placebo Ljo Placebo Ljo Placebo Ljo

Baseline 1.6 + 0.1 1.3+01 1.2+01 1.1+£0.1 1.4+£02 1.3+0.1 1.9+0.1 1.4 +£0.1" 1.4 +0.1 1.3+0.1
Week 1 1.7+ 01 1.2+0.1" 1.1+01 1.0+0.1 1.3+0.1 1.4+ 01 1.7+ 01 1.4+0.1" 1.3+0.1 1.1+01
Week 2 1.7+ 01 1.1 +£0.1 1.2+ 01 1.1+01 1.6+02 1.3+0.2 1.8+0.1 1.3+£0.1 1.6+02 12+02
Week 3 1.4+ 041 11+01" 1.3+ 01 1.1+0.1 1.4+ 041 1.3+0.1 1.7 +0.1 1.3+0.1" 1.4+ 041 1.2+0.1
Week 4 1.5+ 0.1 1.1+£0.1° 1.2+0.1 1.1+01 1.56+02 1.4+ 01 2.0+01 1.3+0.17 1.56+02 1.2+01
Week 5 1.5+ 01 11+£01" 1.2+01 1.0+ 01 1.4+ 01 1.2+ 01 1.8+02 1.3+0.1" 1.3+01 1.2+ 01
Week 6 1.4+ 01 1.1+£0.1° 1.3+0.2 1.2+02 1.5+02 12+02 1.6+ 0.1 1.3+0.1° 1.3+0.1 1.2+ 0.1
Week 7 1.6+0.1 1.0£0.1* 1.2+01 1.0+ 0.1* 1.2+0.1 1.1+01 1.7+ 01 1.2+01" 1.4+01 1.1+£01"
Week 8 1.6+0.1 11+£0.1™ 1.2+01 1.0+ 01 1.4+0.1 1.1+041 1.7 £ 041 1.2+01™ 1.6+0.1 11+£0.1"
Washout 1 1.5+0.1 1.0+ 0.1 1.2+ 0.1 1.0+0.1" 1.5+0.1 1.1+0.17 1.8+0.1 1.2+0.1" 1.4+01 1.1+0.17
Washout 2 1.4+01 1.0+ 0.1 1.1+01 1.0+0.1 1.3+02 1.2+02 1.7+01 1.3+£0.1" 1.56+0.1 1.1+£0.1"
Washout 3 1.7+ 0.1 1.1+£0.1 1.3+ 0.1 1.1+01 1.4+ 0.1 1.2+01 1.9+01 1.3+0.1 1.4+ 0.1 1.1+£0.17
Washout 4 1.5+0.1 1.2+0.1 1.3+0.1 1.2+0.1 1.4 +0.1 1.1 +£0.17 1.8+0.1 1.2 £ 0.1 1.3+0.1 1.1 +£0.1

2Abdominal pain syndrome includes abdominal pain, hunger pains, and nausea symptoms.
PReflux syndrome includes heartburn and acid regurgitation symptoms.

°Indigestion syndrome includes stomach rumbling, bloating, burping, and increased flatus symptoms.
dConstipation syndrome includes constipation, hard stools, and feeling of incomplete evacuation symptoms.
¢Diarrhea syndrome includes diarrhea, loose stools, and urgent need for defecation symptoms.

Ljo correspond to Lactobacillus johnsonii N6.2.
Data presented as least squares mean + SEM.
*p < 0.05.

**p < 0.01.

***p < 0.001.
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TABLE 3 | Daily questionnaire syndrome scores.

Period Gl distress?® Epidermal® Cephalic® Ear-nose-throat? Psychological® Emetic’
Placebo Ljo Placebo Ljo Placebo Ljo Placebo Ljo Placebo Ljo Placebo Ljo

Baseline 31+05 16+05 03+02 01+02 04+01 05+01 07+02 06+02 1.7+06 26+06 0.07+0.06 0.13+0.06
Week 1 22+03 11+083 05+02 001+02 04+01 04+01 12+04 07+04 12+05 2.0+05 0.06+0.03 0.02+0.03
Week 2 17403 11+£03 06+02 001+02* 09+02 02+02* 13+083 04+03* 21+06 1.4+06 0.09+0.06 0.01+0.06
Week 3 20+04 08+04* 05+02 007+02 04+01 03+01 11+04 08+04 1.7+04 09+04 0.08=+0.07 0.13+0.07
Week 4 22+03 1.0+03* 04+02 007+02 05+01 005+01* 11+03 03+03 1.7+06 16+06 0.10+0.05 0.01+0.05
Week 5 19+03 11+£03 04+02 003+02 06+01 02+0.1* 12+03 04+03 19+05 1.2+05 0.10+0.05 0.02+0.05
Week 6 15+02 09+02 03+02 002+02 06+01 002+01* 10+03 03+03 18+05 1.0+£05 0.08+0.03 0.02+0.03*
Week 7 20+02 08+02* 03+01 001+01 06+01 004+01* 08+02 02+02° 1.7+05 1.0+05 0.19+0.07 0.01 £0.07
Week 8 16+03 07+03" 04+02 002+02 03+01 004+01" 05+02 01x02 18+04 08+04 0.04+003 0.02+0.03
Washout1 2.1 +0.3 08+03* 02+01 001+01 03«01 0.03+0.1 08+03 02+03 18+04 08+04 0.06+0.04 0.02+0.04
Washout2 2.2+04 07+04* 02+01 001+01* 06+01 004+01" 06+02 03+02 1.6+04 08+04 0.11+0.03 0.02+0.03"
Washout3 2.6+05 1.0+05° 03+0.1 007+01" 04+01 0.1+0.1 07+02 04+02 19+04 11+04 0.17+0.06 0.06+0.06
Washout4 1.9+04 0.7+04° 03«01 007+01* 04+01 0.1+01 1.0+03 04+03 21+05 1.0+05 0.08+0.05 0.08+0.05

2Gastrointestinal distress syndrome includes daily symptoms of bloating, flatulence, stomach noises, and abdominal cramps.
bEpidermal syndrome includes daily symptoms of itching, skin rash, and skin redness/flushing.

°Cephalic syndrome includes daily symptoms of headache and dizziness.

9Ear-nose-throat syndrome includes daily symptoms of sore throat, runny eyes, nasal congestion, and blocked ear canal.

¢Psychological syndrome includes daily symptoms of anxiety, depression, and stress.
'Emetic syndrome includes daily symptoms of nausea and vomiting.

Ljo correspond to Lactobacillus johnsonii N6.2.

Data presented as least squares mean + SEM.

o < 0.05.

*p < 0.01.

*p < 0.

gene gave background amplification on the placebo-treated group
(Figure 2F), while a significant increase in genomic equivalents
over time (p < 0.05) were observed in the L. johnsonii N6.2 group
(Figure 2E). Interestingly, the presence of L. johnsonii N6.2 was
confirmed in all the subgroups (a, b, and c) independently of the
total LAB counts (see Figures 2E,F). However, after washout, the
genomic equivalents in L. johnsonii N6.2 group were similar to
time 0 or below the detection limit.

L. johnsonii N6.2 Modulates the
Concentration of Metabolites
in the IDO-Dependent Pathway
in Healthy Subjects

We previously reported that the administration of L. johnsonii
N6.2 to BB-DP rats resulted in decreased expression of IDO
and, consequently, changes in the kynurenine:tryptophan (K:T)
ratios in peripheral serum (25). Here, the impact of L. johnsonii
N6.2 on IDO activity was evaluated by quantifying plasma
levels of the following metabolic intermediates in the trypto-
phan pathway: tryptophan, kynurenine, serotonin, xanthurenic
acid, anthranilic acid, and kynurenic acid. Samples taken at
different time points (0, 8, and 12 weeks) were quantified
using liquid chromatography-mass spectrometry (LC-HRMS/
HRMS) (Table S3 in Supplementary Material). Based on our
findings in rodent studies, it was expected that a decrease in
IDO activity or expression would increase the concentration of
tryptophan, while decreasing the concentrations of kynurenine,
xanthurenic acid, anthranilic acid, and kynurenic acid associ-
ated also with a possible increase in serotonin levels (25). For

each of the metabolites, we observed no significant differences
between the treatment groups during the treatment period
(Table S3 in Supplementary Material). Similarly, the K:T ratio
was not affected, being similar for both groups during treatment
with placebo or L. johnsonii N6.2 (Table S3 in Supplementary
Material).

Similar statistical analyses of the metabolic intermediates were
also conducted considering the LAB counts (groups a, b, or c as
described earlier). After 8 and 12 weeks, the kynurenine values
did not change significantly (p > 0.1) in the different subgroups
(Figure 3A). After 8 weeks (last day of treatment), a slight
increase in the tryptophan concentration was observed, which
correlated with a decrease in the K:T ratio in the L. johnsonii N6.2
versus placebo-treated group b subjects (low to high LAB counts),
although statistical significance was not reached (p = 0.17 and
p = 0.13, respectively) (Figures 3B,C). Interestingly, at 12 weeks
(after 4 weeks of washout), the changes in tryptophan and K:T
ratio reached statistical significance with p < 0.01 and p < 0.05,
respectively (Figures 3B,C). These results suggest that the effects
of L. johnsonii N6.2 supplementation may take longer than
8 weeks to be quantified.

The fact that the expected modulation of the tryptophan
pathway was only observed in one group of subjects (low to
high LAB counts), suggests that the effects of L. johnsonii N6.2
supplementation may require an intestinal environment that
is permissive to microbe colonization over time. These results
indicate that the counts of LAB during baseline may also be
used as biomarkers to predict responders from non-responders
in a heterogeneous population, although this will require
confirmation.
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FIGURE 2 | Determination of total lactic acid bacteria (LAB) and L. johnsonii
NB.2 (Ljo) in stool samples. In placebo and Ljo groups, it was determined:
(A) total number of LAB (Log CFU/g). Based on the numbers of LAB
obtained, three subgroups were defined: (a) high LAB, (b) low to high LAB,
and (c) low LAB. (B) Relative change in LAB for Ljo. (C) Relative change in
LAB for placebo. (D) The presence of Ljo was confirmed by performing
qRT-PCR of the T285_00345 gene and expressed as genomic equivalents.
These data were further stratified based on the determination of total LAB
numbers for the Ljo (E) and placebo (F) treatment groups. * indicates
statistical differences (p < 0.05) between the groups and time points shown
in panels (E,F) using analysis of variance. Comparison of the treatment
combinations was performed by least significance difference with a
significance level of 5%.

L. johnsonii N6.2 Supplementation Alters
the Frequency of Immune Subsets in
Peripheral Blood

The impact of L. johnsonii supplementation on the immune
system was evaluated by flow cytometry of PBMCs as described
by Maecker (27). The identification of immune cell subsets
was performed by eight-color antibody staining at time 0, after
8 weeks of treatment or after the washout period (12 weeks).
Six antibody staining panels were used to differentiate the fol-
lowing immune cell subsets of the innate and adaptive arms
of the immune system: (i) B cells, (ii) natural killers (NKs),
monocytes, and DCs, (iii) naive and memory T cells, (iv) Tth
cells, (v) differentiated effector T cells (Teff), and (vi) regulatory
T cells (Tregs).

B Cell Subsets

From the B cell population (CD3°CD19%), we analyzed the
frequencies of transitional (CD27-IgD*CD24"CD38"), naive
(CD27-1gD*CD24°~-CD38"""), non-class switched memory
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FIGURE 3 | Peripheral tryptophan and kynurenine concentration in plasma of
healthy subjects. The concentrations of kynurenine (A) and tryptophan
(B) were determined by LC-HRMS/HRMS after 8 or 12 weeks in the placebo
or L. johnsonii N6.2 (Ljo) treatment groups. Panel (C) is shown the
kynurenine:tryptophan (K:T) ratio. The concentration of the metabolites
shown has been normalized to the concentration found at time O for each
subject. The results obtained were further stratified based on the number of
LAB present as described in the Section “Results.” (a) High LAB; (b) low to
high LAB, and (c) low LAB.

(CD20"CD27+IgD"),classswitchedmemory(CD20"CD27+IgD"),
or plasmablast (CD20"~CD38*) cells (Figure S1 in Supplementary
Material). Analyses of these cell populations either after 8 weeks
of treatment or following the washout period indicated that no
significant changes were observed upon administration of L.
johnsonii N6.2 (Table S4 in Supplementary Material).

NK, Monocytes, and DC Subsets

This staining panel facilitated the discrimination of B and
T cell lineage negative cells (CD3-CD19-CD20") into NK cells
(CD56"), monocytes (HLA-DR*CD14%), myeloid DCs (mDCs)
(HLA-DR*CD14-CD16°CD11¢*CD1237), and plasmacytoid
DCs (pDCs) (HLA-DR*CD14-CD16-CD11¢"CD123*) (Figure
S2 and Table S4 in Supplementary Material). It was found that the
numbers of mDCs and pDCs neither changed over time nor as a
result of the probiotic supplementation. By contrast, the frequen-
cies of monocytes and NK cells were increased as a result of the
probiotic treatment reaching statistical significance at 12 weeks
(Figure 4A). Specifically, a subset of NK cells (CD16*CD56")
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showed a trend toward increasing expression of HLA-DR after
8 weeks and after the washout period (p < 0.1, Figure 4B). The
relative frequency of monocytes was not affected significantly
after 8 weeks of treatment (p > 0.1); however, at 12 weeks, mono-
cyte frequencies increased significantly among L. johnsonii N6.2
treated subjects (p < 0.05) (Figure 4A; Table S4 in Supplementary
Material).

Naive and Memory T Cell Subsets

CD4" and CD8" T cells were divided into naive (Tn,
CD197*CD45RA"), Teffectormemory(Tem,CD197-CD45RA"),
T central memory (Tcm, CD197*CD45RA"), and T effector
memory expressing CD45RA (Temra, CD197-CD45RA*)
(Figure S3 and Table S5 in Supplementary Material). Antibodies
against CD38 and HLA-DR antigens were also included in this
panel to assess activation state. It was found that the administra-
tion of L. johnsonii N6.2 decreased the number of CD4* cells
after 8 weeks of treatment (p < 0.05), while after 12 weeks, the
numbers of CD4* cells were similar between the two treatment
groups (p>0.1) (Figure 5A; Table S5in Supplementary Material).
No changes were observed in the CD4*CD38*HLA-DR* subset
(Figure 5C). However, the most notable changes were obtained
in the activated (CD38*HLA-DR*) CD8 T cells after 8 weeks
of treatment (p < 0.05) (Figure 5B), as well as in the activated
Temra subset which increased significantly in subjects treated
with probiotic compared to placebo (p < 0.05) (Figure 5C). The
probiotic treatment decreased the relative amount of naive CD8*
T cells (p < 0.05) while increasing the frequency of CD8* Tem
(p < 0.05). The concentrations of both cell types were similar

after the washout period (Figure 5B; Table S5 in Supplementary
Material). CD4* T cells showed strong trends toward decreased
CD185 (CXCR5) and CD279 (PD-1) expression levels on naive
and Tem subsets as a result of the L. johnsonii N6.2 supplementa-
tion; however, these changes only reached statistical significance
after the washout period (for CD279, p = 0.05 and p = 0.07; for
CD185, p < 0.01 and p = 0.05) (Figures 6A,B). Furthermore,
it was found that the administration of L. johnsonii N6.2 for
8 weeks significantly decreased the expression of CD279 on
CD8* Tem and CD8* Tem (p < 0.05 and p = 0.05, respectively)
while a trend toward increased the expression of CD279 on
CD8* Temra cells was also observed (p < 0.1). These changes in
CD8* Tem and Tcm cells were sustained after the washout period
(p < 0.05 and p < 0.05, respectively) (Figure 6C). A significant
decrease of CD185 expression on CD8* naive and Tem cells was
also observed at 8 weeks (p < 0.06 and p < 0.05, respectively)
and sustained even after the washout period in both cell popula-
tions (p < 0.05 and p = 0.05, respectively) (Figure 6D).

Differentiated Teff Subsets

CD4*CD45RO* T cellswere separated into Th1 (CD183*CD196"),
Th2 (CD183-CD196"), Th17 (CD183-CD196%), and Th1/Th17
(CD183*CD196%). CD38 and HLA-DR were included to indicate
activation (Figure S4 in Supplementary Material). While signifi-
cant differences were not observed among the total numbers for
each of the Teft subsets (Figure 7A), it was found that the number
of activated Thl (HLA-DR* and HLA-DR*CD38") were sig-
nificantly increased (p < 0.05) in the L. johnsonii N6.2 treatment
group (Figures 7B,C). Interestingly, the numbers remained stable

normalized to the concentration found at time O for each subject.
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FIGURE 4 | Monocytes and natural killer (NK) cells in healthy subjects. (A) Mononuclear cells (CD3-CD19-) were stained with specific antibodies to define
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after 4 weeks of washout (p < 0.05 and p < 0.09, respectively).
No significant differences were observed in the activation state of
the Th2, Th17, or Th1/Th17 subsets during the treatment period;
however, a trend toward increased Th17 (HLA-DR*) and Th1/
Th17 (HLA-DRY) cells was observed after the washout period
(p < 0.1) (Figures 7A,B).

Tfh Subsets

CD4*CD45RA-CD185" cells were separated into precursor
(CD279°CD197°) and memory (CD279*CD183") Tth cells
(Figure S4 in Supplementary Material). Precursor Tfh subset
was significantly (p < 0.05) decreased in the L. johnsonii N6.2
group after the washout period (12 weeks). Memory Tth was
also decreased in the L. johnsonii N6.2 group but not statistically
significant compared to placebo (Table S5 in Supplementary
Material).

Treg Subsets
CD4*CD127°CD25" Tregs were separated into naive
(CD45RO") and memory (CD45RO*). HLA-DR and CD194

expression was evaluated as well (Figure S4 in Supplementary
Material). No differences were observed among the groups after
8 weeks of treatment; however, memory Tregs showed a strong
trend toward increased activation (HLA-DR*CD194%) in the
L. johnsonii N6.2 treatment group after the washout period
(p = 0.07) (Table S5 in Supplementary Material).

L. johnsonii N6.2 Increased Circulating
Levels of IgA

Based on the results obtained by immunophenotyping, we
determined the levels of the following serum-soluble cytokines
and immune markers: IL-6, TNF-a, IFN-y, IFN-a, IL-2, soluble
CD25 (IL-2Ra), and IgA by ELISA. IL-2 and IFN-a were below
the detection limit and were not further analyzed. No statistical
differences were obtained between the treatment groups or the
time points for IL-6, TNF-a, IFN-y, TNFa, and soluble CD25
(p>0.1). A significant (p < 0.05) increase in the concentration of
IgA was observed during the washout period in the L. johnsonii
treatment group, while no differences observed in the placebo
group (Figure 8).
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FIGURE 6 | Expression of CD185* and CD279* on T cells subset. Expression of CD279* (A) or CD185* (B) on Naive, Tem, Tcm, and Temra CD4+* T cells.
Expression of CD279+ (C) or CD185* (D) on Naive, Tem, Tcm, and Temra CD8* T cells. The number of cells in each population was evaluated for the placebo
(white bars) and the L. johnsonii N6.2 (Ljo, blue bars) group at 8 and 12 weeks. The concentration of cells shown has been normalized to the concentration found
at time O for each subject.

L. johnsonii N6.2 Induces Minor Changes
in the Microbiota of Healthy Subjects

Based on the observations that many significant changes in the
immune cell populations and IgA levels were observed 4 weeks
after finalizing the L. johnsonii N6.2 treatment (washout period),
we investigated whether L. johnsonii N6.2 induced changes in the
microbiota.

The microbiome was analyzed at time 0 and after 8 or 12 weeks
of administration of the placebo or L. johnsonii N6.2. DNA was
extracted from all stool samples, and the microbial communities

were characterized by sequencing the V4 region of the 16S rDNA
with Illumina MiSeq. An average of 54,743 + 15,800 sequencing
reads per sample were obtained. Approximately 380,933 OTUs
were detected, representing 173 families. The 10 most abun-
dant families detected were Bacteroidaceae, Lachnospiraceae,
Ruminococcaceae, Prevotellaceae, Paraprevotellaceae, an unclassi-
fied Clostridiales family, Bifidobacteriaceae, Desulfovibrionaceae,
Porphyromonadaceae, and Veillonellaceae (Figure S5 in Supple-
mentary Material), which was consistent throughout the time
course of the study, although variation between individuals was
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observed. Bacterial communities clustered only by individual
(ANOSIM R = 0.921, p < 0.01), and the community structure
did not differ significantly by treatment (ANOSIM R = 0.011,
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FIGURE 7 | T effector cells subset (CD3*CD4*CD45R0O"). (A) Th1
(CD183+CD196"), Th2 (CD183-CD1967), Th17 (CD183-CD196*), and Th1/
Th17 (CD183+*CD196*) were labeled with specific antibodies and quantified in
the placebo (white bars) and L. johnsonii N6.2 (Ljo, blue bars) group at 8 and
12 weeks of treatment. (B) HLA-DR* and (C) HLA-DR*CD38* are shown for
the Th1 and Th1/Th17 effector T cells. The concentration of cells shown has
been normalized to the concentration found at time O for each subject.

p = 0.05) or over time (ANOSIM R = —0.017, p > 0.99). In
addition, community structure was not correlated with the com-
bined effects of treatment and time (PERMANOVA R? = 0.002,
p = 1.00) (Figure S6 in Supplementary Material). The statistical
analysis showed that the relative abundance of genera or families
was not significantly different between treatment groups or time
points.

Due to the high variability observed in the microbiome among
the subjects, we tested if the microbiome of each subject could
be used to determine changes in each individual over time.
Using this normalization approach, it was found that of the 173
families in the dataset, only 34 changed in relative abundance
between weeks 0 and 8. The change per family was compared
between the two treatment groups by Welch’s two-sample ¢-test.
Although no significant differences at p < 0.05 were obtained,
two families, Prevotellaceae and Ruminococcaceae showed trends
with p < 0.1 (Table S6 in Supplementary Material) while families
Lactobacillaceae,  Erysipelotrichaceae, and Odoribacteraceae
showed values of p = 0.17.

After the washout period, the observed microbial changes
induced by L. johnsonii N6.2 supplementation (i.e., increase in
Ruminococcaceae, Lactobacillaceae, and Erysipelotrichaceae; or
decrease in Prevotellaceae and Odoribacteraceae) were reverted
such that the families returned to their initial abundancies.
Interestingly, one family, Christensenellaceae significantly
increased in concentration in the L. johnsonii N6.2 treated group
after 12 weeks (after the washout period) (p < 0.05), while the
Clostridiaceae and Bacteroidaceae families showed trends to
increase or decrease, respectively (p = 0.06 and p = 0.09, respec-
tively). However, when this normalization method was tested at
the genus level, no statistical differences were observed.

DISCUSSION

While the etiology of T1D is known to involve an autoim-
mune component, the contribution of environment to disease
development remains poorly understood. However, the notion
of modulating gut homeostasis with supplementation of
tolerogenic “normal” commensal microbes offers a presum-
ably safe method of intervention in the disease prevention
setting. To date, a relatively limited number of studies have
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FIGURE 8 | Determination of soluble markers. The concentrations of IFNy, IgA, and TNFa were quantified in the placebo (white bars) and L. johnsonii
NB.2 (Ljo, blue bars) group at time 0 and after 8 weeks of treatment or after the washout (12 weeks).
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been performed directed at the prevention of TID, with prior
trials primarily focused on nutrition-related interventions. For
example, compared to standard infant formula with 20% hydro-
lyzed casein, the administration of hydrolyzed casein showed
no significant effects on progression to autoimmunity (defined
as positivity for at least two diabetes-associated autoantibod-
ies) after 7 years of follow-up in infants at risk for T1D (39).
Similarly, docosahexaenoic acid provided to at-risk infants in
the first 5 months of life had no effect on inflammatory cytokine
production (40).

In arecent publication from The Environmental Determinants
of Diabetes in the Young (TEDDY) study group, there was a
reported association between decreased risk of islet autoimmun-
ity and early supplementation of probiotics (between the age
of 0 and 27 days) when compared to no supplementation (41).
Probiotics are “live microorganisms which, when administered
in adequate amounts, confer a health benefit on the host” (42).
A number of Lactobacillus and Bifidobacterium species are
Generally Regarded as Safe microorganisms and are widely used
in dietary supplements as probiotics worldwide. The mechanism
of activity of probiotics is diverse and strain specific [reviewed in
Ref. (43, 44)]. While the effect of different Lactobacillus strains
on the immunological response was evaluated in several human
trials (45-48), comprehensive analyses or immunophenotyping
has not been performed.

Gastrointestinal microbe-based strategies for the prevention of
T1D onset in humans have not yet been explored, although it has
been hypothesized that the presence of certain Lactobacillus spp.
strains may be involved in the pathogenesis of TID. L. johnsonii
NG6.2 is prevalent in BB-DR rats (16). This strain has been shown
to have decreased autoimmunity onset compared to their BB-DP
counterparts (14). Translating this work toward the prevention of
T1D in humans first required a pilot study in healthy individuals.
We performed a human trial to evaluate the safety, tolerability,
and general response to consumption of this microorganism in
healthy individuals. The primary outcome was the determination
of safety and tolerability of oral L. johnsonii N6.2. Assessment of
probiotic safety implicates several parameters such as immuno-
logical, microbiological, and metabolic shifts associated with the
microbes’ nature, method of administration, doses, and duration
of consumption (49, 50). It was found that L. johnsonii N6.2
preparation was well tolerated with no risks for healthy subjects.
The hemogram and CMP data showed no significant differences
between the probiotic and placebo groups throughout the treat-
ment and after washout periods. No adverse events related to
L. johnsonii N6.2 preparation were observed. Because probiotics
are non-pathogenic, few of them may be related to health risks;
for Lactobacillus, infection (lactobacillemia) is estimated to
occur only once per 100 million people and has therefore been
considered “unequivocally negligible” (49). L. johnsonii N6.2 sur-
vived intestinal transit, although no significant differences in the
total numbers of LAB were observed among treatments. Results
showed that L. johnsonii N6.2 has the ability to survive and may
colonize the intestinal tract without affecting the residing micro-
biota in healthy subjects. Remarkably, significant changes in the
kynurenine pathway metabolites as well as immune responses
were observed in serum and peripheral blood, while significant

changes in certain GSRS syndromes were observed in the probi-
otic treatment group.

Although developed for patient populations, the GSRS has
been used to evaluate gastrointestinal symptoms in healthy adults
(51-53). This study provides supporting data that the tool is suffi-
ciently sensitive to detect differences in healthy individuals. A lower
rating of the abdominal pain scale of the GSRS was demonstrated
for L. johnsonii N6.2 versus placebo. The individual symptom data
suggest that L. johnsonii N6.2 may demonstrate a beneficial effect
by reducing stomach ache or pain in the healthy adults studied, but
the strong trend for significance suggests that the groups may have
differed at baseline and thus, this may also be a carryover effect.
However, the data suggest that the difference between the groups
may have increased with L. johnsonii N6.2. Although this potential
mitigating effect on abdominal pain has not been reported previ-
ously for L. johnsonii, other Lactobacillus spp. have been evaluated
for efficacy in improving abdominal pain. For L. rhamnosus GG
(LGQG), the reported effects in human trials were inconsistent.
Francavilla et al. (54) reported that LGG was effective at 3 x 10° to
1 x 10" CFU/day on reducing abdominal pain severity/intensity
or frequency in children with irritable bowel syndrome (IBS) and
functional abdominal pain (FAP). In addition, Gawronska et al.
(55) reported that LGG may moderately increase treatment suc-
cess without effect on pain severity or may result in no differences
at all compared to placebo according to Bauserman and Michail
(56). Conversely, Lactobacillus reuteri showed no improvement
over placebo in FAP in children (57). In adults with IBS, provision
of Lactobacillus plantarum 299v at a dose of 1 X 10" CFU/day
showed significantly lower abdominal pain severity and frequency
(58). Similarly, Lactobacillus casei rhamnosus at 6 X 10® CFU/day
demonstrated a clinically significant improvement in abdominal
pain in a subgroup of IBS patients with a predominance of diar-
rhea, although small sample size precluded statistical analysis
(59). By contrast, L. reuteri was ineffective in lessening abdominal
pain in IBS patients (60). As mitigation of abdominal pain may
be strain specific, the results of this study suggest that further
research is needed to explore the potential efficacy of L. johnsonii
N6.2 in individuals with abdominal pain such as those with IBS.

Of interest is the effectiveness of L. johnsonii N6.2 on lessening
the daily symptom reporting of headache and cramping. Very
little research has explored the effect of probiotic supplementa-
tion on headache. In a dose-response trial of healthy adults, the
effect of Bifidobacterium animalis subspecies lactis (BB-12) and
Lactobacillus paracasei subspecies paracasei (CRL431) on well-
beingincluding the symptoms of bloating, flatulence, and headache
were evaluated, but no changes in the interventions were observed
(61). Inregards to cramping, a 4-week intervention of Lactobacillus
acidophilus DDS-1 improved abdominal cramping with a lactose
challenge in adults with lactose intolerance (62). Further research
is needed to determine if L. johnsonii N6.2 is effective in mitigating
headache and cramping in clinical populations.

In BB-DR rats, the mechanism of L. johnsonii-host interac-
tions related to prevention of TID may involve downregulation
of the production of kynurenine and increasing tryptophan flux
toward the synthesis of serotonin (25). To evaluate whether or
not these fluctuations in tryptophan metabolites observed in
rats could be used as a marker of L. johnsonii activity in humans,
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the levels of tryptophan metabolites were determined in serum
throughout the study. A strong trend toward decreased serum
levels of kynurenine along with increased amounts of tryptophan
was observed in a subgroup of participants who consumed L.
johnsonii N6.2 and exhibited an increase of LAB CFU/g stool
over the treatment period. These fluctuations in the metabolites
may be related to IDO activity, which has been associated with
immune regulation and modulation of chronic inflammation,
as well as allergic and autoimmune disorders. Many studies
have focused on the inhibition of IDO to regulate effector
metabolites as kynurenine derivate, serotonin, and tryptophan
[for a review, see Ref. (21)]. Our group originally described the
use of L. johnsonii N6.2 to modulate IDO activity in vitro and
in vivo (25). In a recent study, the administration of commercial
probiotics (Vivomixx in Europe or Visbiome in USA) to HIV*
patients decreased the IDO mRNA expression levels in gut-
associated lymphoid tissue after 6 months of administration.
In these patients, IDO was overexpressed in the gut mucosa,
and it was proposed that the downregulation of IDO would be
necessary to decrease its harmful effects on the mucosal barrier
(63). In this study, we determined the concentrations of several
intermediates in the tryptophan degradation pathway. Although
statistical significance was not achieved for any metabolite dur-
ing the treatment period, a significant increase in the tryptophan
concentrations and a decrease in the tryptophan/kynurenine
ratio were observed after the washout period (12 weeks) in the L.
johnsonii N6.2 group. An interesting finding of this study was that
the symptom of anxiety was significantly lower in the L. johnsonii
N6.2 group during the washout period. This symptom has been
associated with decreased levels of serotonin (64, 65), and since
we observed differences in the symptom score in the L. johnsonii
N6.2 group, we speculate that the modulation of IDO activity by
the probiotic may have channeled the tryptophan concentrations
toward the production of serotonin. However, the serotonin levels
were highly variable, and no statistical differences were observed.

Modification in the activity of IDO activity in antigen-pre-
senting cells (APCs), such as DCs and macrophages, or NK cells
has been reported to have a broad impact on the immune system
directly affecting T cells (22, 23, 66). Previous reports have shown
that several species of LAB may exert direct effects on APCs (DC
cells and monocytes), macrophages, and to a lesser extent on
B cells (67-71). To assess the global impact of L. johnsonii N6.2’s
modifications of IDO, we performed immunophenotyping and
quantified the relative concentrations of B cells, Monocytes, NK
and T cells (including Teff, Treg, and Tth). The administration
of L. johnsonii N6.2 resulted in a progressive increase in the
frequencies of monocytes and NK cells (specifically the activated
NK CD16*CD56" subset), reaching statistical significance after
the washout period. However, B cells or DCs did not show dif-
ferences between the groups during the treatment period or after
washout. NK cell activation may result from cell-to-cell contact
as result of NK/DC cross talk (72) or it may result from to the
direct interaction of L. johnsonii N6.2 associated molecules, such
as lipids or DNA, with NK cells. As we have previously observed
in vitro that L. johnsonii N6.2 can stimulate the innate immune
response through TLR9 signaling (73), we hypothesize that TLR9
activation is a likely mechanism.

Mailliard et al. (74) reported that the interaction of NK cells
with DCs contributed to the maturation of Thl cells and IFN-
y*CD8* T cells. In this study, we observed a significant increase in
the activated HLA-DR*CD38" Th1 population after the 8 weeks
of treatment and after the washout (12 weeks). These results are
in agreement with previous reports seeking allergy treatments
where it was observed that the administration of L. paracasei
induced a Th1 type response in mice (75).

Notably, we observed significant changes in most CD8* T cells
subsets: Tn, Tem, Tem, and Temra. Among them, activated
CD38"HLA-DR* CD8* T cells increased significantly at 8 weeks
and after washout (12 weeks). These results are in agreement with
the activation of Th1 responses mediated by NK cells. The decrease
in CD8* Tn and increase in CD8" Tem cells observed in this study
has been reported previously after antigenic stimulation (Type
1 response) where Tn cells differentiated into two main subsets
as Tem and Tem cells (76). However, in the previous study, after
antigen stimulation ceased, most of the CD8* Teff cells decreased
by apoptosis, while a small percentage remained as mature
memory CD8* T cells (77). Here, we observed that the popula-
tions remained either decreased or increased after the washout
period. This observation coincided with a significantly decrease
expression of the inhibitory coreceptor, CD279* (PD-1), and of
the follicular homing chemokine receptor, CD185* (CXCR5), on
CD8* Tem in the L johnsonii N6.2 group after 8 weeks of treat-
ment. These results indicate that L. johnsonii N6.2 may reduce or
delay apoptosis of memory CD8* T cells.

In summary, we identified systemic biomarkers [such as
the increase of circulating effector Thl cells (CD45RO*CD18
3*CD1967) and cytotoxic CD8" T cells] that can be utilized to
follow the effects of L. johnsonii N6.2 consumption in healthy
subjects. The results of this pilot study provide a solid foundation
for an investigation into prevention of T1D onset by L. johnsonii
N6.2 in an at-risk human population.

ETHICS STATEMENT

This study was carried out in accordance with the recom-
mendations of the Institutional Review Board (# 201400370)
at the University of Florida with written informed consent
from all subjects. All subjects gave written informed consent
in accordance with the Declaration of Helsinki. The protocol
was approved by the Institutional Review Board at University
of Florida (this trial was registered at http://clinicaltrials.gov as
NCT02349360).

AUTHOR CONTRIBUTIONS

GM, AFE, DC, and NH performed research. GM, AF, SG, DC,
NH, and JM analyzed data. WD, DP, TG, TB, MA, MH, CG, and
CW contributed to discussion and reviewed the manuscript.
WD and GL conceived the study.

ACKNOWLEDGMENTS

The authors would like to thank the study participants as well the
students and fellows Kieran Mcgrail, Amanda Posgai, Fernando

Frontiers in Immunology | www.frontiersin.org

June 2017 | Volume 8 | Article 655


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://clinicaltrials.gov

Marcial et al.

L. johnsonii N6.2 Modulates Immune Response

Pagliai, Flavia Loto, Aline de Oliveira, Kaylie Padgett, Danielle
Kling, Janelle Coyle, Danilo DaSilva, and Leandro Dias for their
technical help. We also acknowledge CapsCanada Company for
supplying the empty capsules used in this study.

FUNDING

These studies were funded by grants from the JDRF (1-INO-
2014-176-A-V to GL and 2-2012-280 to TB) and grants from the
National Institutes of Health P01 AI42288 (MA and TB), U24
DK097209 (TG) and National Institute of Food and Agriculture,
USDA (2015-67017-23182 to GL and CG). Publication of this
article was funded in part by the University of Florida Open
Access Publishing Fund.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at http://journal.frontiersin.org/article/10.3389/fimmu.
2017.00655/full#supplementary-material.

REFERENCES

1. Donaldson GP, Lee SM, Mazmanian SK. Gut biogeography of the bacterial
microbiota. Nat Rev Microbiol (2015) 14:20-32. doi:10.1038/nrmicro3552
2. Landy J, Walker AW, Li JV, Al-Hassi HO, Ronde E, English NR, et al. Variable
alterations of the microbiota, without metabolic or immunological change,
following faecal microbiota transplantation in patients with chronic pouchitis.
Sci Rep (2015) 5:12955. doi:10.1038/srep12955
3. Levy M, Blacher E, Elinav E. Microbiome, metabolites and host immunity.
Curr Opin Microbiol (2017) 35:8-15. d0i:10.1016/j.mib.2016.10.003
4. Johnson EL, Heaver SL, Walters WA, Ley RE. Microbiome and metabolic
disease: revisiting the bacterial phylum Bacteroidetes. ] Mol Med (Berl) (2016)
95:1-8. doi:10.1007/s00109-016-1492-2
5. Abdul-Aziz MA, Cooper A, Weyrich LS. Exploring relationships between
host genome and microbiome: new insights from genome-wide association
studies. Front Microbiol (2016) 7:1611. doi:10.3389/FMICB.2016.01611
6. Kim D, Yoo SA, Kim WU. Gut microbiota in autoimmunity: potential for
clinical applications. Arch Pharm Res (2016) 39:1565-76. doi:10.1007/
§12272-016-0796-7
7. Paun A, Yau C, Danska JS. Immune recognition and response to the intestinal
microbiome in type 1 diabetes. ] Autoimmun (2016) 71:10-8. doi:10.1016/j.
jaut.2016.02.004
8. Noble JA, Erlich HA. Genetics of type 1 diabetes. Cold Spring Harb Perspect
Med (2012) 2:a007732. doi:10.1101/cshperspect.a007732
9. Neu], Lorca G, Kingma SD, Triplett EW. The intestinal microbiome: relation-
ship to type 1 diabetes. Endocrinol Metab Clin North Am (2010) 39:563-71.
doi:10.1016/j.ec1.2010.05.008
10. Brown CT, Davis-Richardson AG, Giongo A, Gano KA, Crabb DB,
Mukherjee N, et al. Gut microbiome metagenomics analysis suggests a func-
tional model for the development of autoimmunity for type 1 diabetes. PLoS
One (2011) 6:€25792. doi:10.1371/journal.pone.0025792
11. de Goffau MC, Luopajarvi K, Knip M, Ilonen ], Ruohtula T, Harkonen T,
et al. Fecal microbiota composition differs between children with f cell
autoimmunity and those without. Diabetes (2013) 62:1238-44. doi:10.2337/
db12-0526
12. Kostic AD, Gevers D, Siljander H, Vatanen T, Hyo6tyldinen T, Himaldinen AM,
et al. The dynamics of the human infant gut microbiome in development and
in progression toward type 1 diabetes. Cell Host Microbe (2015) 17:260-73.
doi:10.1016/j.chom.2015.01.001
13. Dolpady J, Sorini C, Di Pietro C, Cosorich I, Ferrarese R, Saita D, et al.
Oral probiotic VSL # 3 prevents autoimmune diabetes by modulating

FIGURE S1 | Flow cytometry gating strategy for evaluation of the B cells subset
in healthy subjects.

FIGURE S2 | Flow cytometry gating strategy for evaluation of the NK,
monocytes and dendritic cells subsets in healthy subjects.

FIGURE S3 | Flow cytometry gating strategy for evaluation of naive and memory
T cells subsets in healthy subjects.

FIGURE S4 | Flow cytometry gating strategy for evaluation of differentiated
effector T (Teff), T follicular helper, and regulatory T (Treg) cells subsets in healthy
subjects.

FIGURE S5 | Relative abundance of bacterial families in gut microbiota. The 10
most abundant families in stool samples from subjects given a placebo (A) or
Lactobacillus johnsonii N6.2 (B) treatment. The Lactobacillaceae family was also
included for comparison.

FIGURE S6 | Non-metric multidimensional scaling plot of microbial community
similarity based on Bray—-Curtis beta diversity of lllumina MiSeq 16S rRNA gene
libraries. Points shown belong to the sampling time points: TO, T1 = 2 weeks,
T2 = 4 weeks, T3 = 8 weeks (end of treatment), and T4 = 12 weeks. Polygons
connect all the samples for one subject, and the bounding lines are colored
according to the treatment group.

microbiota and promoting indoleamine 2, 3-dioxygenase-enriched
tolerogenic intestinal environment. J Diabetes Res (2016) 2016:7569431.
doi:10.1155/2016/7569431

14. Valladares R, Sankar D, Li N, Williams E, Lai KK, Abdelgeliel AS, et al.
Lactobacillus johnsonii N6.2 mitigates the development of type 1 diabetes in
BB-DP rats. PLoS One (2010) 5:¢10507. doi:10.1371/journal.pone.0010507

15. LauK, Benitez P, Ardissone A, Wilson TD, Collins EL, Lorca G, et al. Inhibition
of type 1 diabetes correlated to a Lactobacillus johnsonii N6.2-mediated Th17
bias. J Immunol (2011) 186:3538-46. doi:10.4049/jimmunol.1001864

16. Roesch LE, Lorca GL, Casella G, Giongo A, Naranjo A, Pionzio AM, et al.
Culture-independent identification of gut bacteria correlated with the onset
of diabetes in a rat model. ISME ] (2009) 3:536-48. doi:10.1038/ismej.2009.5

17. Kemgang TS, Kapila S, Shanmugam VP, Kapila R. Cross-talk between probi-
otic lactobacilli and host immune system. ] Appl Microbiol (2014) 117:303-19.
doi:10.1111/jam.12521

18. Séez-Lara M, Robles-Sanchez C, Ruiz-Ojeda E, Plaza-Diaz J, Gil A. Effects
of probiotics and synbiotics on obesity, insulin resistance syndrome, type 2
diabetes and non-alcoholic fatty liver disease: a review of human clinical trials.
Int ] Mol Sci (2016) 17:928. d0i:10.3390/ijms17060928

19. Opitz CA, Wick W, Steinman L, Platten M. Tryptophan degradation in
autoimmune diseases. Cell Mol Life Sci (2007) 64:2542-63. doi:10.1007/
s00018-007-7140-9

20. Ciorba MA. Indoleamine 2,3 dioxygenase in intestinal disease. Curr Opin
Gastroenterol (2013) 29:146-52. d0i:10.1097/MOG.0b013e32835c9cb3

21. Yeung AW, Terentis AC, King NJ, Thomas SR. Role of indoleamine 2,3-dioxy-
genase in health and disease. Clin Sci (Lond) (2015) 129:601-72. doi:10.1042/
(CS20140392

22. Munn DH, Shafizadeh E, Attwood JT, Bondarev I, Pashine A, Mellor AL.
Inhibition of T cell proliferation by macrophage tryptophan catabolism. J Exp
Med (1999) 189:1363-72. d0i:10.1084/jem.189.9.1363

23. Mellor AL, Chandler P, Lee GK, Johnson T, Keskin DB, Lee ], et al. Indoleamine
2,3-dioxygenase, immunosuppression and pregnancy. ] Reprod Immunol
(2002) 57:143-50. doi:10.1016/S0165-0378(02)00040-2

24. Grozdics E, Berta L, Bajnok A, Veres G, Ilisz I, Klivényi P, et al. B7 costim-
ulation and intracellular indoleamine-2,3-dioxygenase (IDO) expression
in peripheral blood of healthy pregnant and non-pregnant women. BMC
Pregnancy Childbirth (2014) 14:306. doi:10.1186/1471-2393-14-306

25. Valladares R, Bojilova L, Potts AH, Cameron E, Gardner C, Lorca G, et al.
Lactobacillus johnsonii inhibits indoleamine 2,3-dioxygenase and alters
tryptophan metabolite levels in BioBreeding rats. FASEB J (2013) 27:1711-20.
doi:10.1096/1].12-223339

Frontiers in Immunology | www.frontiersin.org

June 2017 | Volume 8 | Article 655


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00655/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00655/full#supplementary-material
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1038/srep12955
https://doi.org/10.1016/j.mib.2016.10.003
https://doi.org/10.1007/s00109-016-1492-2
https://doi.org/10.3389/FMICB.2016.01611
https://doi.org/10.1007/s12272-016-0796-7
https://doi.org/10.1007/s12272-016-0796-7
https://doi.org/10.1016/j.jaut.2016.02.004
https://doi.org/10.1016/j.jaut.2016.02.004
https://doi.org/10.1101/cshperspect.a007732
https://doi.org/10.1016/j.ecl.2010.05.008
https://doi.org/10.1371/journal.pone.0025792
https://doi.org/10.2337/db12-0526
https://doi.org/10.2337/db12-0526
https://doi.org/10.1016/j.chom.2015.01.001
https://doi.org/10.1155/2016/7569431
https://doi.org/10.1371/journal.pone.0010507
https://doi.org/10.4049/jimmunol.1001864
https://doi.org/10.1038/ismej.2009.5
https://doi.org/10.1111/jam.12521
https://doi.org/10.3390/ijms17060928
https://doi.org/10.1007/s00018-007-7140-9
https://doi.org/10.1007/s00018-007-7140-9
https://doi.org/10.1097/MOG.0b013e32835c9cb3
https://doi.org/10.1042/CS20140392
https://doi.org/10.1042/CS20140392
https://doi.org/10.1084/jem.189.9.1363
https://doi.org/10.1016/S0165-0378(02)00040-2
https://doi.org/10.1186/1471-2393-14-306
https://doi.org/10.1096/fj.12-223339

Marcial et al.

L. johnsonii N6.2 Modulates Immune Response

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Leonard MT, Valladares RB, Ardissone A, Gonzalez CFE, Lorca GL, Triplett
EW. Complete genome sequences of Lactobacillus johnsonii strain N6.2 and
Lactobacillus reuteri strain TD1. Genome Announc (2014) 2:5-6. doi:10.1128/
genomeA.00397-14

Maecker HT. Standardizing immunophenotyping for the human immunology.
Nat Rev Immunol (2012) 12:191-200. doi:10.1016/j.micinf.2011.07.011.Innate
He J, Tsai LM, Leong YA, Hu X, Ma CS, Chevalier N, et al. Circulating
precursor CCR7IoPD-1hi CXCR5+ CD4+ T cells indicate Tfh cell activity
and promote antibody responses upon antigen reexposure. Immunity (2013)
39:770-81. doi:10.1016/j.immuni.2013.09.007

Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, Arlehamn CL,
et al. Human circulating PD-14+CXCR3—CXCR5+4 memory Tth cells are
highly functional and correlate with broadly neutralizing HIV antibody
responses. Immunity (2013) 39:758-69. doi:10.1016/j.immuni.2013.08.031
Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, et al.
Ultra-high-throughput microbial community analysis on the Illumina HiSeq
and MiSeq platforms. ISME J (2012) 6:1621-4. doi:10.1038/ismej.2012.8
Rideout JR, He Y, Navas-Molina JA, Walters WA, Ursell LK, Gibbons SM,
et al. Subsampled open-reference clustering creates consistent, comprehensive
OTU definitions and scales to billions of sequences. Peer] (2014) 2:e545.
doi:10.7717/peerj.545

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al.
Greengenes, a chimera-checked 16S rRNA gene database and workbench
compatible with ARB. Appl Environ Microbiol (2006) 72:5069-72. doi:10.1128/
AEM.03006-05

Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics (2010) 26:2460-1. doi:10.1093/bioinformatics/btq461
McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One (2013) 8:e61217.
doi:10.1371/journal.pone.0061217

Wickham H. The split-apply-combine strategy for data analysis. J Stat Softw
(2011) 40:1-29. doi:10.18637/js5.v040.i01

Dixon P. VEGAN, a package of R functions for community ecology. J Veg Sci
(2003) 14:927-30. doi:10.1111/j.1654-1103.2003.tb02228.x

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. STAMP: statistical analysis
of taxonomic and functional profiles. Bioinformatics (2014) 30:3123-4.
doi:10.1093/bioinformatics/btu494

Stender S, Frikke-Schmidt R, Nordestgaard BG, Tybjaerg-Hansen A. Extreme
bilirubin levels as a causal risk factor for symptomatic gallstone disease. JAMA
Intern Med (2013) 173:1222. d0i:10.1001/jamainternmed.2013.6465

Knip M, Akerblom HK, Becker D, Dosch M, Dupre J, Fraser W, et al.
Hydrolyzed infant formula and early p-cell autoimmunity: a randomized
clinical trial. JAMA (2014) 311:2279-87. doi:10.1001/jama.2014.5610

Chase HP, Boulware D, Rodriguez H, Donaldson D, Chritton S, Rafkin-Mervis L,
et al. Effect of docosahexaenoic acid supplementation on inflammatory cyto-
kine levels in infants at high genetic risk for type 1 diabetes. Pediatr Diabetes
(2015) 16:271-9. doi:10.1111/pedi.12170

Uusitalo U, LiuX, Yang ], HummelS, Butterworth M, Rewers M, etal. Association
of early exposure of probiotics and islet autoimmunity in the TEDDY study.
JAMA Pediatr (2016) 170:20-8. doi:10.1001/jamapediatrics.2015.2757

Fuller R. Probiotics in man and animals. ] Appl Bacteriol (1989) 66:365-78.
doi:10.1111/j.1365-2672.1989.tb05105.x

Ashraf R, Shah NP. Immune system stimulation by probiotic microorganisms.
Crit Rev Food Sci Nutr (2014) 54:938-56. doi:10.1080/10408398.2011.619671
Rizzello V, Bonaccorsi I, Dongarra ML, Fink LN, Ferlazzo G. Role of natural
killer and dendritic cell crosstalk in immunomodulation by commensal bacte-
ria probiotics. ] Biomed Biotechnol (2011)2011:1-10.doi:10.1155/2011/473097
Rask C, Adlerberth I, Berggren A, Ahrén IL, Wold AE. Differential effect on
cell-mediated immunity in human volunteers after intake of different lactoba-
cilli. Clin Exp Immunol (2013) 172:321-32. doi:10.1111/cei.12055

Van Baarlen P, Troost FJ, Van Hemert S, Van Der Meer C, De Vos WM.
Differential NF-kappaB pathways induction by Lactobacillus plantarum
in the duodenum of healthy. Proc Natl Acad Sci U S A (2008) 106:2371-6.
do0i:10.1073/pnas.0809919106

Michalickova D, Minic R, Dikic N, Andjelkovic M, Kostic-Vucicevic M,
Stojmenovic T, et al. Lactobacillus helveticus Lafti L10 supplementation
reduces respiratory infection duration in a cohort of elite athletes: a random-
ized, double-blind, placebo-controlled trial. Appl Physiol Nutr Metab (2016)
41:782-9. doi:10.1139/apnm-2015-0541

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Sheikhi A, Shakerian M, Giti H, Baghaeifar M, Jafarzadeh A, Ghaed V, et al.
Probiotic yogurt culture Bifidobacterium animalis subsp. lactis BB-12 and
Lactobacillus acidophilus LA-5 modulate the cytokine secretion by peripheral
blood mononuclear cells from patients with ulcerative colitis. Drug Res
(Stuttg) (2016) 66:300-5. doi:10.1055/s-0035-1569414

Sanders ME, Akkermans LM, Haller D, Hammerman C, Heimbach J,
Hoérmannsperger G, et al. Safety assessment of probiotics for human use. Gut
Microbes (2010) 1:164-85. do0i:10.4161/gmic.1.3.12127

Grover S, Rashmi HM, Srivastava AK, Batish VK. Probiotics for human
health - new innovations and emerging trends. Gut Pathog (2012) 4:15.
doi:10.1186/1757-4749-4-15

Hanifi A, Culpepper T, Mai V, Anand A, Ford AL, Ukhanova M, et al.
Evaluation of Bacillus subtilis R0179 on gastrointestinal viability and general
wellness: a randomised, double-blind, placebo-controlled trial in healthy
adults. Benef Microbes (2015) 6:19-27. doi:10.3920/BM2014.0031

Kalman DS, Schwartz HI, Alvarez P, Feldman S, Pezzullo JC, Krieger DR. A pro-
spective, randomized, double-blind, placebo-controlled parallel-group dual
site trial to evaluate the effects of a Bacillus coagulans-based product on func-
tional intestinal gas symptoms. BMC Gastroenterol (2009) 9:85. doi:10.1186/
1471-230X-9-85

Culpepper T, Christman MC, Nieves C, Specht GJ, Rowe CC, Spaiser SJ,
et al. Bifidobacterium bifidum R0071 decreases stress-associated diarrhoea-
related symptoms and self-reported stress: a secondary analysis of a ran-
domised trial. Benef Microbes (2016) 7:327-36. doi:10.3920/BM2015.0156
Francavilla R, Miniello V, Magista AM, De Canio A, Bucci N, Gagliardi F, etal.
A randomized controlled trial of Lactobacillus GG in children with functional
abdominal pain. Pediatrics (2010) 126:¢1445-52. d0i:10.1542/peds.2010-0467
Gawronska A, Dziechciarz P, Horvath A, Szajewska H. A randomized dou-
ble-blind placebo-controlled trial of Lactobacillus GG for abdominal pain dis-
orders in children. Aliment Pharmacol Ther (2007) 25:177-84. doi:10.1111/j.
1365-2036.2006.03175.x

Bauserman M, Michail S. The use of Lactobacillus GG in irritable bowel syn-
drome in children: a double-blind randomized control trial. J Pediatr (2005)
147:197-201. doi:10.1016/j.jpeds.2005.05.015

Eftekhari K, Vahedi Z, Aghdam MK, Diaz DN. A randomized double-blind
placebo-controlled trial of Lactobacillus reuteri for chronic functional abdom-
inal pain in children. Iran J Pediatr (2015) 25:¢2616. doi:10.5812/ijp.2616
Ducrotté P, Sawant P, Jayanthi V. Clinical trial: Lactobacillus plantarum
299v (DSM 9843) improves symptoms of irritable bowel syndrome. World
] Gastroenterol (2012) 18:4012-8. doi:10.3748/wjg.v18.i30.4012

Dapoigny M, Piche T, Ducrotte P, Lunaud B, Cardot JM, Bernalier-Donadille A.
Efficacy and safety profile of LCR35 complete freeze-dried culture in irritable
bowel syndrome: a randomized, double-blind study. World ] Gastroenterol
(2012) 18:2067-75. doi:10.3748/wjg.v18.i17.2067

Amirimani B, Nikfam S, Albaji M, Vahedi S, Nasseri-Moghaddam §,
Sharafkhah M, et al. Probiotic vs. placebo in irritable bowel syndrome: a
randomized controlled trial. Middle East ] Dig Dis (2013) 5:98-102.

Larsen CN, Nielsen S, Kaestel P, Brockmann E, Bennedsen M, Christensen
HR, et al. Dose-response study of probiotic bacteria Bifidobacterium animalis
subsp lactis BB-12 and Lactobacillus paracasei subsp paracasei CRL-341
in healthy young adults. Eur ] Clin Nutr (2006) 60:1284-93. doi:10.1038/
sj.ejcn. 1602450

Pakdaman MN, Udani JK, Molina JP, Shahani M. The effects of the DDS-1 strain
of Lactobacillus on symptomatic relief for lactose intolerance - a randomized,
crossover clinical trial. Nutr J (2016) 15:56. doi:10.1186/s12937-016-0172-y
Scagnolari C, Corano Scheri G, Selvaggi C, Schietroma I, Najafi Fard S,
Mastrangelo A, et al. Probiotics differently affect gut-associated lymphoid
tissue indolamine-2,3-dioxygenase mRNA and cerebrospinal fluid neopterin
levels in antiretroviral-treated HIV-1 infected patients: a pilot study. Int ] Mol
Sci (2016) 17:1-10. doi:10.3390/ijms17101639

Young SN. How to increase serotonin in the human brain without drugs.
] Psychiatry Neurosci (2007) 32:394-9. doi:10.1111/jhn.12223

Rao AV, Bested AC, Beaulne TM, Katzman MA, Iorio C, Berardi JM, et al.
A randomized, double-blind, placebo-controlled pilot study of a probiotic
in emotional symptoms of chronic fatigue syndrome. Gut Pathog (2009) 1:6.
doi:10.1186/1757-4749-1-6

Kai S, Goto S, Tahara K, Sasaki A, Kawano K, Kitano S. Inhibition of indoleam-
ine 2,3-dioxygenase suppresses NK cell activity and accelerates tumor growth.
] Exp Ther Oncol (2003) 3:336-45. doi:10.1111/j.1533-869X.2003.01108.x

Frontiers in Immunology | www.frontiersin.org

June 2017 | Volume 8 | Article 655


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/genomeA.00397-14
https://doi.org/10.1128/genomeA.00397-14
https://doi.org/10.1016/j.micinf.2011.07.011.Innate
https://doi.org/10.1016/j.immuni.2013.09.007
https://doi.org/10.1016/j.immuni.2013.08.031
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.7717/peerj.545
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.18637/jss.v040.i01
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1001/jamainternmed.2013.6465
https://doi.org/10.1001/jama.2014.5610
https://doi.org/10.1111/pedi.12170
https://doi.org/10.1001/jamapediatrics.2015.2757
https://doi.org/10.1111/j.1365-2672.1989.tb05105.x
https://doi.org/10.1080/10408398.2011.619671
https://doi.org/10.1155/2011/473097
https://doi.org/10.1111/cei.12055
https://doi.org/10.1073/pnas.0809919106
https://doi.org/10.1139/apnm-2015-0541
https://doi.org/10.1055/s-0035-1569414
https://doi.org/10.4161/gmic.1.3.12127
https://doi.org/10.1186/1757-4749-4-15
https://doi.org/10.3920/BM2014.0031
https://doi.org/10.1186/1471-230X-9-85
https://doi.org/10.1186/1471-230X-9-85
https://doi.org/10.3920/BM2015.0156
https://doi.org/10.1542/peds.2010-0467
https://doi.org/10.1111/j.1365-2036.2006.03175.x
https://doi.org/10.1111/j.1365-2036.2006.03175.x
https://doi.org/10.1016/j.jpeds.2005.05.015
https://doi.org/10.5812/ijp.2616
https://doi.org/10.3748/wjg.v18.i30.4012
https://doi.org/10.3748/wjg.v18.i17.2067
https://doi.org/10.1038/sj.ejcn.1602450
https://doi.org/10.1038/sj.ejcn.1602450
https://doi.org/10.1186/s12937-016-0172-y
https://doi.org/10.3390/ijms17101639
https://doi.org/10.1111/jhn.12223
https://doi.org/10.1186/1757-4749-1-6
https://doi.org/10.1111/j.1533-869X.2003.01108.x

Marcial et al.

L. johnsonii N6.2 Modulates Immune Response

67.

68.

69.

70.

71.

72.

73.

74.

Kapsenberg ML. Dendritic-cell control of pathogen-driven T-cell polariza-
tion. Nat Rev Immunol (2003) 3:984-93. doi:10.1038/nri1246

Cross ML, Ganner A, Teilab D, Fray LM. Patterns of cytokine induction by
Gram-positive and Gram-negative probiotic bacteria. FEMS Immunol Med
Microbiol (2004) 42:173-80. doi:10.1016/j.femsim.2004.04.001

Hessle C, Hanson LA, Wold AE. Lactobacilli from human gastrointestinal
mucosa are strong stimulators of IL-12 production. Clin Exp Immunol (1999)
116:276-82. doi:10.1046/j.1365-2249.1999.00885.x

Hatcher GE, Lambrecht RS. Augmentation of macrophage phagocytic activity
by cell-free extracts of selected lactic acid-producing bacteria. J Dairy Sci
(1993) 76:2485-92. doi:10.3168/jds.S0022-0302(93)77583-9

Takagi A, Matsuzaki T, Sato M, Nomoto K, Morotomi M, Yokokura T.
Enhancement of natural killer cytotoxicity delayed murine carcinogenesis by
a probiotic microorganism. Carcinogenesis (2001) 22:599-605. doi:10.1093/
carcin/22.4.599

Piccioli D, Sammicheli C, Tavarini S, Nuti S, Frigimelica E, Manetti AG, et al.
Human plasmacytoid dendritic cells are unresponsive to bacterial stimulation
and require a novel type of cooperation with myeloid dendritic cells for matu-
ration. Blood (2009) 113:4232-9. doi:10.1182/blood-2008-10-186890
Kingma SD, LiN, Sun F, Valladares RB, Neu J, Lorca GL. Lactobacillus johnsonii
N6.2 stimulates the innate immune response through Toll-like receptor 9 in
Caco-2 cells and increases intestinal crypt Paneth cell number in biobreeding
diabetes-prone rats. J Nutr (2011) 141:1023-8. doi:10.3945/jn.110.135517
Mailliard RB, Son YI, Redlinger R, Coates PT, Giermasz A, Morel PA, et al.
Dendritic cells mediate NK cell help for Th1l and CTL responses: two-signal

75.

76.

77.

requirement for the induction of NK cell helper function. ] Immunol (2003)
171:2366-73. doi:10.4049/jimmunol.171.5.2366

Fujiwara D, Inoue S, Wakabayashi H, Fujii T. The anti-allergic effects of lactic
acid bacteria are strain dependent and mediated by effects on both Th1/Th2
cytokine expression and balance. Int Arch Allergy Immunol (2004) 135:205-15.
doi:10.1159/000081305

Yi Z, Stunz LL, Lin WW, Bishop GA. TRAF3 regulates homeostasis of CD8+
central memory T cells. PLoS One (2014) 9:e102120. doi:10.1371/journal.
pone.0102120

Kaech SM, Cui W. Transcriptional control of effector and memory CD8+
T cell differentiation. Nat Rev Immunol (2012) 12:749-61. doi:10.1038/
nri3307

Conflict of Interest Statement: Authors, GL and MA, hold U.S. Patent
No. 9,474,773. The other authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2017 Marcial, Ford, Haller, Gezan, Harrison, Cai, Meyer, Perry,
Atkinson, Wasserfall, Garrett, Gonzalez, Brusko, Dahl and Lorca. This is an open-ac-
cess article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

17

June 2017 | Volume 8 | Article 655


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nri1246
https://doi.org/10.1016/j.femsim.2004.04.001
https://doi.org/10.1046/j.1365-2249.1999.00885.x
https://doi.org/10.3168/jds.S0022-0302(93)77583-9
https://doi.org/10.1093/carcin/22.4.599
https://doi.org/10.1093/carcin/22.4.599
https://doi.org/10.1182/blood-2008-10-186890
https://doi.org/10.3945/jn.110.135517
https://doi.org/10.4049/jimmunol.171.5.2366
https://doi.org/10.1159/000081305
https://doi.org/10.1371/journal.pone.0102120
https://doi.org/10.1371/journal.pone.0102120
https://doi.org/10.1038/nri3307
https://doi.org/10.1038/nri3307
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Lactobacillus johnsonii N6.2 Modulates the Host Immune Responses: A Double-Blind, Randomized Trial in Healthy Adults
	Introduction
	Materials and Methods
	Subjects
	Experimental Design
	L. johnsonii N6.2 Culture and Capsules Elaboration
	Stool Sample Collection and Transit Survival of L. johnsonii N6.2
	Blood Sample Collection and CMP
	IDO Activity: Tryptophan Metabolites Pathway
	Cytokine Determinations
	Flow Cytometry
	Extraction of Fecal Microbiota
	Microbiota Analysis
	Statistics
	Analyses of Surveys
	Analyses of Immune Cells
	Analysis of Microbiota

	Study Approval

	Results
	The Administration of L. johnsonii N6.2 Decreases Indigestion, Abdominal Pain, and Cephalic Syndrome Scales
	L. johnsonii N6.2 Survives Human Gastrointestinal Transit
	L. johnsonii N6.2 Modulates the Concentration of Metabolites in the IDO-Dependent Pathway in Healthy Subjects
	L. johnsonii N6.2 Supplementation Alters the Frequency of Immune Subsets in Peripheral Blood
	B Cell Subsets
	NK, Monocytes, and DC Subsets
	Naïve and Memory T Cell Subsets
	Differentiated Teff Subsets
	Tfh Subsets
	Treg Subsets

	L. johnsonii N6.2 Increased Circulating Levels of IgA
	L. johnsonii N6.2 Induces Minor Changes in the Microbiota of Healthy Subjects

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


