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Abstract

Background: There are few carefully-designed studies investigating the safety of individual probiotics approved under
Investigational New Drug policies.

Objectives: The primary aim of this prospective, double-blind placebo-controlled trial was to investigate if daily treatment
of adults with Lactobacillus reuteri DSM 17938 (LR) for 2 months is safe and well-tolerated. Our secondary aim was to
determine if LR treatment has immune effects as determined by regulatory T cell percentages, expression of toll-like
receptors (TLR)-2 and —4 on circulating peripheral blood mononuclear cells (PMBCs), cytokine expression by stimulated
PBMC, and intestinal inflammation as measured by fecal calprotectin.

Methods: Forty healthy adults were randomized to a daily dose of 5x10® CFUs of LR (n=30) or placebo (n=10) for 2
months. Participants completed a daily diary card and had 7 clinic visits during treatment and observation.

Results: There were no severe adverse events (SAEs) and no significant differences in adverse events (AEs). There were no
differences in PBMC subclasses, TLRs, or cytokine expression after treatment. The probiotic-treated group had a significantly
higher fecal calprotectin level than the placebo group after 2 months of treatment: 50 ng/g (IQR 24-127 ug/g) vs. 17 ug/g
(IQR 11-26 pg/g), p=0.03, although values remained in the normal clinical range (0-162.9 ug/g). LR vials retained
>108 CFUs viable organisms/ml.

Conclusions: LR is safe and well tolerated in adults, without significant changes in immunologic markers. There was a small
but significant increase in fecal calprotectin, perhaps indicating some element of immune recognition at the intestinal level.
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Introduction microbiota. There is emerging clinical evidence that Lactobacillus
reutert (LR) may be promising as a treatment for infantile colic [2]
and diarrheal disease [3]. LR is a commensal organism that has

been isolated from breast milk, and is able to colonize the human

In recent years, there has been increasing clinical evidence
indicating beneficial effects of probiotics in the prevention and/or

treatment of gastrointestinal diseases. Probiotics are live microor-
ganisms, that when ingested, confer a health benefit on the host
[1]. Probiotics are generally given as supplements of commensal
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gastrointestinal tract, specifically the gastric body and antrum,
duodenum and ileum [4].
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Lactobacillus species are generally not considered pathogenic;
however, probiotics have been implicated in rare cases of
endocarditis and bacteremia in immunocompromised patients
[5]. There are reports of infections directly linked to the ingestion
of probiotic products [6-9], and one multicenter trial of a
probiotic for the treatment of patients with severe pancreatitis
documented an increase in mortality in the treated group [10].
Recently, a large project focused on the safety of probiotics was
conducted by the Southern California Evidence-based Practice
Center (EPC) under contract to the Agency for Healthcare
Research and Quality (AHRQ). The AHRQ report literature
search identified 11,981 publications, of which 622 studies were
included in the review. Of these, 387 studies reported specific
adverse events. Across all included studies and treatment arms,
24,615 participants used a probiotic. The authors concluded that
in the randomized control trials there was “no evidence that the
quantity of reported adverse events was increased in short-term
probiotic intervention arms compared to control groups.”
However, the report went on to state that “There is a lack of
assessment and systematic reporting of adverse events in probiotic
intervention studies... and the current literature is not well
equipped to answer questions on the safety of probiotic
interventions with confidence” [11].

The primary aim of this Phase I prospective, double-blind
placebo-controlled trial was to provide evidence that treatment of
adults with Lactobacillus reuterrt DSM 17938 for 2 months is safe and
well-tolerated. Our long-term goal in staging the Phase I/II RCT
design from adults to risk groups of children and infants is to
demonstrate that a two-month course of Lactobacillus reuteri DSM
17938 is a safe and effective therapy for infantile colic.
Development of this probiotic intervention under the US Food
and Drug Administration, Center for Biological Evaluation and
Research [FDA/CBER] oversight regulates for ‘fit for intended
purpose’ product labeling and improved quality control. L. reuteri is
currently marketed as a nutritional supplement. However,
purported health claims have not been substantiated in the United
States for adults or children.

Our secondary aim focused on describing potential immuno-
logic responses to ingestion of the probiotic Lactobacillus reutert.
Specifically, we explored the effects of LR treatment on regulatory
T cells (Tregs), toll-like receptors (TLR)-2 and-4 expressions on
circulating peripheral blood mononuclear cells (PBMCs), and
cytokine expression by stimulated PBMCs. The mechanism of
LR’s action conferring benefit to the human host remains under
investigation. LR produces a compound, reuterin, with antimi-
crobial properties capable of inhibiting a wide spectrum of other
microorganisms, including pathogens. We and others have shown
that LR reduces inflammation in intestinal cells and tissues i vitro
[12,13], that LR reduces inflammation in the intestine of
lipopolysaccharide-fed newborn rat pups [14], and LR reduces
the incidence and severity of experimental necrotizing enterocolitis
via modulation of TLR4 and NF-xB signaling in the intestine [15].

The gastrointestinal mucosa is exposed to billions of non-
pathogenic, commensal organisms. The mechanisms for “tolera-
bility”” of the host to these organisms and the interplay between the
commensals and the host immune response are of obvious interest.
Tregs, particularly the naturally occurring CD4'Foxp3™ cells,
have emerged in recent years to have key roles in maintaining self-
tolerance. TLRs are proteins that are part of a family of pathogen
recognition receptors expressed on both immune cells such as B-
cells, dendritic cells, and monocytes (PBMCs), and non-immune
cells (epithelial cells and endothelial cells). There are 10 TLRs
currently recognized in humans; each recognizes a particular
pathogen-associated molecular pattern, or PAMP. TLR2 recog-
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nizes lipoproteins such as peptidoglycan found in bacterial cells
walls. TLR#4 is the main receptor for lipopolysaccharide. Different
probiotic bacteria are known to interact with distinct TLRs [16].
In vitro studies have suggested that the interaction of the probiotic
strain Lactobacillus caser with intestinal epithelial cells is mediated by
TLR2 [17]. However, a mouse model of colitis has demonstrated
that lactic acid bacteria may improve colitis via inhibition of
TLR4- mediated NF-kB activation [18]. In another mouse model
of colitis, oral ingestion of Lactobacillus casei alleviated colitis and
increased the suppressive function of CD4 Foxp3* Tregs [19].
Secondary aims also included determination of the effect of LR on
fecal calprotectin, a marker for intestinal inflammation as well as
to describe major shifts in the overall fecal microbial community

(20]

Subjects and Methods

Ethics statement

The procedures followed were in accordance with the ethical
standards of The University of Texas Health Science Center at
Houston after approval by the Institutional Review Board of
University of Texas Health Science Center and Memorial
Hermann Hospital IRB # HSC-MS-08-266). Written informed
consent was obtained from all participants prior to enrollment in
the study. The protocol for this trial and supporting CONSORT
checklist are available as supporting information; see Protocol S1
and Checklist S1.

Study participants

Eighty-eight patients were screened for eligibility. See Table 1
for complete listing of inclusion and exclusion criteria. Forty
healthy volunteers were enrolled in the study. See Figure 1 for
participant flow diagram. Only two study participants were
allowed per household.

Study design

This study was a single center, randomized, double-blind,
placebo-controlled safety trial designed to evaluate the safety of
treatment with Lactobacillus reuter: in healthy adults, conducted
between October 2009 and July 2011. Oversight approval and
monitoring was also provided by a Data Safety Monitoring Board
(DSMB), the Food and Drug Administration/Center for Biologics
Evaluation and Research (FDA/CBER) [IND #13561], and the
National Institutes of Health/National Center of Complementary
and Alternative Medicine (NIH/NCCAM) Program Officials and
Office of Clinical and Regulatory Affairs (OCRA) prior to
enrollment of subjects.

At time of “screening visit” (day 0), participants signed informed
consent, underwent physical examination by one of three
physician-investigators and submitted venous blood samples to
ensure general health and eligibility for the study. Venous blood
sample measurements included complete metabolic panel (CMP),
complete blood count (CBC), C-reactive protein (CRP), HIV
serum antibody, hepatitis B surface antigen, and hepatitis C
antibody. Participants agreed to forego any other probiotic-
containing product during the study period. Subjects were
informed about their eligibility by the study coordinator within 2
days of the screening visit. A “baseline visit” was subsequently
scheduled with physician-investigator and study coordinator to
assure general health of the subject, to deliver study product, and
to obtain research protocol labs (i.e. samples for cytokine and flow
cytometric analysis). At time of the baseline visit (day 1 of
treatment), subjects eligible for participation (n=40) were
randomly allocated to receive either the probiotic, Lactobacilllus
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Figure 1. Participant flow diagram. ITT =Intent to Treat.
doi:10.1371/journal.pone.0043910.g001

Table 1. Inclusion and exclusion criteria.

Analysed (n=10)
+ Excluded from analysis (n=0)

INCLUSION CRITERIA

EXCLUSION CRITERIA

Healthy male and non-pregnant female adults
Ages 19-60

No other recognized illness

Pregnancy or breastfeeding

Immunosuppressive medications, including oral corticosteroids

Positive result of HIV, hepatitis B, and/or hepatitis C antibody screening
Blood parameters outside the normal range deemed to be clinically significant
Gastrointestinal-related diseases and surgeries

Antibiotic allergy

Use of probiotics during the 90 days prior to screening

Diarrheal illness within 30 days prior to screening

Use of oral antibiotics or anti-fungals within the 2 weeks preceding screening
Current use of oral laxatives; alcohol use of more than 2 drinks per day
Implanted prosthetic devices (e.g. prosthetic heart valves)

Known sensitivity to sunflower oil or products containing linolenic/oleic acids

Unwillingness to forego ingestion of any other probiotic-containing products, including
yogurt supplemented with probiotics during the 6-month study period

Presence of fever or a pre-existing adverse event monitored during the study

doi:10.1371/journal.pone.0043910.t001
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reutert, or the placebo product (sunflower oil) with a ratio of 3:1 (L.e.,
30 were assigned to the treatment arm and 10 were assigned to the
placebo arm). The participants were instructed to take the product
daily for a period of 2 months.

As assessment of safety and tolerability was the primary
objective of this trial, participants underwent frequent evaluations
by physician-investigators throughout the treatment period of two
months and for four months following treatment (observation
period). Safety was assessed by physical examination and
laboratory markers obtained at clinic visits occurring at two week
intervals during treatment phase of the study. All clinic visits took
place at the Clinical Research Unit (CRU) of The University of
Texas Health Science Center at Houston. Strict monitoring of
adverse events reported by patients was recorded throughout the
study period in compliance with the FDA Adverse Events
Response System [AERs], as well as monitoring using a severity
clinical index. Participants were also instructed to complete a daily
diary of any adverse events during the two months.

Participants continued to report all health-related events and
were again evaluated by physician-investigators in the observation
period. This occurred 1 month after treatment (3 month visit) and
4 months after treatment (6 month visit). Blood samples for health
and safety screens were collected at all treatment and observation
visits. Fecal samples were collected at baseline visit, after 1 month
of therapy and at end of the two-month treatment period. Fecal
samples were also collected at both observation period visits. See
Figure 2 for a schematic representation of clinic visits, serum and
fecal laboratory collection times. Quality assurance of research
procedures were regularly assessed by our institutional IRB,
DSMB and the NIH. Study Product (Intervention). Permission to
pursue investigational studies of this probiotic was granted by the
United States Department of Health and Human Services, FDA
(IND number BB 13561). Subjects were instructed to take 5 drops
of study product (probiotic or placebo) daily. Each drop of study
product contained 1x10% colony-forming units (CFUs) L. reuteri
DSM 17938 per drop, yielding a total daily dose of 5x10% CFUs.
The oil drops were manufactured by BioGaia, Inc., Stockholm,
Sweden. The placebo product (provided by BioGaia) contained
sunflower oil alone. Study products (probiotic and placebo) were
placed in vials with the same appearance. Until May 2010, each
study vial contained 5 ml of study product, approximately equal to
a 2-week supply. After May 2010, the company provided vials that
contained 10 ml of treatment or placebo product. Participants
were instructed to bring in their vials to each follow-up visit, and
remaining product was measured to assure compliance with
therapy. One laboratory investigator was unblinded to the study
groups in order to confirm viability of the probiotic in 1 of every 5
treatment group patients. The pharmacy staff was responsible for
storing and dispensing the product and placebo according to the
randomization schedule provided by the study statistician. All
investigators directly involved in this randomized control trial were
blinded to identifying subject allocation in the safety/adverse
events reporting data.

Sample size

Because this was a safety and tolerability study, we determined
the sample size in such a way that if the risk estimates for adverse
events (AEs) associated with LR exceeded twice that of the general
population with 95% confidence, then the study would be halted
for the DSMB review. A panel of experts was assembled to provide
reasonable risk estimates for fever, diarrhea, vomiting, mild illness
with positive blood culture, and sepsis as potential AEs associated
with LR. Assuming that the daily incidence rates of AEs (fever,
diarrhea, vomiting, mild illness with positive blood culture, and
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sepsis) in the general population are about (1/160, 1/200, 1/365,
1/1000, and 2/10000), respectively, and all the participants were
followed for 56 days, we determined that 30 participants in the LR
treatment arm would provide 1680 days of observation that is
sufficient for the stopping rules to detect the aforementioned
acceptable risks with 95% confidence. For example, for 30
participants (1680 days of observation) who received the LR we
determined the cut-off incidence of 29, 24, 15, 7, and 3 for fever,
diarrhea, vomiting, mild fever with positive blood culture, and
sepsis, respectively. Because we reported every 10 participants to
the DSMB, we developed similar cut-off incidence values for every
10 participants and cumulatively. The decision to enroll 10
participants in the placebo arm was to collect some preliminary
data for future studies. We acknowledge that 30 participants in the
LR arm and 10 participants in the placebo arm may not provide
adequate power (e.g., 80%) to detect reasonable effect sizes for
many secondary variables collected in this study.

Subject randomization/blinding

A block randomization schedule was prepared by the study
biostatistician, enabling the research pharmacist to assign each
subject with a randomization number allocated to the treatment
vs. placebo group. Participants were randomized to the treatment
and placebo groups in a 3:1 ratio (block allocation), with a total of
40 participants (30 in the treatment arm and 10 in the placebo
arm) aimed to detect differences in safety. This study was fully
blinded with respect to all clinical investigators, research nurses,
and subjects until the completion of the study. The unblinded
investigator was blinded to the safety/adverse events data.

Statistical analysis

For baseline comparisons, we provided appropriate descriptive
statistics. Specifically, for continuous variables we examined the
distributions and reported mean and standard deviations if the
distributions were approximately normal. For variables with
skewed distributions we identified suitable transformations to
normalize the distribution. If we did not succeed in finding a
suitable transformation or reported medians along with Inter-
quartile Ranges (IQR). For the comparison of the primary safety
outcomes we followed principles of an intent-to-treat analysis.
Since this trial was not powered for efficacy, the analysis of the
secondary outcomes were considered exploratory, hence no
adjustments were made with respect to the multiple comparisons
and multiple testing. However, whenever appropriate, we used t-
test and Fisher exact or Mann-Whitney U-test to continuous and
categorical variables, respectively. We also calculated 95% ClIs for
the mean difference between the two study arms. In addition, we
calculated effects sizes for the secondary outcomes by dividing the
mean differences by the pooled standard deviation between the
two study arms. All the analyses were conducted by using statistical

software SAS 9.2 (SAS Institute, Cary, NC).

Outcome measures

The primary outcome measures of this study were to assess the
safety and tolerability of Lactobacillus reuter: in healthy adults. Safety
was assessed by strict monitoring of serious adverse events (SAE)
and adverse events (AE) reported by patients and through
scheduled visits conducted by clinicians. Serious adverse events
(SAE) were defined as any event which resulted in death, a life-
threatening adverse experience, inpatient hospitalization or
prolongation of existing hospitalization, a persistent or significant
disability/incapacity, or a congenital anomaly/birth defect. AEs
were defined as any untoward medical occurrence in a subject
receiving LR. An AE could include a clinically significant
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doi:10.1371/journal.pone.0043910.9002

abnormal laboratory finding, symptom, or disease temporally
associated with the use of a medicinal product, whether or not
considered related to the medicinal product. Patients were
instructed to complete a diary card each day with description of
all symptoms experienced during the treatment phase. As
symptoms occurred, they were reported by phone to the study
coordinator and/or primary investigator and were recorded in the
respective patient study charts. Symptoms monitored as adverse
events on the diary cards included nausea, vomiting, diarrhea,
headache, rash, and acute systemic allergic reactions. Fecal
samples were collected for measurement of LR in the stool
specimens by quantitative real-time PCR (qPCR) analysis of the
16S rRNA gene of LR, assessment of bacterial composition of
stool specimens by PCR amplification of 16S rRNA genes, and
analysis of banding pattern on denaturing gradient gel electro-
phoresis (DGGE). Fecal samples for these analyses were obtained
at the following time points: baseline visit, after 2 weeks of
treatment, end of treatment period, and at the two observation
period visits — 3 months and 6 months.

Secondary outcomes provided data regarding the effect of
Lactobacillus reuter: on the immune system. These “research labs” or
blood samples obtained for flow cytometric analysis for quantifi-
cation of PBMCGs, and for TLR and cytokine expression by
stimulated PBMCs were taken at the baseline clinic visit, 2 month
clinic visit (end of treatment) and the 6 month observation period
Measurement of subacute intestinal inflammation was
obtained via fecal calprotectin at the baseline visit (prior to
ingestion of the product), one month of treatment, and at end of
the 2-month treatment period. Fecal calprotectin was also assessed
in the observation period at the 3 month visit and the 6 month
visit.

visit.

Research lab protocols

Materials and Methods S1 provides detailed materials and
methods for measuring the expression of TLRs, percentage of
Tregs in PBMC by flow cytometric analysis, cytokine production
by stimulated PBMC, fecal calprotectin, and microbiota analysis.

Assessment of safety and tolerability

All symptoms reported by participants were recorded. Each
subject completed a symptom diary card for solicited symptoms
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that was turned in at every clinic visit. Adverse events (AE) were
coded using the Medical Dictionary for Regulatory Affairs
(MedDRA) coding dictionary. Treatment-emergent AEs were
defined as any event with a start date occurring on or after first day
of treatment; or, if pre-existing, worsening after first day of
treatment. If'a subject reported the same AE more than once, then
that subject was counted only once for the summary of that AE,
using the most severe intensity. The same protocol for reporting
applied for significant adverse events.

A Data and Safety Monitoring Board (DSMB) consisting of
specialists in Infectious Disease (Pediatric and Internal Medicine),
Gastroenterology, and Statistics also monitored the safety of the
subjects in this trial. The DSMB members were not otherwise
involved in this RCT. The DSMB met after every 12 patients
completed two months of therapy if no significant complications
arose.

Protocol deviations

There were four protocol deviations in the entire study period.
All of these deviations were reported to the DSMB. The deviations
included the following: one inadvertent “research” blood draw
when it was not indicated, one patient stopped treatment at day 51
as she became pregnant, one patient had a study visit outside of
scheduled appointment window, and one patient ran out of study
drug for two days before additional drug product was provided.
None of these protocol deviations resulted in expulsion from the
study. All were included in the intention to treat analysis.

Results

Subjects

Forty subjects aged 19-60 were enrolled in this safety study.
The recruitment period was from October 29, 2010-March 21,
2011. The follow-up period was from January 25, 2010-July 18,
2011. The trial ended after all enrolled subjects completed the six
month study period. There were a total of thirty patients were in
the treatment (LR) group and 10 patients in the placebo treated
group. All patients were included for comparison of the primary
safety outcome following the principles of intent-to-treat. Thirty-
one patients completed the entire 6 month study period (Figure 1).
Nine patients left the study prematurely; two relocated, four left for
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personal reasons, and three were lost to follow-up (Figure 1). Of
these, only one of the withdrawals was from the placebo group
(relocation). Only two participants were from the same household.
There were no differences between the treatment and placebo
groups with respect to baseline characteristics including gender,
age, cthnicity, weight, height, BMI, vital signs, white blood cell
count (WBC), glucose, blood urea nitrogen (BUN), or CRP
(Table 2). Similarly, there were no differences comparing the two
study groups with respect to baseline “research” laboratory
characteristics, including percentages of PBMC subtypes, TLR
expression on PBMC, cytokine expression by stimulated PBMC,
and fecal calprotectin (t-test and Kruskal-Wallis test performed for
values with normal and abnormal distributions respectively. None
of the p-values were <0.05) (Table 3).

Product stability

We monitored product viability by measuring the remaining
volume in the first and final containers of every 5" patient
throughout the treatment period of the study. We documented an
average of 4.6x10° CFUs of LR in the 9 screened patients
receiving study product. All samples contained >1x10% CFUs per
day at the end of the active phase of the 2-month trial. Product
compliance based upon returned vial volume in the group of
subjects in the per-protocol analysis was 88%.

Safety

Participants underwent physical examination and screening
laboratory testing at baseline. All adverse events reported to the
study coordinator and physician-investigators were recorded in the
chart. A Data and Safety Monitoring Board (DSMB) evaluated all

Safety and Tolerability of Lactobacillus reuteri

reported adverse events every 12 patients after completion of 2
months of treatment. All reported adverse events are shown in
Table 4. There were no serious adverse events reported during
the entire study period. Common everyday symptoms were
reported in both groups, but there was no increased risk of
adverse events or differences in the adverse events reported in the
probiotic versus the placebo group (p = 0.46). None of the reported
adverse events were determined to be related to the probiotic
intervention by the independent DSMB members.

Changes in the overall bacterial composition in stool
specimens

DGGE analyses were performed to evaluate changes in the
overall composition of fecal microbiota over time and are
presented in Figure 3. From baseline to 2 months, there was
an observable change in microbiota pattern in 17 of 22 LR-treated
subjects, but there was also a change in DGGE pattern in 6 of 10
placebo-treated subjects over the same interval. Similar findings
were noted at 2, 3, and 6 month intervals. We found no statistical
difference in the effect LR on bacterial composition in stool
specimens compared to the placebo-treated controls over any time
interval.

Change in LR concentration in stool specimens

The results of the qPCR analysis of LR in stool specimens are
summarized in Table 5. There was a marginally significant
difference in the concentration of LR in stool specimens compared
to placebo after 1 month of treatment (p=0.06) and after 2
months of total therapy (p=0.08). However, there was no
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Table 2. Baseline clinical characteristics of the study groups.

Probiotic group (n=30) Placebo group (n=10)

Mean SD Mean SD p-value
Age (yrs) 346 12.1 329 102 0.8*
Female (n, %) 13 43% 4 0.4 1.0
Ethnicity (n, %)
Asian 2 7% 2 20%
Black 8 27% 2 20%
Hispanic 4 13% 0 0%
White, not-Hispanic 16 50% 6 60%
Weight (kg) 81.8 16.7 79.6 124 0.7
Height (cm) 170.5 14.8 169.3 1.3 0.8
BMI (kg/m?) 283 59 27.7 2.6 0.5%
Pulse rate (beats/min) 734 121 70.0 9.3 0.4
Blood pressure (mmHg)
Systolic 126 13 125 8 0.85
Diastolic 74 11 72 7 0.98*
Temperature (C°) 36.8 0.2 36.8 03 0.9
WBC (x10°/ul) 5.9 1.4 63 1.4 0.5
Lymphocytes (%) 29 9 32 9 0.45
Glucose (mg/dL) 88.1 144 79.9 13.3 0.1*
hsCRP (mg/L) 1.06 1.6 1.20 1.89 0.71*
BUN (mg/dL) 13.0 4.2 14.8 4.4 0.3
Abbreviations: Body Mass Index (BMI), White blood cell count (WBC), highly sensitive C-reactive protein (hSCRP), Blood urea nitrogen (BUN).
*denotes p values obtained from non-parametric Kruskal-Wallis test.
doi:10.1371/journal.pone.0043910.t002
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Table 3. Baseline research laboratory characteristics of the study groups’.

Probiotic group (n=30)

Placebo group (n=10)

Peripheral Blood Mononuclear Cells (PBMCs)

Mean SD Mean SD p-value
Monocytes (%) 7.1 23 73 2.2 0.87
mDC (%) 0.17 0.09 0.24 0.15 0.17
pDC (%) 0.14 0.09 0.17 0.09 0.41

Median IQR Median IQR
Tregs (%) 6.0 4.9-7.0 5.9 3.6-8.5 0.72
Lymphocytes (%) 23 19-23 22 20-30 1.00
B cells (%) 9.5 7.8-12.2 10.2 6.0-12.8 0.75
Cytokine Production by Stimulated PBMC (pg/ml)**

Median IQR Median IQR p-value
GMCSF 22 10-33 15 4-28 0.54
IFNy 3440 1258-11638 9452 242-2736 0.61
IL10 14 0.6-2.2 1.6 0.5-3.2 0.85
IL12 1.2 0.8-2.3 1.2 0.7-2.2 0.74
LB 7.8 4.8-18.4 10.7 3.7-84.5 0.80
L2 208 34-757 292 56-5571 0.63
IL6 3.8 1.8-10.3 3.2 1.1-74 0.70
IL8 3697 951-10782 1450 144-5623 0.25
TNFo 131 46-352 140 16-705 0.92
TLR Expression in PBMC (MFI)

Median IQR Median IQR p-value
Monocyte TLR2 11 9-17 17 12-21 0.19
Monocyte TLR4 8.0 5.8-16.4 153 9.2-26.3 0.11
B cell TLR2 5.1 2.7-7.5 8.1 4.2-11.0 0.18
B cell TLR4 3.1 2.5-5.3 5.1 2.7-111 0.29
mDC TLR2 6.0 4.9-89 74 2.7-14.4 0.77
mDC TLR4 4.2 3.3-6.8 5.7 5.7-8.9 0.90
pDC TLR2 10 5-15 12 3-23 0.63
pDC TLR4 54 39-7.8 103 1.2-124 0.47
Fecal Calprotectin (1g/g) 30 11-57 24 14-36 0.88

factor-alpha (TNFo); toll-like receptor (TLR); mean fluorescence intensity (MFI).

Kruskal-Wallis test reported for values with skewed distribution.

doi:10.1371/journal.pone.0043910.t003

difference in the concentration of LR in stool specimens compared
to placebo treated control patients at the observation period visits.
In general, our results showed very low numbers of LR at all visits.

PBMC studies and TLR expression by PBMCs

Blood samples obtained for flow cytometric analysis for PBMCs
and quantification of TLR expression by PBMC were taken at
baseline, 2 months of treatment, and 6 month observation period
visit. We found no differences in percentage of circulating
lymphocytes, monocytes or dendritic cells, comparing the study
groups. We were particularly interested in the regulatory T cell
(Treg) subset of lymphocytes. We detected no significant
differences in this cell population between the groups before or

PLOS ONE | www.plosone.org

Abbreviations: T regulatory cells (Tregs), myeloid dendritic cells (mDC); plasmacytoid dendritic Cells (pDC); interferon-gamma (IFNy); interleukin (IL); tumor necrosis
*Mean, standard deviations with p-values based on t-tests reported for values following a normal distribution. Median, interquartile ranges (IQR) with p-values based on

**PBMC (1x10°) stimulated by PMA (50 ng/ml) and inomycin 1 (ug/ml) for 16 hours.

after treatment (Table 6). For TLR expression analyses, mean
fluorescence intensity (MFI) was evaluated, corrected for isotype
controls. There was no significant difference in TLR expression on
any PMBC evaluated, comparing the probiotic treated and
placebo groups (Table 6).

Fecal calprotectin

Stool samples were obtained at the baseline visit, the 1 month
and 2 month treatment visits, as well as the 3-and 6-month
observation period visits (Figure 1). There was no difference in
fecal calprotectin measurements between treatment arms at
baseline. The probiotic-treated group had a significantly higher
fecal calprotectin level than the placebo group after 2 months of
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treatment: 50 pg/g (IQOR 24-127 pg/g) vs. 17 ug/g IQR 11—
26 ug/g), p=0.03 (Figure 4), although values remained in the
normal clinical range (0-162.9 pg/g). Calprotectin levels returned
to baseline at the 3- and 6-month observation period visits but
remained modestly higher than levels in placebo-treated volun-
teers at these additional 2 time points (p<<0.05).

Cytokine expression by stimulated PBMC

Blood samples obtained for quantification of cytokine expres-
sion by stimulated PBMC were taken at baseline, end of 2 months
of treatment, and the 6 month observation period visit. There
were no differences noted comparing any of the cytokine levels
evaluated in the probiotic treated or placebo groups (Table 6). We
noted that in 10 patients with the highest rise of fecal calprotectin
(>30 pg/g), pro-inflammatory cytokine output after 2 months of
LR treatment decreased multi-fold compared to baseline for most
patients (example, 8/10 showed a decrease in level of TNF-o
(median decrease 4-fold), 9/10 showed a decrease in level of IL-2
(median decrease 4-fold), and 7/10 had a decrease in IFN-y
(median decrease 22-fold). However, in the patients showing a less
than 30 pg/g increase in fecal calprotectin while taking LR, only
4/13 had a decrease in TNF-oproduction, only 3/13 had a
decrease in IL-2 production, and only 4/13 had a decrease in IFN-
Y production.

Discussion

The current study evaluated the safety and tolerability of the
probiotic bacteria strain, L. reuteri 17938 in healthy adult
volunteers. Administration of the dose of 5x10° CFU L. reuteri
was well tolerated during a total of 1,952 patient days on
treatment. There were no significant or severe adverse events. The
adverse events that were reported were mild-moderate in severity
and were not thought to be related to the study product (examples
include nasal congestion, headache, vomiting). There were no

PLOS ONE | www.plosone.org

Table 4. Distribution (frequency, percentage) of the adverse events by study arm and type during treatment phase.
Probiotic group (n=30) Placebo group (n=10)
Symptom Mild, n (%) Moderate, n (%) Severe, n (%) Mild, n (%) Moderate, n (%) Severe, n (%)
Nasal congestion 4 (13) 3(10) 0 (0) 1(1) 1(1) 0 (0)
Headache 103) 3(10) 0 (0) 0 (0) 0 (0) 0(0)
Sore throat 0 (0) 0(0) 0 (0) 1(1) 0(0) 0(0)
Nausea 2(7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Weight loss 13) 0(0) 0(0) 0(0) 0 (0) 0(0)
Vomiting 7 0(0) 0 (0) 0(0) 0 (0) 0(0)
Decreased appetite 3 (1) 0 (0) 0 (0) 1(1) 0 (0) 0 (0)
Tongue numbness 0 (0) 0 (0) 0 (0) 1(1) 0 (0) 0(0)
Loose stools 2(7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Vaginal odor 1(3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Flatulence 103) 0(0) 0 (0) 0 (0) 0(0) 0(0)
Dry skin 103) 0 (0) 0 (0) 0 (0) 0 (0) 0(0)
Rhinnorhea 0 (0) 0(0) 0(0) (M 0(0) 0 (0)
Watery eyes 0 (0) 0 (0) 0 (0) 1(1) 0 (0) 0 (0)
One patient withdrew from study after randomization before receiving treatment.
None of the adverse events were identified to be related to treatment group by an independent data safety monitoring board (DSMB).
No significant difference in adverse events between groups (p =0.46)
doi:10.1371/journal.pone.0043910.t004

clinically relevant changes on physical exam or standard blood
tests.

Fecal samples were obtained at three visits during the treatment
period and both observation wvisits (5 stool samples in total;
Figure 2). We observed only marginally significant increased levels
of LR in stools by qPCR in the LR treated subjects after 1 month
of therapy (p = 0.06) and at the end of treatment (p = 0.08). Thus,
low numbers of LR were found in the stools of these volunteers;
and the probiotic was also found intermittently in some of the
control stools. L. reutert is known to colonize the stomach and upper
small intestine [4]. It is possible that the number of viable LR were
reduced during passage through the well-colonized adult colon.
The low recovery of L. reuter: from the stool could also be explained
by the low daily dose. However, the prescribed dose (10° CFUs)
has shown evidence of colonization as measured by fecal plating in
healthy adults [4,21]. This dose (2x10® CFU) prevented diarrhea
in hospitalized adults [22]. When we analyzed our cytokine and
DGGE data looking only at patients in whom qPCR was positive
for LR, the findings were not changed. Our studies would be
enhanced by investigation of metagenomic communities, to move
from structure to functional analyses in a more integrated systems
biology approach. Nevertheless, we found that major shifts in the
composition of fecal microbiota over time were no more prevalent
in the LR- treated subjects that in controls. It is of interest that the
microbial composition of many of the participants’ stools (in both
groups) did appear to change over time, and that the change was
independent of LR ingestion.

Our data do not rule out successful colonization by L. reuteri. In
fact, ingestion was significantly associated with a mild, reproduc-
ible increase in fecal calprotectin level. Calprotectin is a calcium
dependent protein derived predominately from neutrophils,
making up about 60% of cytosolic protein in human neutrophils.
Therefore, the concentration of fecal calprotectin is an indication
of neutrophil influx into the intestinal tract. The elevation in fecal
calprotectin seen in the LR-treated volunteers, while unexpected,
may fit with the recognized role of probiotics in augmenting
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TREATMENT GROUP

o— o 1 2 3 6
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DGGE

PLACEBO GROUP

month 0 1 2 3 6
DGGE

Figure 3. Representative DGGE images. Representative denaturing gradient gel electrophoresis images from six patients, three treated with LR
(Treatment Group LR0OO1, LRO11, LRO14) and three with placebo (Placebo group LR003, LR009, LR059). Each lane in a gradient gel shows bands of 16S
rDNA detected in each of five stool specimens collected at 0, 1, 2, 3 and 6 months. Each band represents a different bacterial 16S rDNA sequence, i.e.
a different bacterial taxon. Time 0 stools were collected before patients began consuming LR or placebo. Time 1 and 2 stools were collected after
patients had been consuming LR or placebo for one and two months respectively. Time 3 and 6 stools were collected one month and four months
after patients had discontinued consuming LR or placebo. For each patient, differences in band patterns across sampling time points indicate
changes in the composition of bacteria, over time, in their stools. For example, Patient LR0O1 exhibited a notable change in stool bacterial
composition between Time 0, a stool collected before consuming any LR, and Time 1, a stool collected after consuming LR for one month. Likewise,
the placebo treated Patient LR059, exhibited a notable change in stool bacterial composition over the same interval. In contrast LR treated Patient
LRO11 exhibited no change in band pattern over that interval. We compared the total number of band pattern changes over each interval in the LR
treated and placebo treated groups and found no significant difference in the influence of LR treatment compared to placebo treatment on changes
in stool bacterial composition over any interval examined.

doi:10.1371/journal.pone.0043910.g003

antimicrobial peptide secretion in the intestine. For example,

Table 5. Medi trati £ LR in stool . ¢ humans who consume any one of several probiotic E. coli strains
Vaariojs t.imee Ice)]irlji tCSS)ncen ration o I stool specimens a have 8-10-fold increase in intestinal human beta-defensin (hBD-2)
P ) secretion by Paneth cells [23]. Calprotectin secreted by neutrophils
has a demonstrated antimicrobial effect, aiding in the killing of
fungi and Staphylococci by sequestration of nutrient metals, such
Visit Placebo LR p-Value - : :
as zinc and manganese [24]. We suggest that either the LR itself or
Median (Q1, Q3) Median (Q1, Q3) a bacterial product may produce a mild increase in mucosal
Baseline 00, 0) 00, 1.61) 0.19 inflammation, although we stress that the fecal calprotectin levels
— TRLE 1185 054 118) e rcrﬁalncd v\‘/cll within .thc n.ormal range in all Voluntcmts. .
5 Month 00 2 066 (037, 79.2 009 The indigenous microbiota maintains a constant interaction
ont 0. 217) 1066 (037, 792) ‘ with the host immune system. Recent studies have suggested that
3 Month 0(0,27.3) 0 (0, 0.58) 02l various immune populations may be regulated by the microbiota.
6 Month 0 (0, 0.40) 0 (0, 1.71) 0.94 While this study was not powered to evaluate changes in immune
*Copies of LR 16 s rANA 4 din 5 na of stool parameters, we were able to describe the findings of various
opies 5 M gene detected in 5 ng of stool. immune related activities in healthy adults before and after
Q1 represents the 25™ percentile. K . . . .
Q3 represents the 75™ percentile. treatment with LR. There were no differences in circulating
doi:10.1371/journal.pone.0043910.t005 composition of peripheral blood mononuclear cells (PBMC),
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Figure 4. Fecal calprotectin at various study points. Median fecal calprotectin at various study time points are shown. There is a significant
difference between calprotectin in LR-treated vs. placebo groups after treatment. Nonetheless all calprotectin values remained in the normal clinical

range (fecal calprotectin <160 pug/g).
doi:10.1371/journal.pone.0043910.g004

including Tregs, comparing the LR-treated and the placebo-
treated groups. Previous studies have generally found that
probiotic administration in adult humans do not significantly
impact general immune parameters, such as natural killer cell
activity, phagocytic and respiratory burst activity, serum immune
globulin levels, or i vitro PBMC cytokine release in response to
lipopolysaccharide [25]. Local gut immune responses likely do not
parallel observations made using peripheral blood mononuclear
cells. In a rat model, we are able to detect the effect of LR on local
gut immune response. We have shown that feeding LR in neonatal
rats changed T cell subsets in the intestinal mucosa (DDW 2012
annual meeting, abstract#Su1938) and inhibited proinflammatory
cytokine production in the gut [15]. It is not realistic to use
intestinal tissues to study local gut immune responses in normal
adult volunteers. Recent studies demonstrated that intraepithelial
lymphocytes may consist of CX3CR1+ PBMCs migrating from
the peripheral blood into the gut epithelium [26] We intended to
identify whether administration of L. reuteri at the studied dose
would trigger the patient’s PBMCs to respond to the stimulants in
vitro.

In several studies, interleukin-10 and —12 levels were enhanced
by probiotics [25]. In a large adult study of probiotic treatment for
irritable bowel syndrome (L. salivarius UCC4331 or Bifidobacterium
infantis 35624), the authors performed i vitro PBMC stimulation
assays. However, in that study, the only reported effect of the
probiotic treatment was that B. infantis reduced the IL-10 to IL-12
ratio, indicating inhibition of the Th-1 pro-inflammatory state
[27]. In our studies, there was not significant change in expression
of cytokines, including IL-10 and IL-12p70 by stimulated PBMC.
However, there was a trend toward significance in decreased IL-
1B expression in the probiotic treated group (p = 0.09). Our ratios
of IL-10 to IL-12p70 were approximately 1:1 at baseline,
compared to 50:1 at baseline in the study of O’Mahony et al.
[27]. This discrepancy could be caused by one or more differences
in our experimental protocol. Our studies used media that was
serum free and specific for human PBMC, X-VIVO-15 [28,29].

PLOS ONE | www.plosone.org

1

This is in comparison to 10% fetal calf serum in the cited study
[27]. In addition, we used a 24 hour time to collect cytokines
compared to 72 hours in the mentioned study. There may be
mtrinsic differences in IL-12p40 level measured [27] and IL-12p70
that was measured in our study. Nevertheless, we found no
augmentation of the ratio of IL-10 to IL-12 (baseline ratio =1.7;
ratio after 56 days of LR =0.8), compared to a 2-fold increase in
their studies. This discrepancy could be related to the above
technical considerations or to the probiotic chosen (L. salwarius
versus L. reuteri).

Multiple studies have compared various standard-sensitivity
multiplex cytokine assays [30,31] or enzyme-linked immunosor-
bent assay (ELISA) [32] (used by O’ Mahony ¢t al), flow cytometry
cytokine bead arrays [33], or electrochemiluminescent Meso Scale
Discovery (MSD) assays [34] (used in our study). These studies
have shown variable agreement among assays and have indicated
that absolute cytokine concentrations differ across testing plat-
forms, even though commercialized available assays include the
calibrators generally developed by using WHO cytokine references
[35]. Such standards are usually calibrated in International Units
which are arbitrarily defined by bioassays in standard cell lines
[36]. There are differences between measuring the concentrations
of cytokines in human plasma with biological activities standard-
ized by WHO and the measurement of cytokine output i vitro by
PBMC. It has been noted that in a study of multi-analyte bead-
based (Luminex) kits, WHO cytokine standards were assayed at
the same expected concentrations as the standards provided with
each kit, but WHO and kit standards often yielded very different
absolute concentrations [37]. Therefore, we suggest that studies of
probiotics should use longitudinal measurements in which relative,
rather than absolute, levels in cytokines are measured [38].

As mentioned, a post-hoc analysis was performed focused on the
10 patients in the probiotic treated group who had elevations in
fecal calprotectin >30 ug/g from baseline to end of treatment;
those with the largest increase in fecal calprotectin had largest
reduction in cytokine output. While this is merely a description of
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our findings and by no means a claim of linkage, an interesting
idea for future studies may be to investigate the role of intestinal
inflammation in the regulation of anti-inflammatory pathways.

Mouse models have indicated LR treatment attenuates inflam-
matory processes [39] by a mechanism characterized at least in
part by the induction of Tregs. We anticipated a mild but
measurable effect of LR treatment on circulating Treg numbers.
However, in normal adults with a well-established microbiota,
such a response was not demonstrated. Treg responses to probiotic
(B. infantis 356240) have been observed in mouse models of
inflammation, but they were observed in isolated spleen cells, not
in circulating blood mononuclear cells [40]. Our study will
hopefully facilitate future studies of Tregs in younger, more
immunologically naive populations using L. reuters and other
probiotics.

It is important to note that intention to treat (I'T'T)) analysis is a
conservative method and may have slightly underestimated
potential side effects in this safety evaluation. We compared the
incidence rates of potential adverse events between the two study
arms for the total number of days (560 days, assuming 100%
compliance) that volunteers took placebo and compared this value
to that of the total number of days that the 30 participants in the
treatment arm (total number of days on treatment = 1680) took
LR. However, due to less than 100% compliance in the treatment
arm, there were only 1500 patient days on treatment; so we may
have underestimated the incidence of AEs in the treatment arm by
11%. This implies that per protocol (PP) analysis would have
resulted in 11% higher incidence rates for adverse events.

This safety study, conducted in a rigorous randomized
controlled manner, demonstrates that Lactobacillus reuteri DSM
17938 is safe and well tolerated in healthy adults. From a practical
standpoint, not only does this offer important clinical safety
information, but may pave the way for future therapeutic trials of
this strain of probiotic to be conducted with FDA oversight to
allow for appropriate product labeling and fit for intended purpose
use. Future trials should also investigate if immune responses such
as an increase in Tregs and changes in fecal calprotectin might be
observed in hosts with a less diverse microbial population and with
an incompletely developed immune system, such as in newborn
infants with colic.

References

1. Sanders ME (2008) Probiotics: definition, sources, selection, and uses. Clin Infect
Dis 46 Suppl 2: S58-61; discussion S144-151.
2. Savino F, Pelle E, Palumeri E, Oggero R, Miniero R (2007) Lactobacillus reuteri
(American Type Culture Collection Strain 55730) versus simethicone in the
treatment of infantile colic: a prospective randomized study. Pediatrics 119:
e124-130.
3. Saavedra J (2000) Probiotics and infectious diarrhea. Am J Gastroenterol 95:
S16-18.
4. Valeur N, Engel P, Carbajal N, Connolly E, Ladefoged K (2004) Colonization
and immunomodulation by Lactobacillus reuteri ATCC 55730 in the human
gastrointestinal tract. Appl Environ Microbiol 70: 1176-1181.
5. Cannon JP, Lee TA, Bolanos JT, Danziger LH (2005) Pathogenic relevance of
Lactobacillus: a retrospective review of over 200 cases. Eur J Clin Microbiol
Infect Dis 24: 31-40.
6. Land MH, Rouster-Stevens K, Woods CR, Cannon ML, Cnota J, et al. (2005)
Lactobacillus sepsis associated with probiotic therapy. Pediatrics 115: 178-181.
7. Kunz AN, Noel JM, Fairchok MP (2004) Two cases of Lactobacillus bacteremia
during probiotic treatment of short gut syndrome. J Pediatr Gastroenterol Nutr
38: 457-458.
8. Mackay AD, Taylor MB, Kibbler CC, Hamilton-Miller JM (1999) Lactobacillus
endocarditis caused by a probiotic organism. Clin Microbiol Infect 5: 290-292.
9. Luong ML, Sareyyupoglu B, Nguyen MH, Silveira FP, Shields RK, et al. (2010)
Lactobacillus probiotic use in cardiothoracic transplant recipients: a link to
invasive Lactobacillus infection? Transpl Infect Dis 12: 561-564.

. Besselink MG, van Santvoort HC, Buskens E, Boermeester MA, van Goor H, et
al. (2008) Probiotic prophylaxis in predicted severe acute pancreatitis: a
randomised, double-blind, placebo-controlled trial. Lancet 371: 651-659.

PLOS ONE | www.plosone.org

12

Safety and Tolerability of Lactobacillus reuteri

Supporting Information

Protocol S1 Study protocol.
(PDF)

Checklist S1 CONSORT checklist.
(DOC)

Materials and Methods 81 Detailed materials and methods for
measuring the expression of TLRs, percentage of Tregs in PBMC
by flow cytometric analysis, cytokine production by stimulated
PBMUC, fecal calprotectin, and microbiota analysis.

(DOCX)

Acknowledgments

The authors would like to acknowledge the significant effort by NIH
Program Official Linda Dufly, PhD, MPH, for contributions in structuring
the UO1 study design, inclusion of validation approaches and biosafety
parameters, and implementation of the protocols under phased regulatory
approved IND; the clinical and pharmacy staff at the University of Texas
Health Science Center at Houston Center for Clinical and Translational
Sciences (CCTR) for meticulous work in the study; and the US Food and
Drug Administration, Center for Biologics and Evaluation Research
(FDA/CBER). Biogaia Inc. provided the study product and placebo but
played no role in design, data interpretation, or analysis. Funding support
was from the National Institutes of Health, National Center for
Complementary and Alternative Medicine (NIH/NCCAM)
(5U01AT003519) and the University of Texas Health Science Center at
Houston, CCTR (ULI). Helpful review and recommendations were
provided through the Texas Digestive Disease Center which is funded b
Public Health Service grant DK56338. The content is solely the
responsibility of the authors and does not necessarily represent the official
views of the National Center for Complementary and Alternative Medicine
(NCCAM), the CCTR at Houston, or the National Institutes of Health.
JMR was a sponsored speaker (Biogaia, Inc.) at the 2011 annual meeting of
the Latin American Society of Pediatric Gastroenterology.

Author Contributions

Conceived and designed the experiments: JMR YL NYF DT. Performed
the experiments: JMR YL NYF NM MV WG DT MF JN. Analyzed the
data: ZC MHR JMR NM YL MV MF JN. Contributed reagents/
materials/analysis tools: MF JN. Wrote the paper: NM JMR YL NYF.

. Hempel S NS, Ruelaz A, Wang Z, Miles J, Suttorp M, et al. (2011) Safety of
Probiotics to Reduce Risk and Prevent or Treat Disease. Rockville, MD. AHRQ
Publication No. 11-E007. AHRQ Publication No. 11-E007.

. Liu Y, Zhu L, Fatheree NY, Liu X, Pacheco SE, et al. (2009) Changes in
intestinal Toll-like receptors and cytokines precede histological injury in a rat
model of necrotizing enterocolitis. Am J Physiol Gastrointest Liver Physiol 297:
G442-450.

. Lin YP, Thibodeaux CH, Pena JA, Ferry GD, Versalovic J (2008) Probiotic
Lactobacillus reuteri suppress proinflammatory cytokines via c-Jun. Inflamm
Bowel Dis 14: 1068-1083.

. Liu Y, Fatheree NY, Mangalat N, Rhoads JM (2010) Human-derived probiotic
Lactobacillus reuteri strains differentially reduce intestinal inflammation.
Am J Physiol Gastrointest Liver Physiol 299: G1087-1096.

15. Liu Y, Fatheree NY, Mangalat N, Rhoads JM (2012) Lactobacillus reuteri

strains reduce incidence and severity of experimental necrotizing enterocolitis

via modulation of TLR4 and NFkappaB signaling in the intestine. Am J Physiol

Gastrointest Liver Physiol 302: G608-G617.

Gomez-Llorente C, Munoz S, Gil A (2010) Role of Toll-like receptors in the

development of immunotolerance mediated by probiotics. Proc Nutr Soc 69:

381-389.

. Vinderola G, Matar C, Perdigon G (2005) Role of intestinal epithelial cells in
immune effects mediated by gram-positive probiotic bacteria: involvement of
toll-like receptors. Clin Diagn Lab Immunol 12: 1075-1084.

. Lee JH, Lee B, Lee HS, Bae EA, Lee H, et al. (2009) Lactobacillus suntoryeus
inhibits pro-inflammatory cytokine expression and TLR-4-linked NI-kappaB
activation in experimental colitis. Int J Colorectal Dis 24: 231-237.

16.

September 2012 | Volume 7 | Issue 9 | e43910



21.

22.

23.

24.

27.

28.

29.

. Hacini-Rachinel F, Nancey S, Boschetti G, Sardi F, Doucet-Ladeveze R, et al.

(2009) CD4+ T cells and Lactobacillus casei control relapsing colitis mediated by
CD8+ T cells. J Immunol 183: 5477-5486.

. Judd TA, Day AS, Lemberg DA, Turner D, Leach ST (2011) Update of fecal

markers of inflammation in inflammatory bowel disease. J Gastroenterol
Hepatol 26: 1493-1499.

Rosander A, Connolly E, Roos S (2008) Removal of antibiotic resistance gene-
carrying plasmids from Lactobacillus reuteri ATCC 55730 and characterization
of the resulting daughter strain, L. reuteri DSM 17938. Appl Environ Microbiol
74: 6032-6040.

Cimperman L, Bayless G, Best K, Diligente A, Mordarski B, et al. (2011) A
randomized, double-blind, placebo-controlled pilot study of Lactobacillus reuteri
ATCC 55730 for the prevention of antibiotic-associated diarrhea in hospitalized
adults. J Clin Gastroenterol 45: 785-789.

Mondel M, Schroeder BO, Zimmermann K, Huber H, Nuding S, et al. (2009)
Probiotic E. coli treatment mediates antimicrobial human beta-defensin
synthesis and fecal excretion in humans. Mucosal Immunol 2: 166-172.
Kehl-Fie TE, Chitayat S, Hood MI, Damo S, Restrepo N, et al. (2011) Nutrient
metal sequestration by calprotectin inhibits bacterial superoxide defense,
enhancing neutrophil killing of Staphylococcus aureus. Cell Host Microbe 10:
158-164.

. Borchers AT, Selmi C, Meyers F], Keen CL, Gershwin ME (2009) Probiotics

and immunity. J Gastroenterol 44: 26-46.

5. Maeda S, Ohno K, Nakamura K, Uchida K, Nakashima K, et al. (2012)

Increased expression of fractalkine and its receptor CX(3)CR1 in canine
inflammatory bowel disease and their possible role in recruitment of
intraepithelial lymphocytes. Vet Immunol Immunopathol 148(3-4): 226-235.
O’Mahony L, McCarthy J, Kelly P, Hurley G, Luo F, et al. (2005) Lactobacillus
and bifidobacterium in irritable bowel syndrome: symptom responses and
relationship to cytokine profiles. Gastroenterology 128: 541-551.

Jonuleit H, Kuhn U, Muller G, Steinbrink K, Paragnik L, et al. (1997) Pro-
inflammatory cytokines and prostaglandins induce maturation of potent
immunostimulatory dendritic cells under fetal calf serum-free conditions.
Eur J Immunol 27: 3135-3142.

Janetzki S, Price L, Britten CM, van der Burg SH, Caterini J, et al. (2010)
Performance of serum-supplemented and serum-free media in IFNgamma
Elispot Assays for human T cells. Cancer Immunol Immunother 59: 609-618.

PLOS ONE | www.plosone.org

13

30.

31.

32.

33.

34.

37.

39.

40.

Safety and Tolerability of Lactobacillus reuteri

Kofoed K, Schneider UV, Scheel T, Andersen O, Eugen-Olsen ] (2006)
Development and validation of a multiplex add-on assay for sepsis biomarkers
using xXMAP technology. Clin Chem 52: 1284-1293.

Khan SS, Smith MS, Reda D, Suffredini AF, McCoy JP Jr (2004) Multiplex
bead array assays for detection of soluble cytokines: comparisons of sensitivity
and quantitative values among kits from multiple manufacturers.
Cytometry B Clin Cytom 61: 35-39.

Liu MY, Xydakis AM, Hoogeveen RC, Jones PH, Smith EO, et al. (2005)
Multiplexed analysis of biomarkers related to obesity and the metabolic
syndrome in human plasma, using the Luminex-100 system. Clin Chem 51:
1102-1109.

Richens JL, Urbanowicz RA, Metcalf R, Corne J, O’Shea P, et al. (2010)
Quantitative validation and comparison of multiplex cytokine kits. J Biomol
Screen 15: 562-568.

Chowdhury F, Williams A, Johnson P (2009) Validation and comparison of two
multiplex technologies, Luminex and Mesoscale Discovery, for human cytokine
profiling. J Immunol Methods 340: 55-64.

. Mire-Sluis AR, Das RG, Padilla A (1998) WHO cytokine standardization:

facilitating the development of cytokines in research, diagnosis and as
therapeutic agents. J Immunol Methods 216: 103-116.

5. Thorpe R, Wadhwa M (2011) Intended use of reference products & WHO

International Standards/Reference Reagents in the development of similar
biological products (biosimilars). Biologicals 39: 262-265.

Nechansky A, Grunt S, Roitt IM, Kircheis R (2008) Comparison of the
Calibration Standards of Three Commercially Available Multiplex Kits for
Human Cytokine Measurement to WHO Standards Reveals Striking Differ-
ences. Biomark Insights 3: 227-235.

. Breen EC, Reynolds SM, Cox C, Jacobson LP, Magpantay L, et al. (2011)

Multisite comparison of high-sensitivity multiplex cytokine assays. Clin Vaccine
Immunol 18: 1229-1242.

Karimi K, Inman MD, Bienenstock J, Forsythe P (2009) Lactobacillus reuteri-
induced regulatory T cells protect against an allergic airway response in mice.
Am J Respir Crit Care Med 179: 186-193.

O’Mahony C, Scully P, O’Mahony D, Murphy S, O’Brien F, et al. (2008)
Commensal-induced regulatory T cells mediate protection against pathogen-
stimulated NF-kappaB activation. PLoS Pathog 4: e1000112.

September 2012 | Volume 7 | Issue 9 | e43910



