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Inventor: Susan E. Erdman
Attorney’s Docket No.. EDMN-001-WO1

Title: CANINE MICROBE PREPARATIONS FOR INCREASING OXYTOCIN

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No.
62/353,954, filed June 23, 2016. The entire teachings of the above application are

incorporated herein by reference.

GOVERNMENT SUPPORT

This invention was made with government support under grants P30-
ES002109, RO1-CA108854 and U01-CA164337 awarded by the National Institutes of

Health. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

Pets are often considered to be part of the family. Cohabitating with dogs, in
particular, has many benefits to humans associated with physical, psychological and
social wellbeing [1]. One benefit of human co-habitation with dogs is a more slender
physique [2]. This observation is important in the context of the growing obesity
epidemic, which has impacted over 78 million adults and 12.5 million children and
adolescents in the U.S. in 2009-2010 [3]. In the face of this growing obesity epidemic
[3], there is relative inefficiency of existing weight loss strategies. Although a clear
relationship between dog ownership and lower risk of obesity exists, study designs
have been unable to show a specific link with the hypothesis of increased activity

levels due to humans taking more walks or playing with pet dogs [4]. Alternatively,
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environmental exposures involving pet dogs have been proposed. An understanding
of mechanisms through which environmental factors influence obesity is important to
develop future interventions [5].

One possible link between dogs and humans is exchange of microbiota. The
close cohabitation of dogs and humans may facilitate the transfer of various infectious
agents between these species. Lower prevalence of allergic diseases among those
living on farms or with pets during childhood support this concept [6-13]. Indeed, this
idea coined the “hygiene hypothesis” theory is based on associations between the
decrease in beneficial microbial burdens and the increase in the development of
allergies, autoimmune disease and generalized immune dysfunction in modernized
societies. A relevant study showed that household dogs may disseminate
Lactobacillus johnsonii in household dust that lower risk of asthma and other
inflammatory disorders in cohabitating humans [14].

The neuropeptide hormone oxytocin is pivotal in the canine-human bond, with
studies showing that humans experience higher levels of oxytocin during interactions
with pet dogs [15,16]. Importantly, oxytocin has also been convincingly linked with
protection from obesity [17-23]. While the nonapeptide oxytocin is historically
recognized for its role in parturition [24] and lactation [25] it has gained more recent
attention for its apparent effects on prosocial behavior [26,27] and therapeutic
potential in the treatment of autism spectrum disorder (ASD) [26,27], schizophrenia
[26,28] and obesity [17-23]. A large number of ongoing investigations in humans list
oxytocin as the focus in studies on caloric intake, gastric emptying, or obesity, as
displayed in the Clinical Trials.gov registry, National Institutes of Health. Specifically,
studies show oxytocin has roles in reducing food intake and body weight in diet-
induced obesity [17,19,21-23] in genetically obese rodent models [18,20,21],
highlighting potential downstream central nervous system and peripheral
mechanisms. It was also shown that intranasal administration of oxytocin in humans
lowers caloric intake and has beneficial metabolic effects, resulting in a shift from
carbohydrate to fat utilization and improved insulin sensitivity [29]. Recognizing that
oxytocin is important in the mother-infant bond, it was earlier found that ingested /.
reuteri ATCC 6475 bacteria extracted from human milk serve to up-regulate systemic
oxytocin levels in mouse models by a vagus nerve-dependent mechanism [30].

Knowing that oxytocin levels increase in humans after contact with dogs [15], the
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inventor tested whether exposure to L. reuteri bacteria extracted from dog saliva,
similar to bacteria collected from human milk, may similarly modulate oxytocin

levels and convey benefits of more slender physique and overall good health.

SUMMARY OF THE INVENTION

The inventions disclosed herein are based upon the finding that Lactobacillus
reuteri (e.g., L. reuteri isolate 2546 from dog saliva) fed to C57BL/6 mice led to
higher plasma levels of oxytocin. In addition, mice consuming canine-borne L. reuteri
exhibited less age-associated weight gain when compared with matched untreated
controls, in an oxytocin-dependent manner. Taken together, the studies disclosed
herein raise the possibility that microbiota shared between species not only convey
mutual survival benefits, but also serve to strengthen the human-animal bond.

In certain aspects, the inventions disclosed herein relate to methods of
promoting weight loss in a subject (e.g., a human subject), wherein such methods
comprise a step of administering an effective amount of a composition to the subject
and thereby promoting weight loss in the subject, wherein the composition comprises
L. reuteri bacteria (e.g., a killed or lysed L. reuteri bacteria).

Also disclosed are methods of treating obesity in a subject (e.g., a mammalian
subject), wherein the methods comprise a step of administering an effective amount of
a composition to the subject and thereby treating the obesity, wherein the composition
comprises L. reuteri bacteria (e.g., L. reuteri bacteria isolated from canine saliva).

In some embodiments, the inventions disclosed herein relate to methods of
increasing plasma oxytocin concentration in a subject (e.g., a human subject), wherein
such methods comprise a step of administering an effective amount of a composition
to the subject and thereby increasing plasma oxytocin concentration in the subject,
wherein the composition comprises L. reuferi bacteria (e.g., a sterile L. reuteri
bacteria).

In some aspects of any of the foregoing methods the L. reuteri bacteria is
isolated from dog saliva. In some aspects of any of the foregoing methods the L.
reuteri bacteria comprises L. reuteri isolate 2546. In some embodiments of any of the
foregoing methods the L. reuteri bacteria comprises L. reuteri ATCC 6475.
Alternatively, in other embodiments of any of the foregoing methods the L. reuteri

bacteria do not comprise L. reuteri ATCC 6475.
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In certain aspects, the L. reuteri bacteria are grown aerobically. For example,
in certain embodiments, . reuteri bacteria isolated from canine saliva may be
cultivated in classical media, individual colonies selected and grown aerobically on a
plate (e.g., a sheep blood agar plate).

In any of the embodiments disclosed herein, the L. reuteri bacteria are live.
Conversely, in any of the embodiments disclosed the L. reuteri bacteria is killed (e.g.,
lysed) and/or sterile. For example, prior to administration of the composition to the
subject in accordance with any of the methods disclosed herein, the L. reuteri bacteria
contained in such composition may be lysed, killed and/or sterile (Varian, ef al.,
Brain, Behavior, and Immunity 2017, 61: 36-49, the entire teachings of which are
incorporated herein by reference).

In certain aspects, the compositions disclosed herein (e.g., a composition
comprising the fractionated L. reuteri lysate) are administered orally. In some
embodiments, the compositions disclosed herein are administered intranasally. In yet
other embodiments, the compositions disclosed herein are administered parenterally.
In still other embodiments, the compositions disclosed herein are administered
enterally.

In some aspects of any of the foregoing, the composition further reduces the
subject’s abdominal fat weight. In some embodiments of any of the foregoing
methods, the composition reduces the subject’s subcutaneous fat. In still other
embodiments of any of the foregoing, the composition reduces the subject’s blood
neutrophils. In some embodiments of any of the foregoing, the composition promotes
lean muscle formation. In some embodiments of any of the foregoing, the
compositions promote hair growth. In yet other embodiments of any of the foregoing,
the compositions promote wound healing. In some embodiments of any of the
foregoing, the composition increases thymus gland size. In still other embodiments of
any of the foregoing, the composition reduces levels of stress biomarker hormone
corticosterone.

In certain aspects, the L. reuteri is isolated. In some embodiments, the /.
reuteri has been modified (e.g., relative to its native or naturally-occurring state). For
example, in certain aspects, the L. reuteri has been killed (e.g., lysed) and/or has been

rendered sterile.
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In certain aspects of the inventions disclosed herein, the L. reuteri bacteria
have been lysed, for example, lysed by sonication. In certain embodiments, the /.
reuteri bacteria have been lysed by sonication at about 20 kHz. In certain aspects, the
L. reuteri bacteria have been lysed by sonication at an amplitude of about 30%
intensity. In certain aspects, the L. reuteri bacteria have been lysed by sonication in
an ice water bath for about 25 minutes. For example, in some embodiments, the /.
reuteri bacteria may be sonicated in cycles (e.g., for one minute on, followed by one
minute off over about 25 minutes).

Also disclosed herein are methods of preparing a lysate of L. reuteri. In certain
aspects, L. reuteri (e.g., L. reuteri isolated from the saliva of a dog) may be lysed by
sonication at about 20 kHz, at an amplitude of about 30% intensity, in an ice water
bath for about 25 minutes. In some embodiments, the L. reuteri bacteria may be
sonicated in cycles (e.g., for one minute on, followed by one minute off over about 25
minutes).

In certain aspects, the bacterial lysates prepared in accordance with the present
inventions may be further fractionated (e.g., to remove bacterial fragments).
Accordingly, also disclosed herein are methods of fractionating a lysate of L. reuteri.
For example, in certain aspects, a bacterial lysate may be subjected to centrifuge (e.g.,
the sonicated bacterial lysate may be subject to centrifuge for about 15 minutes at
about 4,000 rpm). In some embodiments, the lysate may be further passed through a
0.2 um filter to remove whole bacteria and large fragments contained in the lysate,
thereby producing a soluble supernatant comprising the lysed L. reuferi bacteria.

In certain aspects, such soluble supernatant comprising the fractionated lysate
of the L. reuteri bacteria may be administered to a subject in accordance with the
methods disclosed herein, or alternatively may be included as a component of the
compositions disclosed herein. For example, in certain embodiments, one or more of
the compositions disclosed herein may comprise a soluble supernatant comprising the
lysed L. reuteri bacteria, or a soluble fraction of the L. reuteri lysate prepared in
accordance with the present inventions. The above discussed, and many other features
and attendant advantages of the present inventions will become better understood by

reference to the following detailed description of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing executed in color.
Copies of this patent or patent application publication with color drawings will be
provided by the Office upon request and payment of the necessary fee.

FIG. 1 depicts an experimental overview. Canine L. reuteri 2546 was isolated
from pet dog saliva, and then fed to mice in their drinking water. Wild type [wf]
CS57BL/6 mice consuming L. reuteri 2546 for long-term or short-term intervals were
examined for body weight, inflammatory indices, and plasma oxytocin levels. A final
experiment tested the hypothesis of whether oxytocin was necessary for slenderizing
effects of L. reuteri 2546.

FIGS. 2A-2D demonstrate that the canine L. reuteri 2546 isolate recapitulates
key probiotic health benefits in mice. Mice consuming .. reuteri 2546 for nine
months had significantly (FIG. 2A) lower body weights, and reduced accumulations
of (FIG. 2B) abdominal and (FIG. 2C) subcutaneous fat compared to untreated age-
matched control mice. FIG. 2D shows that the abdominal fat of control mice had
readily recognizable crown-like structure [CLS] lesions that often coalesce to form
sizable pyogranulomatous lesions. By contrast, CLS were rare in L. reuteri-treated
mice. The analysis of histomorphometrical counts of CLS in the abdominal fat of
mice shows that the anti-inflammatory effect of probiotic treatment is statistically
significant. Hematoxylin and Eosin. Scale bars: 100 um. Numbers on the y-axis of bar
graphs correspond to the mean = SEM of the parameters assessed; ***p<0.0001.

FIG. 3 demonstrates that a single month of L. reuteri 2546 treatment resulted
in reduced subcutaneous fat in mice. The histomorphometrical assessment of
subcutaneous fat thickness in mice shows that both live and killed 2546 bacterial cells
when orally consumed act to reduce the thickness of the subcutaneous fat (SF) layer at
statistically significant levels. Hematoxylin and Eosin. Scale bars: 250 um. Numbers
on the y-axis of bar graph corresponds to the mean = SEM of SF layer thickness
measured in image pixels; ***p<0.0001.

FIGS. 4A-4C illustrate that short-term treatment with L. reuteri 2546
contributes to slimmer phenotypes and lower systemic inflammatory tone in mice.
The oral consumption of either live or lysed probiotic bacteria cells reduces the body

weight (FIG. 4A), abdominal fat weight (FIG. 4B) and numbers of neutrophils in the
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blood of mice (FIG. 4C). Numbers on the y-axis of bar graph corresponds to the
mean = SEM of SF layer thickness measured in image pixels; **p<0.001.

FIGS. SA-5D illustrate that the health benefits of oral L. reuteri 2546
consumption depend on oxytocin. Short and long term consumption of L. reuteri 2546
cells, whether live (FIG. SA) or killed (FIG. 5B), upregulate plasma oxytocin levels
at statistically significant levels. FIG. SC shows that using oxytocin-deficient mice
and their wild-type controls, the present inventors found that the statistically
significant effect of probiotics in reducing body weight of mice is negated in the
absence of oxytocin. FIG. SD shows whole mouse body representative images that
are provided for a side-by-side comparison. Shown are oxytocin-deficient and wild-
type mice that were either treated with L. reuteri or remained untreated. Note that the
L. reuteri treatment correlates with a slender phenotype in wild-type, but not
oxytocin-deficient mice. Numbers on the y-axis of bar graphs correspond to the mean
+ SEM of the parameters assessed, **p<0.001, ***p<0.0001.

FIGS. 6A-6D confirm the presence of L. reuferi in the oral cavity of dogs. By
using generic PCR primers, the present inventors found evidence of Lactobacillus
species in the oral cavity of eight [8/8] pet dogs examined (FIG. 6A). FIGS. 6B-D
illustrate that based upon colony growth properties, and microscopic morphology of
short rod-forming chains, a tractable Gram-positive rod isolate was confirmed to be L.
reuteri based on the composite of gram stain/morphology, biochemical tests, and
molecular tests.

FIGS. 7A-7B demonstrate that L. reuteri accelerates the healing of skin
wounds in mouse models. FIG. 7A illustrates subgross microscopy of formalin-fixed,
paraftinized wounded skin at 6 days after full thickness skin excision. The margins of
wounds are outlined with yellow color. The wound area in outbred Swiss mice was
significantly smaller in the L. reuteri-treated (n=10) mouse group compared to
untreated controls (n=10). FIG. 7B illustrates that the histopathology of wounds
(n=10 per group) at the same time-point reflects the more rapid wound healing rate
observed in mice consuming . reuteri. The representative untreated mouse wound
shown here had a clear epidermal gap (note the double-headed yellow arrow pointing
to epidermal edges), edematous wound bed and retained scab. By contrast, the wound
of an L. reuteri-treated mouse given for side-by-side comparison is completely

covered with epidermis, has mature collagen in the wound bed and lacks a scab. The
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L. reuteri effect on wound re-epithelization is statistically significant. Hematoxylin
and Eosin (FIG. 7B). Scale bars: 1000 pum (a) and 500 um (b). Numbers on the y-
axis of bar graphs correspond to the mean £ SEM of the parameter assessed,
*%p<0.001.

FIGS. 8A-8C demonstrates that dietary L. reuteri confers increased wound
healing capacity in human subjects. FIG. 8A shows the wound area of human
subjects consuming L. reuteri (BioGaia Protectis DSM 17938 chewable 100 million
CFU) was significantly smaller compared to the placebo-treated (Nature Made
chewable Vitamin C 60mg) controls at three days after wounding. Biopsies were
performed at Massachusetts Institute of Technology Institute for Medical Engineering
and Science (IMES) Clinical Research Center (CRC). Numbers on the y-axis of the
bar graph correspond to the mean+SEM of wound area; N=7 per treatment; *
p=0-037; Mann-Whitney U. FIG. 8B demonstrates that to assess wound area, human
skin wounds were photographed under standardized conditions. The wound margins
were outlined and then the subscribed area was measured in each image. Results were
recorded in mm? using a standard scale originally contained in the images. FIG. 8C
provides representative images of skin wounds showing features of size and
morphology from placebo (upper row) and L. reuteri-treated (bottom row)
individuals. The wounds of subjects consuming L. reuferi have a smaller size than
those of the placebo group, compared here at day 3 post-biopsy. Bar= Imm.

FIGS. 9A-9D demonstrate that L. reuteri affects hormone levels and thymus
size of Swiss mice. L. reuteri consumption leads to statistically significant changes,
including increased blood levels of oxytocin (Untreated N = 10, L. reuteri N = 10)
(FIG. 9A), decreased levels of circulating corticosterone (N=10 per group) (FIG.
9B), increased thymus weight (FIG. 9C), (N=10 per group) and lower circulating
neutrophil counts (N=10 per group) (FIG. 9D). Numbers on the y-axis of bar graphs
correspond to the mean+SEM of the parameter assessed; ** p<0.001, ***p<0.0001.

FIGS. 10A-10D demonstrate that lysed L. reuteri products alter blood
hormone levels and thymus gland size of CS7BL/6 mince. Edible sterile, lysed /L.
reuteri was sufficient to upregulate blood levels of oxytocin (Untreated N=9; Lysed /.
reuteri N=10) (FIG. 10A), downregulate blood levels of corticosterone (Control N=9;
Lysed L. reuteri N=10) (FIG. 10B), bestow increased thymus weight (N=8-10 per

treatment group) at statistically significant levels (FIG. 10C), and lower circulating
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neutrophil counts (Control N=9; Lysed L. reuteri N=10 ) (FIG. 10D). Numbers on the
y-axis of bar graphs correspond to the mean+SEM of the parameter assessed,
*%%p<0.0001.

FIGS. 11A-11B demonstrate that mice treated with lysed L. reuferi had more
oxytocin-immunoreacitve (OT-ir) neurons in the caudal PVN. FIG. 11A provides
representative photomicrographs depicting oxytocin-ir neurons in the caudal PVN of
mice treated with normal drinking water (Untreated N=9), or live L. reuteri (N=8), or
lysed L. reuteri (N=10). The numerical value in the bottom right corner of top plates
represents the distance (in millimeters) posterior to bregma for the rostral,
intermediate and caudal PVN. FIG. 11B shows average number of oxytocin-ir cells
observed in the rostral, intermediate, and caudal PVN of mice treated with normal
drinking water (Untreated), live L. reuteri, or lysed L. reuteri. *p<0.05 (Tukey post
hoc tests following one-way ANOVA).

FIGS. 12A-12C demonstrate that L. reuteri viability is not required for the
observed skin and wound healing benefits. FIG. 12A shows standard wound healing
assay results in C57BL/6 mice, confirming that sonication-killed L. reuferi
consumption is associated with accelerated wound closure. Comparing the size of
yellow color-outlined wounds at 6 days post infliction, which are placed side-by-side
according to treatment, revealed that the beneficial effects of lysed L. reuteri reached
particularly high levels of statistical significance (FIGS. 12B and 12C). The increased
occurrence of early wound scab detachment at 6 days post-biopsy reflected the faster
healing rate conferred by both probiotic and postbiotic L. reuteri treatments (Control
N=9, L. reuteri N=8, Lysed L. reuteri N=10). Scale bars: 1000 pm (a). Numbers on
the y-axis of bar graphs correspond to the mean+SEM of the parameter assessed;
*p<0.05, ***p<0.0001.

FIG. 13 depicts that L. reuteri modulates host animal stress hormones and
immune homeostasis. Consumption of L. reuteri was sufficient to up-regulate
oxytocin and down-regulate corticosterone levels, resulting in larger thymus gland
size and immune homeostasis with improved host wound repair capacity.

FIG. 14 demonstrates antemortem photography of representative Swiss mouse
skin wounds. The skin is shown before and after the infliction of the biopsy wound.

The original size of wound immediately after infliction (Day 00) was comparable
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between mice used for analysis. At day 3 post wounding L. reuteri-treated Swiss mice
had smaller wounds compared to their untreated counterparts.

FIG. 15 shows photography of representative skin wounds upon biopsy in
human subjects. Human female forearm skin is shown before and after wound
infliction. The original size of wound immediately after infliction (Day 00) was
comparable between human subjects of both treatment groups. At day 3 post-
wounding, the L. reuteri-treated individuals had smaller wounds compared to their
non-treated counterparts.

FIGS. 16A-16B demonstrate that mice treated with lysed L. reuferi had more
oxytocin-immunoreactive (OT-ir) neurons in the caudal PVN. FIG. 16A provides
representative photomicrographs depicting oxytocin-ir neurons in the rostral,
intermediate, and caudal PVN of mice treated with normal drinking water (Untreated
N=9), or live L. reuteri (N=8), or lysed L. reuteri (N=10). The numerical value in the
bottom right corner of top plates represents the distance (in millimeters) posterior to
bregma for the rostral, intermediate and caudal PVN. FIG. 16B shows the average
number of oxytocin-ir cells observed in the rostral, intermediate, and caudal PVN of
mice treated with normal drinking water (Untreated), live L. reuteri, or lysed L.

reuteri. *p<0.05 (Tukey post hoc tests following one-way ANOVA).

DETAILED DESCRIPTION OF THE INVENTION

The present inventions relate to the findings that bacteria isolated from dog
saliva modulated recipient host body weight. The present inventors found that a
Lactobacillus species isolated from dog saliva led to lower body weight when fed to
CS57BL/6 wild type mice (Varian, ef al., J. Prob. Health, 2016 4(3):1-9, the entire
teachings of which are incorporated herein by reference). Mice consuming the canine-
borne L. reuteri also had elevated oxytocin levels in blood plasma, and exhibited
reduced body weight in an oxytocin-dependent manner. Surprisingly, killed (lysed)
canine bacteria were sufficient to achieve the physiological effects. Taken together,
these findings provide evidence that dog bacteria modulate oxytocin levels and body
weight in recipient mice, and thus may help reduce risk of obesity in individuals that
cohabitate with pet dogs.

In some aspects, any of the compositions disclosed herein comprise bacteria,

for example, L. reuteri bacteria. In certain aspects, the L. reuteri bacterial species is
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isolated from dog saliva. The L. reuteri bacteria may comprise L. reuferi isolate 2546
or L. reuteri ATCC 6475. In certain aspects, the L. reuteri bacteria do not comprise
L. reuteri ATCC 6475.

In certain aspects, the L. reuteri bacteria are sterile bacteria (e.g., a killed or
lysed bacterial strain). In certain aspects, the L. reuteri bacteria are killed or lysed in
accordance with the methods disclosed herein. In certain aspects, the L. reuteri
bacteria are killed or sterilized by a method that does not involve heat treatment.

The methods and compositions disclosed herein may be administered to a
subject, for example, to increase plasma concentrations of oxytocin in the subject. In
certain aspects, the compositions (e.g., compositions comprising killed, lysed or
sterile L. reuteri) are administered to a subject to treat cachexia. In certain aspects, the
compositions (e.g., compositions comprising killed, lysed or sterile L. reuteri) are
administered to a subject to promote hair growth or to reduce hair loss. In some
aspects, the compositions (e.g., compositions comprising killed, lysed or sterile .
reuteri) are administered to a subject to promote wound healing. In certain aspects,
the compositions (e.g., compositions comprising killed, lysed or sterile L. reuteri) are
administered to a subject to treat weight gain or obesity. In still other aspects, the
compositions (e.g., compositions comprising killed, lysed or sterile L. reuteri) are
administered to a subject to decrease inflammation. In certain aspects, the
compositions (e.g., compositions comprising killed, lysed or sterile L. reuteri) are
administered to a subject to increase muscle growth, and in further aspects to treat
muscle wasting disorders.

The administration of the compositions (e.g., compositions comprising killed,
lysed or sterile L. reuteri) to a subject, in some aspects, results in increased levels of a
growth hormone, and in still other aspects increase the thymus gland size of the
subject to whom such composition was administered. In some aspects, the
administration of the compositions (e.g., compositions comprising killed, lysed or
sterile L. reuteri) to a subject, results in improved maternal care, thereby resulting in a
higher infant survival rate.

The compositions disclosed herein may be formulated for oral administration.
For example, compositions comprising an effective amount of a killed, lysed or sterile
L. reuteri may be formulated as an orally administered medical food, or as a dietary or

nutritional supplement.
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As used herein, the term “effective amount” means an amount of the L. reuteri
(e.g., live or dead) sufficient to achieve a meaningful benefit to the subject (e.g.,
treating, modulating, curing, preventing and/or ameliorating the obesity or the
underlying disease). For example, an effective amount of the compositions that are
the subject of the present inventions may be generally determined based on the
activity of such compositions. Generally, the amount of the L. reuteri administered to
a subject in need thereof will depend upon the characteristics of the subject and the
severity of their disease or condition. Such characteristics include the condition,
general health, age, subjective symptoms, objective appearance, sex and body weight
of the subject.

As used herein, a “subject” means a human or animal. Usually the animal is a
vertebrate such as a primate, rodent, domestic animal or game animal. In certain
embodiments, the subject is a mammal (e.g., a primate or a human). The subject may
be an infant, a toddler, a child, a young adult, an adult or a geriatric. The subject may
be a smoker, a former smoker or a non-smoker. In some embodiments, the subject is
at risk for developing obesity.

While certain compounds, compositions and methods of the present invention
have been described with specificity in accordance with certain embodiments, the
following examples serve only to illustrate the methods and compositions of the
invention and are not intended to limit the same.

The articles “a” and “an” as used herein in the specification and in the claims,
unless clearly indicated to the contrary, should be understood to include the plural
referents. Claims or descriptions that include “or” between one or more members of a
group are considered satisfied if one, more than one, or all of the group members are
present in, employed in, or otherwise relevant to a given product or process unless
indicated to the contrary or otherwise evident from the context. The invention
includes embodiments in which exactly one member of the group is present in,
employed in, or otherwise relevant to a given product or process. The invention also
includes embodiments in which more than one or the entire group members are
present in, employed in or otherwise relevant to a given product or process.
Furthermore, it is to be understood that the invention encompasses all variations,
combinations, and permutations in which one or more limitations, elements, clauses,

descriptive terms, etc., from one or more of the listed claims is introduced into
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another claim dependent on the same base claim (or, as relevant, any other claim)
unless otherwise indicated or unless it would be evident to one of ordinary skill in the
art that a contradiction or inconsistency would arise. Where elements are presented as
lists, (e.g., in Markush group or similar format) it is to be understood that each
subgroup of the elements is also disclosed, and any element(s) can be removed from
the group. It should be understood that, in general, where the invention, or aspects of
the invention, is/are referred to as comprising particular elements, features, etc.,
certain embodiments of the invention or aspects of the invention consist, or consist
essentially of, such elements, features, etc. For purposes of simplicity those
embodiments have not in every case been specifically set forth in so many words
herein. It should also be understood that any embodiment or aspect of the invention
can be explicitly excluded from the claims, regardless of whether the specific
exclusion is recited in the specification. The publications and other reference
materials referenced herein to describe the background of the invention and to provide

additional detail regarding its practice are hereby incorporated by reference.

EXAMPLES

EXAMPLE 1:
EXAMPLE 1A

To probe the roles of dog bacteria in weight gain of cohabitating animals, 12
eight-week-old C57BL/6 wt mice were randomly subdivided into groups of six mice
per treatment. Mice treated with the canine isolate L. reuteri 2546 received it in their
drinking water continuously until twelve-months-of-age. Body weight, whole blood
cell counts, and body fat histology were evaluated. Terminal blood collections for
mice were performed mid-day for all subjects in order to minimize variability due to
Circadian rhythms. Animals were housed under 12:12 light cycle conditions and

lights turned on at 7 AM.

EXAMPLE 1B
To test whether oral therapy with killed [sterile] L. reuteri 2546 lysate was
sufficient for physiological effects, the present inventor examined 18 eight-week-old

C57BL/6 wild-type (wf) mice. Experimental mice were divided into groups of six
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(N=6/treatment group) and then received in their drinking water L. reuteri 2546 or
lysate of L. reuteri 2546 starting at eight-weeks-of-age until fourteen-weeks-of-age.
Body weight, whole blood cell counts, plasma oxytocin levels, and body fat histology

were evaluated.

EXAMPLE 1C

To test whether oxytocin is required for fat-inhibiting benefits of oral therapy
with canine source L. reuteri 2546, the present inventor examined 16 oxytocin-wt
(oxt-wf) and 16 knockout (oxt-ko) B6;129S-Oxttm1Wsy/J mice. Experimental mice
were randomly subdivided into groups of eight mice and then received in their
drinking water L. reuteri 2546 starting at eight weeks of age for a duration of sixteen

weeks.

RESULTS

Canine oral bacterial flora includes Lactobacillus species

To test the hypothesis that pet dogs may harbor bacteria beneficial for human
body weight control, the present inventor began by sampling canine saliva. Saliva was
chosen because one fundamental aspect of the human-canine bond is the gesture of
licking that spreads oral cavity microbes on the recipient’s skin surface. Recognizing
that L. reuteri ATCC 6475 bacteria collected from human milk was found to up-
regulate oxytocin when fed to mouse models [30], and that oxytocin is pivotal in
canine-human bonds and weight control [2,36-38], the present inventor postulated that
dogs may harbor and spread similar microbes that modulate oxytocin and impart a
slim physique in the recipient. To test this possibility, the present inventor first
interrogated the canine oral microbiome using molecular assays and microbial culture
(FIG. 1).

Using generic PCR primers to amplify all Lactobacillus spp in dog saliva, we
found nonspecific evidence of Lactobacillus spp in the oral cavity samples of eight
[8/8] pet dogs that were examined (FIG. 6A). Elsewhere, it has already well-
established that pet dogs may disseminate organisms such as L. johnsonii in
household dust that lower risk of asthma and other inflammatory disorders in

cohabitating humans [14].
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To determine whether canine oral bacteria may impart health benefits such as
slender physique to a cohabitating animal host, the present inventor isolated candidate
Lactobacillus spp using standard microbiology techniques. Based upon colony growth
properties, and microscopic morphology of short rods forming chains, a tractable
gram-positive rod isolate was confirmed to be L. reuteri based on the composite of
gram stain/morphology, biochemical tests, and molecular tests (FIGS. 6B-6D).
Afterwards, CS7BL/6 wild type mice were fed this purified microbe as a surrogate to
mimic canine-human contact. The L. reuteri isolate 2546 was cultivated as previously
described [34,35], and fed 3 x 10° CFU per day to C57BL/6 mice in their regular
drinking water to test the bacteria-body weight hypothesis. Age-matched controls

received regular drinking water.

Mice exposed to bacteria from dog saliva are more slender than controls

Based on our knowledge that consumption of Lactobacillus ATCC 6475 was
sufficient to inhibit inflammation and age-associated obesity in mouse models [39],
and Lactobacillus rhamnosus CGMCC1.3724 stimulates weight loss in obese humans
[40], the present inventor tested the microbe-obesity hypothesis using mice exposed
orally to the canine-sourced L. reuteri 2546 and compared them with untreated
control animals. After nine months of daily feeding with L. reuteri, the present
inventor discovered that L. reuteri 2546-treated mice had significantly lower body
weight relative to the control animals (FIG. 2A). Further, abdominal fat (FIG. 2B)
and subcutaneous fat (FIG. 2C) were significantly less in mice receiving canine-
sourced L. reuteri 2546 in drinking water.

To determine whether body fat pathology was altered by exposure to the dog
microbe, the present inventor microscopically examined abdominal fat from mice of
both groups. Similar to what was reported previously using a different strain of L.
reuteri [39], the present inventor found that the canine L. reuteri isolate 2546
protected mice from adipose tissue lesions characteristic of obese or aged mice. The
histological analysis of abdominal fat revealed that L. reuteri 2546-treated mice had
significantly fewer “crown-like structures” (CLS), which is the typical lesion of
adipocyte death-related inflammation, and focal pyogranulomatous inflammation

(FIG. 2D).
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Lysed (sterile) bacteria are sufficient for physiological effects in mice

Studies involving pet dogs show reduced risk for asthma in humans due to
exposure of dust when cohabitating with pet dogs [14]. To test whether living bacteria
are actually required for beneficial effects, purified canine microbe 2546 was rendered
sterile by lysis before being fed to mice in their drinking water for six weeks duration.
Surprisingly, the present inventor found that exposure to sterile lysed forms of the
same bacteria were sufficient for lower body weight and reduced subcutaneous and
visceral fat (FIGS. 3 and 4A-4C). In earlier studies it was determined that routinely
consuming /. reuteri ATCC 6475 also lowered systemic inflammatory tone [39]. To
test this possibility, examination of whole blood counts revealed that circulating
neutrophils were significantly fewer in mice undergoing treatment with L. reuteri
2546 for four weeks (FIG. 4C). The finding that lysates were sufficient for
physiological effect raises the possibility that colonization with microbes or influence
of microbial communities is not necessarily required for benefits shared between

cohabitating hosts.

Canine bacteria induce neuropeptide hormone oxytocin

Knowing that oxytocin inhibits weight gain in rodent models [21,41], and that
oxytocin modulates appetite in human subjects [29], plasma levels of oxytocin were
tested in mice of long- and short-term experiments. The present inventor found
significantly elevated blood plasma oxytocin levels in C57BL/6 mice getting canine-
sourced L. reuteri 2546 in their water, when compared with age-matched controls
drinking regular water (FIGS. SA and 5B). These observations matched earlier
reports of elevated plasma oxytocin levels after feeding another L. reuteri isolate from
human milk (ATCC 6475) that was demonstrated to improve systemic wound healing
capacity [30]. Interestingly, lysed L. reuteri 2546 was also potent for increasing the
systemic levels of plasma oxytocin in mice (FIG. SB). Altogether, these findings
suggest novel microbe-based strategies for body weight control and psychological
well-being. The consistent up-regulation of oxytocin after eating L. reuteri 2546 led
the present inventor to test whether oxytocin is required for the lowered body weight

phenomenon.
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Consumption of L. reuteri reduces risk for obesity in an oxvtocin-dependent manner

Recognizing that oxytocin inhibits weight gain in rodent models [21,41] and in
humans [29], the present inventor challenged oxytocin-deficient B6;129S-
Oxttm 1Wsy/J mutant mice with canine-sourced L. reuteri 2546 to determine whether
this neurotropic hormone oxytocin was essential for L. reuteri 2546-induced weight
control. The present inventor found that mice globally lacking oxytocin did not
benefit from microbe-induced body weight effects (FIGS. SC and 5D). This is
consistent with the other data; in particular, using oxytocin-deficient B6;
129SOxttm 1 Wsy/J mutant mice, it was previously shown that inflammation, and
specifically neutrophils, have a reciprocal relationship with oxytocin in the wound
repair process [30]. The apparent requirement for oxytocin-competency in this model
system led the present inventor to conclude that microbe-driven oxytocin contributed

to the lean outcome of mice.

DISCUSSION

Here the present inventor tested whether common commensal bacteria in pet
dogs may help explain the leaner body weight of dog owners. Using a C57BL/6 wild
type mouse model as a surrogate for human subjects, the present inventor found that
mice consuming L. reuteri 2546 isolated from pet dog saliva exhibited less age-
associated weight gain in an oxytocin-dependent manner. Interestingly, lysed (sterile)
forms of the same bacteria were also sufficient to up-regulate mouse plasma oxytocin
and lower circulating neutrophils, fat pathology, and body weights, suggesting future
therapeutic possibilities for sterile microbial fractions in good physical and mental
health. Taken together, these studies in mice provide evidence that canine microbiota
may contribute to lower body weights - and simultaneously serve to strengthen the
human-animal bond - due to microbe-induced activities of the hormone oxytocin.

Epidemiological data showing lower prevalence of allergic diseases among
those living on farms or with pets during childhood support this beneficial microbe
concept, thus sparking intense research interest in this topic [6-13]. The “hygiene
hypothesis” theory is based on associations between the modern living-associated
decrease in infectious agent exposures and the commensurate increase in allergies and
autoimmune diseases. Earlier work from our own lab [39] and other labs [42-53]

begin to connect-the-dots between microbes, inflammation, and obesity. Indeed, it



10

15

20

25

30

WO 2017/223364 PCT/US2017/038841
-18-

was previously shown that exposure to dietary L. reuteri strains ATCC 6475 [39] or
ATCC 4659 [53] led to less weight gain in mouse models. Another recent study
showed that household dogs, specifically, may disseminate Lactobacillus spp in
household dust that lower risk of asthma and other inflammatory disorders in
cohabitating humans [14,54]. It is an attractive idea that certain microbes can be
strategically applied to stimulate beneficial host pathways as a replacement for
microbes lost due to antibiotics and routine sanitary practices.

At the same time that bacteria in dog saliva, or microbiota from other pet or
farm animals, may have beneficial properties [55], caution is warranted involving
zoonotic organisms that readily transmit diseases between species. Common examples
include plague from infected fleas [56]. Also, significantly higher infection rates of
Chagas disease were evident in humans who slept with their pet dog [57]. Bartonella
hensalae infection was confirmed by serologic testing of a 50-year- old man from
Japan, who lived with a dog that often licked his face [58]. Pasturella sp infections
have also been associated with dogs licking human faces [59,60]. Cases exist where
organisms from dog saliva have identical biochemical patterns and genotypic
similarities with isolates in human infections [61-63], supporting that dog saliva is the
mode of bacterial transmission [64]. Thus, microbe strategies that maximize the
benefits of bacteria exposures and simultaneously lower risks of zoonotic diseases are
a practical goal.

These present findings linking Lactobacillus spp with a more slender physique
are not entirely surprising since consumption of L. reuteri ATCC 6475 was proven
sufficient to inhibit inflammation and age-associated obesity in mouse models [39].
Similar weight loss was shown in obese humans who consumed purified /.
rhamnosus [40]. It was also previously shown that microbe-induced oxytocin
modulates host immunity by inducing a more rapid return to health after injury [30].
Most notable in those earlier studies were expedited influxes of neutrophils with more
rapid wound repair afterwards when treated with L. reuteri ATCC 6475, a
phenomenon that was reliant upon oxytocin as shown in B6;129S-Oxttm1Wsy/J
mutant mice [30,65]. In those studies, central in beneficial effects of feeding L. reuteri
ATCC 6475 was recruitment of homeostatic CD4+CD25+Foxp3+regulatory T (Try)
cells that are otherwise known to suppress deleterious inflammatory responses [66].

The superior physiological role of Ty, cells is to prevent immunopathology after a
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host insult [67], a feature that can be utilized to host benefit in maintaining immune
homeostasis. Many questions remain to be answered about the host range and other
physiological properties of canine L. reuteri 2546.

In earlier studies, L. reuteri ATCC 6475 -induced up-regulation of plasma
oxytocin was a vagus nerve- dependent phenomenon, suggesting central nervous
system (CNS) involvement [30]. Other work has shown a release of oxytocin from
somatodendrites and axonal terminals within the CNS implicated in both control of
energy balance the formation of prosocial behaviors [41]. Romero et al. and
Nagasawa et al. [16,68] found that giving dogs exogenous oxytocin supplements
causes them to display stronger social bonding behavior, both with people and other
dogs. To the same extent, oxytocin has been shown to benefit antisocial behaviors in
autism spectrum disorder (ASD) in humans [69,70]. Interestingly, mice eating L.
reuteri ATCC 6475 in earlier studies were also shown to improve maternal care with
higher infant survival rates [71]. Unlike the short half-life of exogenous supplements
of oxytocin, the plasma elevations seen in the present mice are a consistent and
reproducible effect [30], making bacteria or bacterial products a possible therapy for
mental health. It remains to be proven whether microbe-induced oxytocin in these
murine models originates primarily from the hypothalamus or from other peripheral
sources [72-76]. Nonetheless, our results suggest that gut bacteria-induced oxytocin
may explain data linking gut microbiome dysbiosis with neuropsychological
disorders, including autism [77,78].

One interesting question is whether microbiota or microbe-stimulated oxytocin
inhibits weight gain at the expense of host muscle mass. Indeed, emerging work
shows oxytocin does exactly the opposite, that oxytocin helps build host muscle mass
[79]. Feeding of a human isolate of L. reuteri (ATCC 6475) to mice was also shown
to inhibit muscle wasting disorders, associated with an increase in growth hormone
levels and also a larger thymus gland size [80]. Likewise, the same strain of L. reuteri
ATCC 6475 was previously shown to stimulate an increase in serum thyroid hormone
T4 levels in mice [81] commensurate with more slender physique. Taken together,
there is precedent for microbiota, and L. reuteri isolates in particular, to stimulate
systemic hormone secretion that re-directs energy toward muscle growth and away

from fat storage.
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Recognizing that bacteria from dogs and other cohabitating pet, food and fiber
animals carry zoonotic risks, a potentially important finding in the present study
involves benefit of exposures to lysed sterile forms of bacteria. These intriguing data
also raise the possibility that colonization with live microbes or microbial
communities is not required for physiological benefits, whether at an individual level
or shared between cohabitating hosts. An additional benefit is that sterile extracts of
microbes have fewer health risks for immune-compromised patients, lowering risk of
microbial overgrowth in patients who may otherwise suffer inappropriate immune
responses. Some earlier work has suggested that killed bacteria or their extracts have
healthful anti-inflammatory properties, in particular during inflammatory bowel
conditions [82-86]. Precise characterization of the dog bacterial extract and potential
in human subjects remains to be determined. Nonetheless, these data reveal vast
potential for sterile microbe extracts in good physical, social and mental health.

In conclusion, these data build upon earlier studies in mice showing that /.
reuteri ATCC 6475 from human breast milk lowers body weight and up-regulates
oxytocin levels in blood. The present inventors found that bacteria isolated from dog
saliva, L. reuteri 2546, may regulate inflammation and host body weight involving
mechanisms of oxytocin, raising interesting evolutionary cohabitation questions and
therapeutic possibilities. The discovery that sterile microbial products also achieve

similar benefits paves the way for novel therapeutics for good health.

MATERIALS AND METHODS

Animals

CS57BL/6 wild type (wi), oxytocin-wt (oxt-wf) and oxytocin knockout (ox7-k0)
B6; 129S-Oxttm1Wsy/J mice (purchased initially from Jackson labs; Bar Harbor,
ME) were used in three separate experiments (FIG. 1). Mice were housed and
handled in Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC)-accredited facilities using techniques and diets including Lactobacillus
reuteri as specifically approved by Massachusetts Institute of Technology’s (MIT)
Committee on Animal Care (CAC). Mice were housed under standard 12:12 light
cycle conditions with lights on at 7 AM. Mice were fed a standard control chow

Purina RMH3000.
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Mice were bred in-house to achieve experimental groups. Each experiment
included 5-15 animals per group with one or two replications (total N=10-30 mice
examined per group) unless otherwise specified. For the initial studies, CS7TBL/6 wt
mice received Lactobacillus reuteri 2546 isolated from dog saliva. To test putative
roles for microbe-induced oxytocin in obesity, ox7-ko mice and their oxt-wf littermates
entered experiments at eight weeks of age. At the conclusion of the study mice were
euthanized with CO, overdose, and were examined as described below. Eight pet dogs
served as saliva microbe donors as approved by the MIT-CAC. Saliva was collected
from these dogs in the morning before feeding using sterile swabs [Puritan Sterile
Polyester Tipped applicators Guilford, Me Ref: 25-806 1PD] in 1.5 ml centrifuge
tubes (Safeseal Microcentrifuge Tubes, Sorenson Bioscience Inc. Salt Lake City, UT

Cat# 16070). Bacteria were purified from dog saliva as described in detail below

PCR of dog saliva for all Lactobacillus species

Saliva was collected from eight pet dogs and prepared using High Pure PCR
Template kit (Roche Diagnostics) was used without changes to the manufacturer’s
directions to isolate DNA from the canine saliva. DNA was measured using Nano
Drop Spectrophotometer (Thermo Scientific). Lactobacillus spp PCR was performed
according to the LactoF and LactoR primers (Integrated Data Technologies) described
by Byun et al. [31]. LactoF: 5’-TGG AAA CAG RTG CTA ATA CCG -3’ and
LactoR: 5’- GTC CAT TGT GGA AGA TTC CC -3’ with amplification. Initial
denaturation was 95 degrees Celsius for 15 minutes, then with 40 cycles of
Denaturing at 95 degrees Celsius for 5 seconds, then annealing at 62 degrees Celsius
for 1 minute, and Extension: 72 degrees Celsius for 1 minute. A final extension at 72
degrees Celsius for 5 minutes with the resting temperature at 4 degrees Celsius until
utilized for gel separation. PCR products were checked on 2% agarose gel (Sigma)

using the Kb+ladder (Invitrogen 10787-018) as a molecular weight marker.

Isolation, characterization and confirmation of L. reuteri 2546

Saliva from pet dog #3 was cultivated in classical media, with bacteria isolated
as previously described [32]. Subsequently, individual colonies were selected and
grown on Sheep blood agar plates (Remel Blood Agar TSA w/ Sheep Blood Plate,
Lenera, KS Ref# R01202) for further characterization [32]. Isolate 2546 was found to
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have colony growth characteristics, microscopic morphology, and be positive for
Gram stain, indicating the use of the API 50 CHL system for further identification.
The identity of the bacteria was further characterized using API 50 CHL (Biomerieux,
France) strips, consisting of 50 Biochemical tests to identify Lactobacillus and related
genera, was used according to manufacturer’s instructions. Specifically, the 2546
isolate was grown according to manufacturer’s instructions and collected after 24
hours with a sterile swab and inoculated into the suspension medium (Biomerieux,
France). Interpretation of carbohydrate fermentations were dictated by the
manufacturer’s instructions and analyzed with the APIweb database (Biomerieux,
France). Finally, pure bacterial culture was tested for genetic identity using PCR with
genus specific primers, as below.

Lactobacillus reuteri PCR was performed according to the L-reu-1 and L-reu-
4 primers (Integrated Data Technologies) described by Dommels et al. [33]. L-reu-1:
5’- CAG ACA ATC TTT GAT TGT TTA -3’ and L-REU-4: 5°- GTC TGT TGG TTT
GGG CTC TTC -3’ with Amplification of Initial denaturation 95 degrees Celsius for
5 minutes and then 35 cycles of Denaturing: 95 degrees Celsius for 1 minute,
Annealing: 60 degrees Celsius for 1 minute, and Extension: 72 degrees Celsius for 1
minute. A final Extension at 72 degrees Celsius for 8 minutes with the resting
temperature at 4 degrees Celsius until utilized for gel separation. PCR products were
checked on 2% agarose gel (Sigma) using the Kb+ladder (Invitrogen 10787-018) as a

molecular weight marker.

Production of sterile microbe lysate

L. reuteri 2546 was cultivated using methods as previously described [34,35],
confirmed for purity by morphology and gram strain, and then suspended in sterile
I1xPBS and measured for concentration with a spectrophotometer. A bacteria pellet
was obtained by centrifugation for 10 minutes at 14,000 rpm and then re-suspended
and incubated in a Lysozyme STET buffer for 4 hours at 37 degrees Celsius. Bacteria
buffer was centrifuged for 10 minutes at 7,500 rpm to obtain a pellet, that was
subsequently washed 2X and then re-suspended in 1xPBS before lysing by sonication
in an ice water bath at 20 kHz and the amplitude of 30% intensity for one-minute-on-
then one-minute-off for 25 minutes. Lysed bacteria were then centrifuged for 15

minutes at 4,000 rpm with the supernatant being collected as the final product. The
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supernatant was then confirmed to be sterile using growth by the streak plate method
with no growth after three days. Bacterial lysate was stored in 1 ml aliquots in a -80

degrees Celsius until use.

Special microbial treatments for animals

Mice were fed standard rodent chow (RMH 3000; Purina Labs, St Louis MO).

Subsets of animals were supplemented orally with a strain of L. reuteri 2546,
originally isolated from dog saliva, and subsequently cultivated as described
elsewhere [34,35], using a supply dosage of 3.5 x 105 organisms/mouse/day
continuously in drinking water. For the initial studies, C57BL/6 wt mice received L.
reuteri as above, or, alternatively, regular drinking water. For Example 1B, lysate was
delivered at the same concentration in drinking water. For subsequent studies, ox7-ko
and their littermate ox7-wf mice began drinking L. reuteri 2546 organisms, as above,
starting at 6-8 weeks of age, and then underwent analyses at 24 weeks of age.
Drinking water was replaced twice weekly to minimize variability in microbial

exposure levels. Control animals received regular drinking water.

Complete blood cell counts

Whole blood was collected by cardiac puncture from unconscious animals
prior to necropsy and suspended in EDTA to prevent clotting. Automated neutrophil
counts were then performed using mouse parameters in a HemaVet 950FS (Drew
Scientific, Oxford CT). Terminal blood collections for mice were performed mid-day

for all subjects in order to minimize variability due to Circadian rhythms.

Measurement of plasma oxytocin levels

Whole blood was collected terminally by cardiac puncture under general
anesthesia to obtain plasma. Blood was collected into pre-chilled 5 ml EDTA tubes
with 250 KIU of aprotinin, and refrigerated until processing. Plasma was isolated by
centrifugation at 1800 g, 15 minutes, 4°C, and then stored in aliquots at -70°C.
Plasma was then tested commercially by an outside laboratory with internal
validations (AniLytics,. Inc., Gaithersburg, MD). Euthanasia for mice was performed
mid-day for all subjects (n=10 per group) to minimize variability due to Circadian

rhythms.
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Histopathology and histomorphometry

Formalin-fixed tissues were embedded in paraffin, cut at 4-5 um, and stained
with hematoxylin and eosin (HE). CLS counting in abdominal fat sections and
measurements of subcutaneous fat thickness were done as previously described [39].
Briefly, multiple images of comparable histological fields were taken at x10 (for
crown-like structures=CLS) or x4 (subcutaneous fat) magnification. Twenty images
per experimental group were randomly selected and used for assessments using the

Image J image processing and analysis program (NIH, Bethesda, MD).

Statistical analyses

For all statistical analyses the Mann-Whitney U test (Graphpad Prism version
4.0 for windows, Graph-Pad software, San Diego, CA, USA) was used. Effects were

considered to be significant at p<0.05.
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EXAMPLE 2:

EXAMPLE 2A

To probe the roles of a human breast and gut commensal microbe in
physiology, the present inventor examined outbred stock CD-1 female mice. Females
were selected to better match the human subject trial. Eight-week-old CD-1 mice
were randomly subdivided into groups of ten mice per treatment (N=10 mice per
group) and received in their drinking water probiotic L. reuteri ATCC-PTA-6475
continuously for four weeks until the end of the experiment at 12 weeks-of-age. At
three weeks after the start of treatment, mice underwent the 0.2 mm skin wound
procedure at six days before necropsy, an experimental duration comprised of three
weeks of feeding bacteria before biopsy plus six days of wound monitoring after
biopsy. Tissue collections were performed after CO, overdose and exsanguination.
For complete blood counts of immune cells, whole blood was collected via cardiac
puncture from unconscious mice. Blood plasma was processed immediately with a
preservative and then frozen for future oxytocin and corticosterone analyses. Thymus
weights were recorded upon necropsy. Tissues were collected for histology and

immunohistochemistry.

EXAMPLE 2B

To test whether oxytocin is required for wound healing benefits of oral therapy
with gut microbes, the present inventor next examined oxytocin-wt [of-wf] and
oxytocin-knockout (o7-ko) B6; 129S-Oxttm 1Wsy/J mice. Eight-week-old B6;129S-
Oxttm1Wsy/J mice were randomly subdivided into groups of eight-ten mice per
treatment (N=8-10 mice per group) and received in their drinking water L. reuteri
ATCC-PTA-6475 continuously until 12 weeks-of-age. Mice underwent the 0.2 mm
skin wound procedure at six days before necropsy. Tissues were collected upon

necropsy.
EXAMPLE 2C

To test whether physiological effects are achievable using non-viable microbe
lysates alone, C57BL/6 WT mice underwent the same assays as above. Eight week
old C57BL/6 mice were randomly subdivided into groups of eight-ten mice per

treatment and received in their drinking water for four weeks a postbiotic lysed L.
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reuteri ATCC-PTA-6475 continuously until 12 weeks-of-age. Mice underwent the 0.2
mm skin wound procedure at six days before necropsy, with an experimental duration
comprised of three weeks of feeding bacteria before biopsy plus six days of wound

repair prior to necropsy. Tissues were collected upon necropsy, as above.
RESULTS

Oral administration of L. reuteri improves wound repair capacity

It was previously shown in C57BL/6 mice that L. reuteri ATCC PTA 6475 in

drinking water enhanced skin wound-healing capability in half the time required for
matched control animals via up-regulation of the neuropeptide hormone oxytocin
(Poutahidis et al., 2013a). The ability to heal flesh wounds rapidly is the hallmark of
sustained good health and longevity. For this reason, the present inventor has applied
host capacity to repair tissues after surgical wound infliction as a surrogate marker for
overall fitness. In support of this, dietary L. reuteri supplementation in mouse models
has also been shown to impart a wide array of phenotypes including improved
maternal care, lowered risk for obesity, with multigenerational effects on behavior,
infertility, and cancer risks (Table 1), supporting use of this prototype probiotic
microbe in further studies.

In Example 2A, the present inventor employed a traditional skin biopsy assay
in eleven-week-old outbred Swiss stock (CD-1) mice consuming L. reuteri to test
wound healing capability as a surrogate marker for systemic resiliency and good
health. Mice were drinking L. reuteri for three weeks prior to skin biopsy. In this case,
outbred Swiss mice were selected to complement published studies in C57BL/6 mice
and to overcome genetic biases imposed by inbred strains, thus broadening
translational potential of the resulting data. The skin wound assay applied a
standardized 2.0 millimeter full thickness excision of dorsal skin of mice, with the
wound site subsequently examined microscopically at six days after biopsy. Six days
was selected as most highly significant timing based upon earlier experiments
showing the rate of wound healing during the first twelve days after biopsy
(Poutahidis et al., 2013a). Using this approach, the present inventor found that
consuming L. reuteri (N=10) speeds epithelial closure (p<0.005) when compared with

control mice (N=10) drinking regular water (FIGS. 7A and 7B). The present inventor
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next tested whether human subjects were similarly susceptible to benefits of
consuming probiotic L. reuteri.

Building upon this microbe-centric wound repair paradigm, the present
inventor tested in a small pilot study on human subjects whether daily consumption of
probiotic L. reuteri, also proven therapeutic in human gastrointestinal diseases
(Preidis and Versalovic, 2009), was sufficient to improve skin wound-healing, as was
seen in mouse models. For this experiment, fourteen healthy female volunteer
subjects in a double-blind placebo-controlled study consumed chewable L. reuteri
DSM17938 supplements (BioGaia Protectis) or placebo 60mg vitamin C twice daily
for three weeks before undergoing a full-thickness biopsy of forearm skin at MIT’s
Clinical Research Center. Subjects had a mean age of 29 years (range, 19-42y) and
included individuals with diverse ethnicity. Three days following biopsy, patients
consuming L. reuteri had more rapid skin closure (N=7 per treatment; p=0.037)
compared with placebo (FIG. 8A). Standardized macroscopic photography (FIG. 8B)
revealed smaller wound sizes and more advanced healing in individuals after
treatment with L. reuteri (N=7) when compared with placebo-treated controls (N=7)

(FIG. 8C).

Drinking of L. reuteri leads to higher blood levels of oxytocin in mice

Oxytocin is pivotal in normal mammalian wound healing processes
(Gavrilenko et al., 2003; Gouin et al., 2010; Poutahidis et al., 2013a; Vitalo et al.,
2009), and may serve to bridge bacteria-triggered behaviors and stress responses with
physical fitness. Thus, the present inventor tested oxytocin levels in blood plasma of
Swiss mice in Example 2A, and found significant systemic elevation of this hormone
in animals drinking L. reuteri daily (N=10) when compared with matched untreated
controls (N=10) (FIG. 9A). The microbe-enhanced skin wound repair capacity in
mice was found to rely upon oxytocin when tested in a second experiment using
oxytocin-knockout (o7-ko) B6;129S-Oxttm 1 Wsy/J mice. By comparing wound sizes
(measured microscopically in pixels) it was found that ot-wt mice consuming /.
reuteri (N=8) at 6 days- post-biopsy had smaller wounds (68464+13997 pixels;
mean+SE) relative to those seen in ot-ko mice consuming L. reuteri (N=8)
(225937427539 pixels, p=0.0003), matching earlier findings of oxytocin-dependency

in mouse models (Poutahidis et al., 2013a).
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oxytocin in an animal model, the present inventor theorized that . reuteri associated
with better maternal care and nursing behavior may also down-regulate stress levels in
host animals. Indeed, it was previously shown that favorable mood rises after
consuming other Lactobacillus sps (Bravo et al., 2011). To examine this possibility
further, the present inventor examined levels of the stress biomarker hormone
corticosterone in mice (N=10 per group), and found lower stress hormone levels in
Swiss mice drinking L. reuteri (p<0.01) (FIG. 9B). Increased corticosterone levels in
rodent models of stress have been linked with a decrease of thymus gland weight
(Listowska et al., 2015; Monteiro et al., 2015; Rosa et al., 2014; Zivkovic et al.,
2005), and premature thymic involution, leading to host animal immune

dysregulation.

Thymus gland size is increased after oral dosing with L. reuteri

Accumulated data from animal models and human subjects shows that
premature thymic involution results in T-lymphocyte deficiency and produces a wide
array of detrimental outcomes linked with systemic immunodeficiency (Taub and
Longo, 2005; Ventevogel and Sempowski, 2013). Knowing that oxytocin has been
implicated in improved immune health (Barnard et al., 2008), and that feeding of L.
reuteri ATCC PTA 6475 increases thymus gland size in mice (Varian et al., 2016a),
the present inventor examined postmortem thymus gland weights in the same Swiss
mice consuming L. reuteri in drinking water. We found that the thymus gland weight
was significantly increased (p<0.01) in the probiotic-treated mice (N=10) when

compared to age-matched control animals (N=10) (FIG. 9C).

Circulating neutrophil counts are decreased in mice consuming /.. reuteri

In previous studies it was shown that oral L. reuferi treatment also is
associated with a subclinical reduction of circulating neutrophils (Varian et al., 2016a;
Varian et al., 2016b). Therefore, the present inventor reasoned that blood neutrophil
counts are a candidate biomarker for influences of L. reuferi on systemic immune
status. The present inventor tested this possibility in the present experiment using
outbred Swiss mice (N=10 per group) and found that probiotic treatment reduced
(p<0.01) the numbers of circulating (blood) neutrophils (FIG. 9D). Lowered

neutrophil counts in mice was found to rely upon oxytocin when tested in a second
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experiment using oxytocin-knockout (oz-ko) B6;129S-Oxttm1Wsy/J mice. By
comparing neutrophil counts (measured as cell/ul in a CBC) it was found that ot-wt
mice consuming L reuteri (N=8) at 6 days- post-biopsy had fewer (p<0.01)
neutrophils (1.586+0.122) compared to those seen in ot-ko mice drinking L. reuteri
(N=8) (3.252+0.289), matching earlier findings of oxytocin-dependency in mouse
models (Poutahidis et al., 2013a).

Killed sterile L. reuteri lysate is sufficient to elevate plasma oxytocin levels

Recognizing that infection with L. reuteri leads to higher levels of oxytocin in
mice (Buffington et al., 2016; Poutahidis et al., 2013a; Varian et al., 2016b), raises
many questions about probiotic organism viability requirements and interactions with
other host microbes. It was earlier shown that oxytocin-mediated slenderizing effects
of L. reuteri were achievable when using a lysed sterile L. reuteri preparation alone
(Varian et al., 2016b). The present inventor next tested in Example 2C whether oral
administration of L. reuteri ATCC 6475 sterile lysate alone was sufficient to raise
endogenous oxytocin levels in mouse models. A soluble extract of sterile microbial
lysate was prepared using sonication with repeated centrifugation, resulting in a sterile
soluble fraction delivered to mice in their drinking water. Plasma oxytocin levels were
then examined in twelve-week-old wild type CS7BL/6 mice consuming the equivalent
of 3.5X10° L. reuteri ATCC 6475 organisms per day added in the form of lysate to
their drinking water. We found that mice drinking sterile lysate (N=10) had higher
circulating levels of oxytocin measurable in blood plasma by comparison with control
mice (N=9) (p<0.001) (FIG. 10A). We also found that mice consuming lysate had
lower blood levels of stress hormone corticosterone (Lysed L. reuteri N=10; Control
N=9) (FIG. 10B), larger thymus glands (FIG. 10C) (N=8-10 mice per group) and
fewer circulating neutrophils (Lysed LR N=10; Control N=9) (FIG. 10D) when
compared with untreated controls getting regular water. These data matched earlier

findings using viable L. reuteri.

Sterile L. reuteri lysate increases oxytocin-positive cell counts in the paraventricular

nucleus [PVN] of hypothalamus

To determine whether microbe treatment had an effect on the number of

oxytocin-ir neurons in the PVN, mice treated with lysed L. reuteri, live L. reuteri, and
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untreated controls were sacrificed and their brains were immunolabeled for oxytocin-

associated neurophysin (FIG. 11A). Lysed L. reuteri treated mice had more oxytocin

ir neurons in the caudal PVN compared to live L. reuferi and normal drinking water
(untreated) mice (treatment effect: F(; 2,)=7.61; p=0.003; FIG. 11B). However, no
microbe treatment effects were observed on the number of oxytocin-ir neurons in the
rostral (F(222=0.25; p=0.78) or intermediate portions of the PVN (F2.2)=1.26;
p=0.30; FIG. 11B).

To determine the source of systemic oxytocin elevations, and also whether
lysed L. reuteri postbiotic treatment had an effect on the number of oxytocin-positive
neurons in the PVN, mice treated with microbe lysate (N=10) and controls (N=9)
were euthanized and their brains were immunolabeled for oxytocin (FIG. 11A) using
previously published techniques (Ben-Barak et al., 1985; Franklin, 2008). Microbe
lysate-treated mice had more oxytocin-immunoreactive neurons in the caudal PVN
compared to those normal drinking water (control) mice (F222=7.61; p=0.003).
However, no microbe treatment effects were observed on the number of oxytocin-
immunoreactive neurons in the rostral (F(;22=0.25; p=0.78) or intermediate portions
of the PVN (F(2.22)=1.26; p=0.30; FIG. SB). This showed that microbe lysate
consumption stimulated oxytocin-producing cells in the hypothalamus coinciding

with increased levels of plasma oxytocin in mice.

Ingestion of microbe lysate conveys increased wound healing capacity

Finally, to test the efficacy of lysed L. reuteri upon epithelial wound healing in
the C57BL/6 mouse model, mice receiving for four weeks either live (N=8) or lysed
(N=10) L. reuteri ATCC 6475 underwent the skin wound assay and were compared
with untreated mice serving as controls (N=9). Examining wound areas at the sixth
day after skin excision, the present inventor found that both viable and lysed L. reuteri
treatments led to significant acceleration of wound closure (FIGS. 12A and 12B)
compared to untreated control mice. Faster wound healing rates of pro- or postbiotic-
treated mice were also characterized by more frequent detachment of wound scabs at
6 days after experimental wound induction (FIG. 12C). In summary, these data led
the present inventor to propose a host stress paradigm whereby microbiota and their
products modulate stress hormone levels leading to immune modulation subsequently

influencing homeostasis and wound healing processes throughout the body (FIG. 13).
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DISCUSSION

Here the present inventor provides evidence that postbiotic (non-viable)
preparations of L. reuteri are sufficient to elevate blood levels of oxytocin and
increase the number of oxytocin-positive cells in the PVN of mice. Microbe-triggered
increases in blood and brain oxytocin were associated with improved wound healing
capacity, lowered blood levels of stress hormone corticosterone, plus a larger thymus
gland and fewer pro-inflammatory blood neutrophils in mice consuming L. reuteri.
Microbe-induced oxytocin was necessary for more proficient wound repair. Human
subject findings linking L. reuteri consumption with improved wound repair capacity
reinforce translational potential of the findings in mice. Finally, sterile preparations of
L. reuteri lysate were sufficient for achieving health benefits in mice, suggesting that
these phenomena are triggered by a bacterial component, rather than by activities or
interactions of live bacteria.

The present inventor found that mice treated with L. reuteri lysate had more
oxytocin immunoreactive neurons in the caudal PVN. Oxytocin produced in the PVN
can be released in the brain via axonal projections, somato-dendritic release or
volume transmission (Knobloch et al., 2012; Landgraf and Neumann, 2004; Ludwig
and Leng, 2006) and act as a neuromodulator. Alternatively, oxytocin can be released
in the periphery via axonal projections to the posterior pituitary, where it functions as
hormone. Oxytocin exerts its actions through binding to the oxytocin receptor, which
is widely expressed in the brain and periphery (Gimpl and Fahrenholz, 2001; Jard et
al., 1987; Smith et al., 2016a; Smith et al., 2016b). This allows oxytocin to modulate a
large array of physiological processes, including immune-related processes. Oxytocin-
positive PVN neurons can be parvocellular or magnocellular, and both phenotypes
have been observed in the caudal PVN (Eliava et al., 2016; Herman et al., 2002a;
Herman et al., 2002b). Parvocellular oxytocin-positive neurons extend axonal
projections throughout the brain, whereas magnocellular oxytocin-positive neurons
project primarily to the periphery, but also possess collateral branches projecting to
forebrain regions (Knobloch et al., 2012). This may indicate that increased oxytocin
production in L. reuteri extract-treated mice could contribute to improving the

observed wound healing capacity via both central and peripheral pathways.
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Although speculative, an increase in oxytocin-positive PVN neurons in L.
reuteri lysate-treated mice could reflect oxytocin-negative PVN neurons that are
recruited to express oxytocin in response to a higher demand for oxytocin synthesis.
This higher demand for oxytocin synthesis is likely a direct result of increased levels
of plasma oxytocin, as was observed in L. reuferi-treated mice. It should be noted
that, in addition to the PVN, oxytocin synthesized in the supraoptic nucleus (SON)
might also have been affected by microbe treatment. Unfortunately, oxytocin
immunoreactive cells in the SON were too dense to distinguish individually in order
to quantify cell numbers. Thus, the present inventor cannot exclude the possibility that
oxytocin neurons in the SON, in addition to the PVN, contributed to the increase in
plasma oxytocin levels observed in mice treated with L. reuteri. This could be
addressed in future studies by quantifying oxytocin mRNA expression in both the
PVN and SON, which may provide additional information regarding the need for
higher oxytocin synthesis in microbe lysate-treated mice.

The observation that lysed L. reuteri ATCC 6475 cells were comparable with
their viable counterparts in conferring typical L. reuteri-induced health benefits in
mice is important. Indeed, the ingestion of the killed form of the probiotic served to
up-regulate oxytocin, down-regulate corticosterone, increase thymic mass, decrease
circulating neutrophils, and accelerate skin wound healing. These findings are in
accordance with the results of another recent study using a different L. reuteri isolated
from pet dogs (Varian et al., 2016b). In that study, lysed extract of canine L. reuteri
strain 2546 counteracted obesity and decreased blood neutrophils of mice,
recapitulating earlier findings for viable L. reuteri ATCC PTA 6475 (Poutahidis et al.,
2013b; Varian et al., 2016a; Varian et al., 2016b; Varian et al., 2014). Using oxytocin-
deficient mice in that earlier study showed that the slenderizing effects of L. reuteri
2546 lysate depended on the hormone oxytocin (Varian et al., 2016b).

Specific bacterial components with health-promoting effects are termed
‘postbiotics’ and hold promise as a more precise, controlled and effective therapeutic
approach compared to live probiotic cell consumption (Adams, 2010; Caselli et al .,
2011; Kataria et al., 2009; Ruiz et al., 2014; Sanchez et al., 2010).The retaining of
beneficial health effects and immunomodulatory properties has been described for
many different postbiotic forms of Lactobacillus spp and other beneficial bacteria

(Adams, 2010; Caselli et al., 2011; Kataria et al., 2009; Ruiz et al., 2014; Sanchez et
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al., 2010). Based on accumulated studies the increased value of using non-viable
bacterial cells is now emerging (Adams, 2010; Kataria et al., 2009). Killed forms are
considered safer than live bacteria for many reasons (Adams, 2010; Kataria et al .,
2009; Ruiz et al., 2014). The identification of the biologically-active ingredients of
killed bacteria is considered as a step forward in microbe-based research.

Postbiotic bacterial components with beneficial properties are enticing but
remain largely uncharacterized (Adams, 2010; Caselli et al., 2011; Kataria et al .,
2009; Ruiz et al., 2014; Sanchez et al., 2010). In humans, spray-dried non-viable cells
of L. reuteri DSMZ 17648 were potent enough to decrease Helicobacter pylori load in
the stomach (Mehling and Busjahn, 2013). In addition, the capsular polysaccharide A
of Bacteroides fragilis has been shown to have desirable immunomodulatory effects
in intestinal and neuronal tissue (Surana and Kasper, 2012). Along the same lines,
bacterial DNA, exopolysaccharides, bacteriocins, lipoteichoic acids and other
microbial cell wall components possess promising postbiotic attributes (Adams, 2010;
Caselli et al., 2011; Kataria et al., 2009; Ruiz et al., 2014; Sanchez et al., 2010; Surana
and Kasper, 2012). Thus far postbiotic compounds identified for L. reuferi include
histamine and the bifunctional dihydrofolate synthase/folylpolyglutamate synthase
type 2 (folC2)-mediated folate metabolism products essential for anti-inflammatory
properties (Gao et al., 2015; Thomas et al., 2016). Taken together, this suggests that
L. reuteri possesses powerful bioactive postbiotic molecules that are worthy of further
exploration and testing for pharmaceutical applications.

In the present study, lysed L. reuteri ATCC 6475 was not heat-treated. In other
studies, heat-killed non-viable forms of /.. reuteri GMNL-263 were potent enough to
prevent weight gain in a diet-induced obesity rat model (Hsieh et al., 2016). In high-
fat diet fed hamsters, the same heat- treated material reduced liver fibrosis, blood
LDL-cholesterol and plasma malondialdehyde and myocardial cell apoptosis (Ting et
al., 2015a; Ting et al., 2015b). A heat-killed L. reuteri ATCC 23272 also reduced pro-
inflammatory cytokines, but was less potent than viable forms in reducing eosinophil
influx and airway damage (Forsythe et al., 2007); however, killed bacteria were able
to reduce visceral pain (Kamiya et al., 2006). Importantly, Buffington, et al (2016)
found that heat-killed L. reuteri ATCC 6475 failed to up-regulate oxytocin without

behavioral benefits in mice (Buffington et al., 2016). This aspect remains to be
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investigated further, but indirectly points to a biologically active microbial protein in
modulating host oxytocin levels in the present studies.

An interesting aspect of edible bacteria-derived compounds is their multi-
dimensional beneficial activities. Microbe-based therapies may promote overall health
by awakening complex and multi-dimensional systematic pathways for good health
that otherwise remain latent due to modernized urban life-style (Erdman and
Poutahidis, 2010; Rook, 2013; Walter et al., 2011). Preliminary evidence from the
present and prior studies suggests that /.. reuteri activates diverse homeostatic
pathways at the whole organism level (Erdman and Poutahidis, 2014; Ibrahim, 2014;
Lakritz et al., 2014; Levkovich et al., 2013; Poutahidis et al., 2013a; Poutahidis et al.,
2013b; Poutahidis et al., 2014; Poutahidis et al., 2015; Varian et al., 2016a; Varian et
al., 2016b; Varian et al., 2014). These involve inter-related gut, immune, endocrine,
and brain functions that confer longevity and counteract senility-associated
imbalances of host inflammatory responses (Erdman and Poutahidis, 2014; Ibrahim,
2014; Lakritz et al., 2014; Levkovich et al., 2013; Poutahidis et al., 2013a; Poutahidis
et al., 2013b; Poutahidis et al., 2014; Poutahidis et al., 2015; Varian et al., 2016a;
Varian et al., 2016b; Varian et al., 2014). In short, these microbes restore whole body
homeostasis.

Along these lines, testing the effects of bacterial products on the thymus gland,
an elementary immune system organ, is very informative. Firstly, because thymus is
profoundly affected by normal aging progression (Taub and Longo, 2005). Secondly,
thymus gland function is clearly influenced by neuroendocrine signaling networks.
Finally, there is extensive evidence in both animal models and human subjects that
premature thymic involution results in T-lymphocyte deficiency and produces a wide
array of detrimental outcomes linked with systemic immunodeficiency (Taub and
Longo, 2005; Ventevogel and Sempowski, 2013). In the light of these facts, the
finding that mice consuming lysed L. reuferi extract have a significantly larger
thymus gland compared to their age-matched controls may be particularly important.
The youthfully-sized thymus after postbiotic consumption coincided with increased
oxytocin levels in CNS and blood and decreased circulating corticosterone levels.

Connections between oxytocin and normal thymus function are indeed well-
documented. Oxytocin has been shown to be essential for thymic lymphocyte

differentiation and selection (Hansenne et al., 2005). Furthermore, the autoimmune
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regulator gene/protein (Aire) - important for natural T regulatory (Tr,) cell
differentiation in the thymus gland (Nomura and Sakaguchi, 2007) - is induced by
oxytocin in thymic epithelial cells (Hansenne et al., 2009). Oxytocin cross-talk with
immune system cells happens in part via membrane oxytocin receptors that promote
peripheral mononuclear cell proliferation and suppress pro-inflammatory cytokines
(Wang et al., 2015). Based on both preclinical models and human studies, exogenous
oxytocin treatment emerges as a novel therapy for uncontrolled inflammation and
immune-mediated tissue damage (Al-Amran and Shahkolahi, 2013; Biyikli et al.,
2006; Clodi et al., 2008; Iseri et al., 2005a; Petersson et al., 2001; Wang et al., 2015).
Specific mechanisms in the present model, whether immune or neuronal in origin,
remain to be determined.

In the present mouse model studies, live L. reuteri organism consumption
leads to increased levels of oxytocin coincident with decreased levels of the stress-
related hormone corticosterone. The present study also shows that this inverse
correlation of oxytocin and corticosterone emerges in mice consuming lysed Z.
reuteri. This finding is in line with the known role of oxytocin in improving social
and non-social behaviors, and dampening anxiety, stress and depression (Baribeau
and Anagnostou, 2015; Carter, 2014; Feldman et al., 2016). It is also consistent with
previous reports describing the oxytocin-corticosterone interplay in rodent models of
both social (Burkett et al., 2016, Wang et al., 2012) and non-social-related stress
(Cohen et al., 2010; Smith et al., 2016a; Stanic et al., 2016; Vilela et al., 2013). It will
be interesting to investigate roles for L. reuferi in stress-induced corticosterone levels
and animal behaviors.

Interestingly, increased corticosterone levels in rodent models of stress have
been shown to correlate with a decrease of thymus gland weight (Listowska et al.,
2015; Monteiro et al., 2015; Rosa et al., 2014; Zivkovic et al., 2005), although some
studies suggest that this effect depends on the type of stressor and strain of mouse
used (Cruz et al., 2012; Savignac et al., 2011). By contrast, stimulation of social
behavior or improving sense of well-being by enrichment of caging decreased
corticosterone levels while counteracting thymus shrinkage in both mice and rats
(Abou-Ismail and Mahboub, 2011; Seetharaman et al., 2016; Van Loo et al., 2004). A
study in genetically engineered mice has provided direct evidence linking thymus

gland size and function with corticosterone (Youn et al., 2011). Specifically, Youn et
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al (2011) have used mice that were deficient in Bag3, a multifunctional molecule
involved in cell survival, migration, chaperone regulation, and cellular protein
metabolism. This mouse model has highly elevated levels of corticosterone due to
adrenal gland zona reticularis hyperplasia co-existing with severe thymus gland
atrophy. Remarkably, the premature thymic involution in this model has been shown
to be due to the increased production of adrenal gland corticosterone and not due to a
direct effect of Bag3 depletion in the thymus or an impaired CRH and ACTH
hypothalamic-pituitary gland negative feedback signaling (Youn et al,, 2011).

In previous research (Poutahidis et al., 2013a; Varian et al., 2016a; Varian et
al., 2016b) and the present study we find circulating neutrophils offer an important
immune cell target of the gut-immune-endocrine interactive axis that is activated by
L. reuteri consumption. Presently we show that drinking nonviable L. reuteri cells is
as potent as drinking live probiotics in down-regulating circulating neutrophils.
Previously we have ascribed this down-regulation to potency of regulatory T cells, the
peripheral induction of which is highly upregulated after L. reuteri
consumption(Erdman and Poutahidis, 2014; Lakritz et al., 2014; Poutahidis et al.,
2013a; Varian et al., 2016a). Our accumulated data (Poutahidis et al., 2013a; Varian et
al., 2016a; Varian et al., 2016b) together with present findings, however, suggest that
hormones such as oxytocin and corticosterone may also contribute directly to this
immune-mediated phenomenon. Oxytocin’s reported actions upon inflammatory
processes appear to involve neutrophil homeostasis as one of its most characteristic
actions (Al-Amran and Shahkolahi, 2013; Biyikli et al., 2006; Clodi et al., 2008; Iseri
et al., 2005a; Petersson et al., 2001; Wang et al., 2015). Indeed, the present inventor
has found that otherwise untreated oxytocin-deficient mice, which are clinically
healthy and show no evidence of inflammatory disease, have a significant subclinical
elevation of blood neutrophils compared to their wild-type controls [data not shown].
Lower corticosterone levels after L. reuteri treatment may also contribute to the
downregulation of neutrophils. Increased corticosterone in mice subjected to maternal
separation or social stress connects with significantly increased circulating neutrophils
(Avitsur et al., 2002; Kinsey et al., 2008; Pinheiro et al., 2011; Zimecki et al., 2009).
Zimacki et al (2009) have also shown that the lactoferrin-induced myelopoiesis leads
to increased neutrophils in the blood of mice, and depends upon the lactoferrin-

associated increase of serum corticosterone (Zimecki et al., 2009).
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Although effective neutrophil-mediated responses are required for fighting
infections, they are also key mediators of obesity-associated disorders, including
cardiovascular disease and diabetes (FC, 2016; Manda-Handzlik and Demkow, 2015,
Mayadas et al., 2014). The role of neutrophils in carcinogenesis and tumor evolution
is also emerging, and a therapeutic approach of targeting tumor-associated neutrophils
has been recently introduced (Coffelt SB, 2016, Gregory and Houghton, 2011;
Manda-Handzlik and Demkow, 2015) (Rao et al., 2007; Rao et al., 2006) (Lakritz et
al., 2015). According to a recent report the microbiota drives neutrophil aging via
Toll-like receptor and myeloid differentiation factor 88, making aged neutrophils
particularly effective as disease-promoting agents (Zhang et al., 2015a). In the light
of this evidence, lowering the chronic systematic neutrophilic inflammatory tone
without compromising ability of neutrophils to counteract pathogens may be
important for human health. A previous study showing acceleration of skin wound
healing using edible L. reuferi supplementation exemplifies such a therapeutic
strategy (Poutahidis et al., 2013a). Using this mouse model, it was shown that L.
reuteri did not compromise the beneficial acute stages of neutrophilic infiltration in
the wound. Instead, it accelerated closure of the wound bed earlier in the healing
process. Therefore L. reuteri treatment enforced the physiological balance of immune
cells and orchestration of wound healing process and led to faster wound healing
without compromising beneficial functions of specific immune cells including
neutrophils (Poutahidis et al., 2013a).

Wound healing is an elementary biological process that includes the timely
implementation of several different basic physiological phenomena (hemostasis,
inflammation, extracellular matrix and connective tissue formation, angiogenesis,
tissue remodeling). The ability to heal wounds effectively and swiftly reflects good
health and fitness, and connects with youthfulness and longevity (Eming et al., 2014;
Gurtner et al., 2008; Yanai et al., 2011). Therefore, the mouse skin wound healing
model is an attractive platform to test the systemic health promoting effects of edible
probiotic and postbiotic extract products. In the present study the present inventor
demonstrates that lysed L. reuteri was as effective as the viable bacteria in
accelerating skin wound healing in mice.

Going one step further, in the present studies the present inventor finds that

human subject outcomes support benefit of L. reuteri with improved wound repair
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capacity, thus reinforcing the translational potential of findings in mice (Poutahidis et
al., 2013a). Significant improvement in wound healing in just 14 patients with diverse
backgrounds is exciting, and raises the question whether benefits will translate to
individuals plagued with various other ailments including diabetes and heart disease.
As ongoing trials begin to address these clinical implications, emerging data suggest
health is indeed due largely to microbial factors that can be readily modified (Hsieh et
al., 2016), that when harnessed impart resiliency typical of much younger subjects
(Varian et al ., 2014). Given the safety of food-grade microbes consumed in fermented
beverages for thousands of years, edible bacteria and their products may offer a low-
risk/high-impact remedy for trauma, elective procedures and poorly healing chronic
wounds that affect millions of patients in the burgeoning health care and economic

Crisis.

MATERIALS AND METHODS

Animal models

Female outbred Swiss stock CD-1 female mice (Charles River, Wilmington
MA), C5S7BL/6 wild type (wf), oxytocin-wt (of-wf) and oxytocin-knockout (07-k0)
B6;129S-Oxttm 1Wsy/J mice (purchased initially from Jackson labs; Bar Harbor, ME)
were used in three separate experiments. Mice were housed and handled in
Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC)-accredited facilities using techniques and diets including L. reuferi as
specifically approved by Massachusetts Institute of Technology’s (MIT) Committee
on Animal Care (CAC). Mice were housed under standard 12:12 light cycle
conditions with lights on at 7AM. Mice were fed a standard control chow Purina
RMH3000.

Mouse models were bred in-house to achieve experimental groups. Mice were
randomly assigned to experimental groups, and group housed with 4-5 mice per cage.
Each experiment included 5-11 animals per group as specifically enumerated within
the text. Mice received in their drinking water L. reuteri ATCC-PTA-6475 originally

isolated from human breast milk.
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L. reuteri administration in mouse models

In each experiment, subsets of mice received in their drinking water a strain of
L. reuteri ATCC-PTA-6475 cultivated as described elsewhere (Poutahidis et al.,
2013a; Saulnier et al., 2011). Live organisms were supplied at a starting dosage of
3.5-5.0x10° organisms/mouse/day in drinking water (Lakritz et al., 2014), using oral
dosage extrapolated from humans consuming daily chewable L. reuteri DSM17938
tablets (BioGaia Protectis). Live bacterial counts in water bottles were calculated to
be 1.4x10° colony forming units (CFU) per mouse on day 1, 4.1x10° CFU on day 2,
and 1.1x10° CFU on day 3. Fresh drinking water for both groups of animals was
replaced twice weekly throughout the experiments. L. reuteri was detectable by PCR
in feces and bowel of mice undergoing the live bacteria dosing regimen, as described

in detail in Lakritz et al (2014).

Wound repair assay in mice

To test putative roles for microbes or microbe lysate-induced wound healing,
as previously described in detail (Poutahidis et al., 2013a), mice underwent a
standardized 2.0 mm dorsal cutaneous biopsy procedure under general inhalant
isoflourane anesthesia with perioperative buprenorphine injectable analgesia. The
mid-dorsal surgical procedures involved first shaving the biopsy site (FIG. 14), with
alternating betadine and ethanol scrubs according to institutional policy, and finally
the biopsy using a 2.0 mm cutaneous skin punch biopsy tool (Miltex Inc, York, PA
USA). Mice were examined at six days after biopsy based upon significant
differences that emerged in earlier studies (Poutahidis et al., 2013a). Mice entered
experiments at eight weeks of age. Four weeks later (three weeks after start of /.
reuteri or sham treatment plus six days of post-biopsy observation), at the conclusion
of the study mice were euthanized with CO, overdose and wound areas were
examined postmortem. Specifically, formalin-fixed, routinely-processed, paraffinized,
flat wounded skin tissues were used for wound area measurements before being
embedded in paraffin blocks. Direct microscopy with a Nikon eclipse 501 microscope
and a Nikon DS-5 M-L1 digital camera was used to examine and photograph wounds
in paraffinized gross skin specimens. The wound areas were subscribed and measured
in images using the ImageJ image processing and analysis program (NIH, Bethesda,

MD). Results were recorded as image pixels.
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Human subject trials

Fourteen healthy female volunteer subjects in a double blind placebo
controlled study consumed chewable L. reuteri DSM17938 supplements (BioGaia
Protectis) or placebo 60 mg vitamin C twice daily for three weeks before undergoing
a full-thickness biopsy of forearm skin at MIT’s Clinical Research Center. Female
subjects only were selected in order to minimize differences between sexes, and to
simultaneously gather data for skin appearance in females. Subjects (N=7 assigned
randomly per treatment group) had a mean age of 29 years (range, 19-42y) and
included individuals with diverse ethnicity (Suppl. Table 1, not included). Human
skin wounds were photographed under standardized conditions at time points before
and immediately after biopsy plus d3 after biopsy (FIG. 15). Individuals measuring
the wounds and those collecting data were blind to the identity of experimental
treatment groups.

The wound areas were subscribed (inset in FIG. 8A) and the subscribed area
was measured in each image using ImageJ (NIH, Bethesda, MD). Results were
recorded in pixels, scaled and transformed in mm” using a standard scale originally
contained in the images. To achieve that, wound area measurements were in pixels
and then associated with the known distance of 1 mm according to the standard scale

contained in the corresponding image, using the “set scale” command of Imagel.

Production of sterile microbe lysate

L. reuteri ATCC-PTA-6475 was cultivated using methods as previously
described (Poutahidis et al., 2013a; Saulnier et al., 2011), confirmed for purity with a
gram strain, and then suspended in sterile 1xPBS and measured for concentration with
a spectrophotometer in order to calculate final dosages. A bacteria pellet was obtained
by centrifugation for 10 minutes at 14,000 rpm and then resuspended and incubated in
a Lysozyme STET buffer for 4 hours at 37 degrees Celsius. Bacteria-buffer was
centrifuged for 10 minutes at 7,500 rpm to obtain a pellet, that was subsequently
washed 2X and then resuspended in 1xPBS before lysing by sonication in an ice water
bath at 20 kHz and the amplitude of 30% intensity for one-minute-on—then-one-
minute-oft for 25 minutes. Lysed bacteria was then centrifuged for 15 minutes at

4,000 rpm and passed through a 0.2 um filter to remove whole bacteria and large
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fragments, with the soluble supernatant being collected as the final product. The
supernatant was then confirmed to be sterile using growth in anaerobic enriched
thioglycollate media with Vitamin K1 and hemin (Bectin, Dickinson and Company,
Sparks, MD) and by the streak plate method on Sheep blood agar plates (Remel,
Lanessa KS) with no growth after three days. Bacterial lysate was stored in 1 ml

aliquots at -80 degrees Celsius until feeding to mice in experiments described above.

Special microbial treatments for animals

Mice were fed standard rodent chow (RMH 3000; Purina Labs, St Louis MO).

Subsets of animals were supplemented orally with intact or lysed ATCC strain of .
reuteri 6475 as described elsewhere (Lakritz et al., 2014; Varian et al., 2016b), using
a supply dosage of 3.5X10° organisms/mouse/day continuously in drinking water. For
Example 2A, Swiss mice received live intact L. reuteri organisms in drinking water.
For Examples 2B and 2C, mice received L. reuteri as above, or, alternatively, controls
received regular drinking water. For Example 2C, lysate confirmed to be sterile was
delivered to C57BL/6 mice at the same concentration as live organisms in drinking
water. Mice began drinking L. reuteri ATCC-PTA-6475 organisms, as above, starting
at 8 wks of age, and then underwent skin biopsy three weeks later, followed by
postmortem analyses at 12 weeks of age. Drinking water was replaced twice weekly
to minimize variability in microbial exposure levels. In all cases, control animals

received regular drinking water.

Determining mass of thymus gland

Upon necropsy, intact mice were weighed in their entirety using a ScoutPro
SP202 scale (Chaus Corporation, Pinebrook NJ). Thymus tissue was removed and

weighed separately.

Complete blood cell counts

Whole blood was collected by cardiac puncture from unconscious animals
upon necropsy and suspended in EDTA to prevent clotting. Automated neutrophil
counts were then performed using mouse parameters in a HemaVet 950FS (Drew

Scientific, Oxford CT). Counts were confirmed by manual reading of blood smears.
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Terminal blood collections for mice were performed mid-day for all subjects in order

to minimize variability due to circadian rhythms.

Measurement of plasma oxytocin and corticosterone levels

Whole blood was collected terminally by cardiac puncture under general
anesthesia to obtain plasma. Whole blood was collected into pre-chilled 5 ml EDTA
tubes with 250 KIU of an oxytocin preservative, aprotinin, and refrigerated
immediately until preparation of plasma. Plasma was isolated by centrifugation at
1800 g, 15 minutes, 4°C, and then stored in aliquots at —70°C. Plasma was then tested
commercially for oxytocin and corticosterone by an outside laboratory with internal
validations (4dnilytics, Inc., Gaithersburg, MD). Euthanasia for mice was performed
mid-day for all subjects (n=8-10 per group) to minimize variability due to circadian

rhythms.

Histopathology and histomorphometry

Formalin-fixed tissues were embedded in paraffin, cut at 4-5 um, and stained
with hematoxylin and eosin (HE). Wound epidermal gap in histological images were
measured using the ImageJ image processing and analysis program (NIH, Bethesda,

MD) as previously described (Poutahidis et al., 2013a).

Brain tissue collection and immunohistochemistry for oxytocin

Mouse brains (including skulls) were removed and fixed in 10% formalin and
stored at 4°C until further processing. Next, brains were dissected from the skull and
post-fixed in 4% paraformaldehyde in 0. 1M borate buffer (pH 9.5) for 48 h before
cryoprotection in 30% sucrose (dissolved in basic physiologic saline; 0.9% NaCl) for
48 h. Following cryoprotection, brains were flash-frozen in cold methylbutane and
stored at -45°C. Coronal (30 um) sections were collected using a cryostat and were
stored free-floating in tris-buffered saline (TBS) overnight at 4°C. The following day,
tissue sections from each subject were immunolabeled for oxytocin (OT) (Ben-Barak
et al., 1985; Franklin, 2008).

Oxytocin immunoreactivity (ir) was visualized using a monoclonal primary
antibody provided by Dr. Harold Gainer (NINDS). This highly specific antibody was

raised against mammalian oxytocin-associated neurophysins, and exhibits no cross-
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reactivity (Ben-Barak et al., 1985). Briefly, tissue sections were first washed in TBS,
subjected to an antigen retrieval step (0.05M sodium citrate in TBS), blocked in
blocking solution (20% normal goat serum (NGS), 0.3% Triton-X, 1% H,0, in TBS),
and incubated overnight at 4°C in mouse anti-oxytocin (PS38; 1:100, 2% NGS, 0.3%
Triton-X). Tissue sections were then rinsed in TBS and incubated in biotinylated
secondary antibody solution (goat anti-mouse (1:500; Vector, Burlingame, CA), 2%
NGS, 0.3% Triton-X in TBS) for 1 h. Tissue sections were incubated in avidin-biotin
complex (ABC Elite Kit; Vector) for 1 h and visualized using diaminobenzadine
(DAB peroxidase substrate kit; Vector). Sections were mounted on gelatin-coated
slides, rinsed in 50% ethanol, air-dried and cover slipped using Permount (Fisher
Scientific, Pittsburgh, PA).

Images were acquired under 20X magnification based on various anatomical
landmarks specific to the following subregions of the hypothalamic paraventricular
nucleus (PVN): rostral (-0.70 mm posterior to bregma), intermediate (-0.94 mm), and
caudal (-1.06 mm), using the Mouse Brain Atlas (Franklin & Paxinos 2008) as a
guide. Oxytocin-ir cell bodies were subsequently quantified from a representative
tissue section in each region using the cell counter plugin in ImageJ (NIH;
imagej.nih.gov/ij). Data are reported as the mean number of oxytocin-ir cell bodies

per treatment in the rostral, intermediate, and caudal portions of the PVN.

Statistical analysis

The Mann-Whitney U test was used for all statistical analyses (Graphpad
Prism version 5.01 for windows, Graph-Pad software, San Diego, CA, USA). The
occurrence of wound scab detachment was compared between experimental groups
with the Chi-square test. For analyzing oxytocin-positive cell counts, the present
inventor used a one way ANOV A with a tukey post hoc test. Results are presented as
the mean + standard error of the mean (SEM). Effects were considered to be

significant at p<0.05.
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CLAIMS

What is claimed is:

10.

A method of promoting weight loss in a subject, wherein the method
comprises administering an effective amount of a composition to the subject
and thereby promoting weight loss in the subject, wherein the composition

comprises a Lactobacillus reuteri bacteria.

A method of treating obesity in a subject, wherein the method comprises
administering an effective amount of a composition to the subject and thereby
treating the obesity, wherein the composition comprises a Lactobacillus

reuteri bacteria.

A method of increasing plasma oxytocin concentration in a subject, wherein
the method comprises administering an effective amount of a composition to
the subject and thereby increasing plasma oxytocin concentration in the

subject, wherein the composition comprises a Lactobacillus reuteri bacteria.

The method of claims 1-3, wherein the L. reuferi bacteria is isolated from dog

saliva.

The method of claims 1-4, wherein the L. reuteri bacteria comprises L. reuteri

isolate 2546.

The method of claims 1-4, wherein the L. reuteri bacteria comprises L. reuteri

ATCC 6475.

The method of claims 1-4, wherein the L. reuteri bacteria does not comprise L.

reuteri ATCC 6475.

The method of claims 1-6, wherein the L. reuteri bacteria is lysed or killed.

The method of claims 1-7, wherein the L. reuteri bacteria is sterile.

The method of claims 1-8, wherein the composition is administered orally.
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The method of claims 1-8, wherein the composition is administered

intranasally.

The method of claims 1-8, wherein the composition is administered

parenterally.

The method of claims 1-11, wherein the composition reduces the subject’s

abdominal fat weight.

The method of claims 1-11, wherein the composition reduces the subject’s

subcutaneous fat.

The method of claims 1-11, wherein the composition reduces the subject’s

blood neutrophils.

The method of claims 1-11, wherein the composition promotes lean muscle

formation.

The method of claims 1-11, wherein the composition promotes hair growth.

The method of claims 1-11, wherein the composition promotes wound healing.

The method of claims 1-11, wherein the composition increases thymus gland

size.

The method of claims 1-11, wherein the composition reduces levels of stress

biomarker hormone corticosterone.

The method of claims 1-20, wherein the L. reuteri bacteria is isolated.

The method of claims 1-21, wherein the L. reuteri bacteria has been modified.

The method of claims 1-22, wherein the subject is a mammal.

The method of claims 1-23, wherein the subject is a human.
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25. The method of claims 1-24, wherein the L. reuteri bacteria is lysed by

sonication to produce a lysate.

26. The method of claims 1-24, wherein the L. reuteri bacteria is lysed by

sonication at about 20 kHz to produce a lysate.

27. The method of claims 1-24, wherein the L. reuteri bacteria is lysed by

sonication at an amplitude of about 30% intensity to produce a lysate.

28. The method of claims 25-27, wherein the L. reuteri bacteria is lysed by
sonication in an ice water bath for one minute on then one minute off for about

25 minutes to produce a lysate.

29. The method of claim 25-28, wherein the lysate is subjected to centrifuge for

about 15 minutes at about 4,000 rpm.

30. The method of claim 29, wherein the lysate is passed through a 0.2 pm filter to
remove whole bacteria and large fragments, thereby producing a soluble

supernatant comprising the lysed L. reuferi bacteria.

31 The method of claims 1-24, wherein the composition comprises the soluble
supernatant.

32. The method of claims 1-31, wherein the L. reuteri bacteria are grown
aerobically.

33. The method of claim 32, wherein the L. reuteri bacteria are grown aerobically
on a plate.

34. The method of claim 33, wherein the plate comprises a sheep blood agar plate.

35. A composition comprising the soluble supernatant of claim 30.

36. A composition comprising the lysate of claims 25-30.
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Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was
carried out on the basis of a sequence listing:

a. D forming part of the international application as filed:
D in the form of an Annex C/ST.25 text file.
D on paper or in the form of an image file.

b. D furnished together with the intemational application under PCT Rule 13fer. 1(a) for the purposes of international search
only in the form of an Annex C/ST.25 text file.

c. fumished subsequent to the international filing date for the purposes of international search only:
m in the form of an Annex C/ST.25 text file (Rule 13zer.1(a)).
on paper or in the form of an image file (Rule 13fer.1(b) and Administrative Instructions, Section 713).
2. K{ In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required

statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were fumished.

3. Additional comments:
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the intemational application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

i
3. I Claims Nos.: 4-36
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This Intemnational Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
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3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest E] The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



PCT/US2017/038841 20.10.2017

INTERNATIONAL SEARCH REPORT International application No.

PCT/US 17/38841

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - AO1N 63/00; C12N 1/20 (2017.01)
CPC - AB1K 35/747; A61K 35/74; C12R 1/225

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED
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See Search History Document
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See Search History Document
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