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Abstract

Recent studies in mouse models have shown that gut microbiota significantly influences bone
health. We demonstrated that 2-week oral treatment with broad spectrum antibiotics followed by 4
weeks of recovery of the gut microbiota results in dyshiosis (microbiota imbalance)-induced bone
loss in mice. Because gut microbiota is critical for the development of the immune system and
since both microbiota and the immune system can regulate bone health, in this study, we tested the
role of the immune system in mediating post-antibiotic dysbiosis-induced bone loss. For this, we
treated wild-type (WT) and lymphocyte deficient Rag2 knockout (KO) mice with ampicillin/
neomycin cocktail in water for 2 weeks followed by 4 weeks of water without antibiotics. This led
to a significant bone loss (31% decrease from control) in WT mice. Interestingly, no bone loss was
observed in the KO mice suggesting that lymphocytes are required for dysbiosis-induced bone
loss. Bray-Curtis diversity metrics showed similar microbiota changes in both the WT and KO
post-antibiotic treated groups. However, several operational taxonomic units (OTUs) classified as

Corresponding Authors: Narayanan Parameswaran (narap@msu.edu) and Laura R McCabe (mccabel@msu.edu).

Author contribution statement:

NDR-A devised and performed experiments, analyzed data, prepared figures and drafted manuscript. JS,AD, LS, CD-S, JG, RB,
performed experiments and revised manuscript. NP, LM devised experiments, analyzed data, prepared figures and drafted and edited
manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Competing Interests:
None



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rios-Arce et al. Page 2

Lactobacillales were significantly higher in the repopulated KO when compared to the WT mice,
suggesting that these bacteria might play a protective role in preventing bone loss in the KO mice
after antibiotic treatment. The effect of dysbiosis on bone was therefore examined in the WT mice
in the presence or absence of oral Lactobacillus reuteritreatment for 4 weeks (post-ABX
treatment). As hypothesized, mice treated with L. reuteri did not display bone loss, suggesting a
bone protective role for this group of bacteria. Taken together, our studies elucidate an important
role for lymphocytes in regulating post-antibiotic dysbiosis-induced bone loss.
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Introduction

Osteoporosis is characterized by low bone mass and altered bone architecture (1).
Worldwide, this disease is estimated to affect more than 200 million people (2). In the US,
osteoporosis accounts for over 2 million bone fractures with an estimated $17 billion
treatment cost (3). By 2025, the annual costs associated with osteoporosis are estimated to
increase by ~50% (4). Osteoporosis increases the risk for bone fractures that can lead to
morbidity, mortality, loss of independence and decreased quality of life. Around 30% of
people with hip fractures die during the first year and 50% have permanent disability (4).
Many factors such as diet, age, sex, and medications can affect bone remodeling and lead to
osteoporosis (5-9). Despite the development of new treatments against osteoporosis, patients
are still concerned about drug effectiveness and unwanted side effects.

During the last decade, gut microbiota has emerged as an important regulator of host
physiology including bone health. The gut microbiota comprises of ~1000 bacterial species
of which the main phyla represented are Bacteroidetes, Firmicutes, Actinobacteria,
Proteobacteria, and Verrucomicrobia (10). The intestinal microbiota is composed of both
beneficial and harmful bacteria and thus, gut bacteria can be beneficial to the host as well as
contribute to disease. For example, beneficial bacteria such as probiotics increase bone
density (11-18) while pathogenic bacteria induce bone loss in animal models (19). Recent
clinical studies further highlight the beneficial skeletal effects of ingesting probiotic bacteria
in human subjects (20-22). Studies have also shown that imbalance in gut microbiota
(dysbiosis) is involved in the pathogenesis of several diseases such as diabetes and obesity
(23,24).

Although early studies in germ free mice implicated an important role for microbiota in
bone health, subsequent studies demonstrated that the effect of microbiota on bone health
could be influenced by age, sex, and strain of mice used in the studies. Another important
variable that can significantly influence the effect of microbiota on bone health in germ free
mouse studies is the composition of the gut microbiota used to conventionalize the germ-free
mice. The composition of the mouse gut microbiota can be different between facilities, age,
and mouse strain and thus can affect host functions differentially (14,25-28). More
importantly, studies in germ free mice are further complicated due to the developmental
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defects in the immune system (25,29). To better understand the role of the gut microbiota on
bone density, our lab and others have used antibiotics to deplete commensal microbiota. Our
lab recently demonstrated that administration of the broad spectrum antibiotics (ampicillin
and neomycin) followed by natural gut microbiota repopulation for four weeks leads to
dysbiosis and reduced trabecular femoral bone density (30). This experimental approach is
especially useful to understand gut dysbiosis effects on bone density and is distinct from
studies that have utilized either germ-free mice or have focused on chronic antibiotic
treatment (26,31-33).

The gut-bone signaling mechanisms that account for microbiota regulation of bone density
are not fully understood but are thought to involve: improvement of intestinal barrier
function (30), alteration of metabolic hormone levels (26), changes in nutrient absorption
(34), regulation of the immune system (15,17,35,36), and microbial byproduct regulation of
host cell functions (37). Our lab and others have shown that oral treatment with probiotics
can influence the immune system as well as increase bone density in several different mouse
models (14,15,17,36,38). In fact, recent studies have shown that microbiota metabolites can
enhance bone health via regulation of T-regulatory lymphocytes (36). These data suggest a
critical role for the immune system in gut microbiota regulation of bone density. In this
study, we aimed to identify the requirement of T and B lymphocytes in dysbiosis-induced
bone loss in the antibiotic-induced dysbiosis model in mice. Using mice deficient in mature
T and B lymphocytes (Rag2 knockout), we demonstrate an important link between the gut
microbiota and the lymphocytes in the modulation of bone density following antibiotic-
induced dysbiosis.

Materials and methods

Animals and Experimental design

Wild-type (C57BL/6) and Rag2 knockout (Rag2t™Mom C57B| /6 background) male mice
were originally purchased from The Jackson Laboratory (Bar Harbour, Maine) and bred in-
house. Both strains of mice were housed in the same room and on the same rack to ensure
adaptation to identical housing environment and to prevent cage effect. At 12 weeks of age
male mice were randomly divided into 4 experimental groups: 1) WT and 2) KO control
groups that received water and 3) WT and 4) KO antibiotic groups that received antibiotics
in water. The antibiotics ampicillin 1.0 g/L (Sigma, St. Louis, MO) and neomycin 0.5 g/L
(Sigma, St. Louis, MO) were used to deplete the gut microbiota (30,39,40) and were given
in the drinking water for 2-weeks. The drinking water, with or without antibiotics, was
renewed every week. Antibiotic depletion of the gut microbiota was confirmed by the lack
of fecal bacterial growth on agar plates as explained below. After 2-weeks, the antibiotic
treatment ceased, and mice were treated for 4-weeks with water alone or water containing
Lactobacillus reuteri 6475 (LR) (for culture and supplementation see next paragraph). Mice
were euthanized 4-weeks after cessation of antibiotic treatment (at age 18 weeks). During
the study mice were given Teklad 7914 chow (Madison, WI) and water ad libitum. Mice
were housed in a 12:12-h light-dark cycle at 23°C in groups of up to 4 animals per cage. All
animal procedures were approved by the Michigan State University Institutional Animal
Care and Use Committee (IACUC) and conformed to NIH guidelines.
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Culture and Supplementation of L. reuteri:

Lactobacillus reuteri ATCC PTA 6475 was cultured in deMan, Rogosa, Sharpe media (MRS,
Difco) agar plates and kept under anaerobic conditions overnight at 37°C. The next day, 1 ul
full loop of bacteria were sub-cultured into 10 ml of fresh MRS broth for 16-18 hours
anaerobically at 37°C. The overnight culture was then sub-cultured anaerobically at 37°C in
fresh MRS broth and grown until log phase (OD600 =0.4). L. reuteri 6475 was then pelleted
by centrifugation at 4000 RCF for 10 minutes and washed 3 times with 1 X sterile
phosphate-buffered saline (PBS). The final pellet was re-suspended in 60 ml sterile PBS and
one milliliter (ml) aliquots were made and stored at —80°C until use. Colony-forming units
per milliliter (cfu/ml) were calculated the day before treatment by plating 10 pl of the
aliquots into MRS agar plates overnight at 37°C. Mice were treated with 3.3x108 cfu/ml of
L. reuteri 6475 in the drinking water. Three times per week the drinking water was refilled
with fresh water +/- probiotic.

Bacterial cultivation of feces

After two weeks of antibiotic treatment, fresh fecal samples were collected, weighed and
then resuspended in 1 ml sterile PBS. Several dilutions were performed and 10 pl of the
fecal suspension was plated-on Luria broth base agar plates (LB, Invitrogen). Plates were
then incubated aerobically and anaerobically at 37° C for 24 hours. At the end of the
incubation period, the number of colonies on the plates were counted, and the number of
bacteria per gram of feces was calculated.

Microcomputed tomography (UCT) bone imaging

Femoral bone was collected at the day of harvest and fixed in 10% formalin for 24 hours.
Bones were transferred to 70% ethanol and scanned using a GE Explore Locus
microcomputed tomography (LCT) system at a voxel resolution of 20 um obtained from 720
views. Each run included bones from mice of each experimental condition, as well as a
calibration phantom to standardize gray scale values and maintain consistency across
analyses. A fixed threshold (841) was used to separate bone from the bone marrow. Femur
trabecular bone analyses were performed from 1% of the total length proximal to the growth
plate, extending 10% of bone length toward the diaphysis, and excluding the outer cortical
bone. Trabecular bone volume fraction (BVF), bone mineral content (BMC), bone mineral
density (BMD), thickness (Tb. Th), spacing (Tb. Sp), and number (Th. N) were computed
using GE Healthcare MicroView software. Femoral trabecular isosurface images were taken
from a region in the femur where analyses were performed measuring 1.0 mm in length and
1.0 mm in diameter. Cortical measurements were performed in a 2- x 2- x 2 mm cube region
of interest centered midway down the length of the bone. All bone analyses were done
blinded to the experimental conditions.

Serum measurements

Sterile blood was collected at the end of the study and was allowed to clot at room
temperature for 5 minutes and then centrifuged at 5000g for 10 minutes. Serum was
removed and 30 pl were aliquoted and snap frozen in liquid nitrogen and stored at —80°C.
Serum samples did not go through more than 1 freeze/thaw cycle. Serum osteocalcin (OC)
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and tartrate-resistant acid phosphatase (TRAP5b) were measured using a mouse OC and
TRAP5Sb assay kits (BT — 470, Biomedical Technologies Inc., Stoughton, MA, and SB-
TR103; Immunodiagnostic Systems Inc., Fountain Hills, AZ) respectively by the
manufacturer’s protocol.

DNA preparation of fecal samples

DNA for microbial sequence analysis was extracted from mouse fecal samples by bead-
beating and modified extraction with Qiagen DNeasy Blood and Tissue Kits as described
previously (17,28). As previously described (30) fecal samples were transferred to Mo Bio
Ultra Clean Fecal DNA bead Tubes (MoBio) containing 360ul of buffer ATL (Qiagen) and
homogenized for one minute in a BioSpec Mini-Beadbeater. 40uL proteinase K (Qiagen)
was added and samples were incubated for 30 minutes at 55°C, then homogenized again for
one minute and incubated at 55°C for additional 30 minutes. DNA was extracted with
Qiagen DNeasy Blood and Tissue kit.

16S rRNA gene amplification, and sequencing

Bacterial 16S sequences spanning variable region V4 were amplified by PCR with primers
F515/R806 with a dual indexing approach and sequenced by Illumina MiSeq described
previously (41). PCR reactions (20 pul) were prepared in duplicate and contained 40ng DNA
template, 1X phu-sion high-fidelity buffer (New England Biolabs), 200 uMdNTPs (Promega
or Invitrogen), 10 nM primers, 0.2 units of Phu- sion DNA Polymerase (New England
Biolabs), and PCR grade. Reactions were performed in an Eppendorf Pro thermal cycler
with an initial denaturation at 98 °C for 30 s, followed by 30 cycles of 10 s at 98 °C, 20 s at
51 °C, and 1 min at 72 °C. Replicates were pooled and purified with Agencourt AMPure XP
magnetic beads (Beckman Coulter). DNA samples were quantified using the Quantlt High
Sensitivity DNA assay kit (Invitrogen) and pooled at equilmolar ratios. The quality of the
pooled sample was evaluated with the Bioanalyzer High Sensitivity DNA Kit (Agilent).

Microbial community analysis

Sequence data was processed using the MiSeq pipeline for mothur using software version
1.38.1 (42) as described previously (28). In brief, forward and reverse reads were aligned,
sequences were quality trimmed and aligned to the Silva 16S rRNA gene reference database
formatted for mothur, and chimeric sequences were identified and removed using the mothur
implementation of UCHIME. Sequences were classified according to the mothur-formatted
Ribosomal Database Project (version 16, February 2016) using the Bayesian classifier in
mothur, and those sequences classified as Eukarya, Archaea, chloroplast, mitochondria, or
unknown were removed. The sequence data were then filtered to remove any sequences
present only once in the data set. After building a distance matrix from the remaining
sequences with the default parameters in mothur, sequences were clustered into operational
taxonomic units (OTUs) with 97% similarity using the average-neighbor algorithm in
mothur. 871 OTUs were identified across all samples with an average rarefaction depth of
54,791 reads per sample. Alpha and beta diversity analyses and visualization of microbiome
communities were performed with the statistical software R, utilizing the phyloseq package
(43,44). The Bray-Curtis dissimilarity matrix was used to describe differences in microbial
community structure. Analysis of similarity (ANOSIM) was performed in mothur. Shannon
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alpha diversity indices were calculated using an OTU cutoff of 97% similarity and tested for
overall significance using Kruskal-Wallis analysis with adjustment for false discovery rate.
Pairwise comparisons were then tested for significance using the Mann-Whitney U test, a
nonparametric test that compares differences between groups that are not normally
distributed, and p-values were adjusted for an 0.05% false discovery rate. Adjusted p-values
of less than 0.005 were considered significant. Analysis of similarity (ANOSIM) was
performed in mothur with p-values of less than 0.05 considered significant.

Mechanical Testing

Via microCT imaging the I a/p and ¢ were determined at the site of fracturing as described
above. Mechanical properties of the mouse tibias were determined under four-point bending
using an EnduraTech ELF 3200 Series (Bose®, MA) (45). The base support span was 9mm
with a load span of 3mm. The tibia was positioned in the loading device so the medial
surface was in tension by placing the most distal portion of the tibia and fibula junction
directly over the left-most support. Each tibia was loaded at 0.01 mm/s until failure, while
the load and displacement were recorded. The force-deflection curve was used to calculate
the structural-level properties, while tissue-level properties were estimated using the
following beam-bending equations: Stress = o = f-a-c/ 2-1asp; Strain =e =6-c-d/a (3-L -
4-a). In each equation, f is the applied force, d is the resulting displacement, a is the distance
between the inner spans (3mm), L is the distance of the outer spans (9mm), Iasp is the
moment of inertia about the anterior/posterior axis, and ¢ is the distance from the neutral
axis to the medial surface under tension. The yield point was determined from the stress-
strain relationship using a 20% offset method (46). Analyses were done blind to the
experimental condition of the sample.

Statistical analysis

Results

All measurements are presented as the mean + standard error. To determine statistical
significance between the groups One-way ANOVA followed by Tukey post hoc test (more
than 2 groups) and T-test (for two groups) was performed using GraphPad Prism software
version 7 (GraphPad, San Diego, CA, USA). Significant outliers (if present and indicated in
figure legend) were removed using the ROUT test (Q=0.1%) for outliers. A p-value < 0.05
was considered significant and <0.01 highly significant.

Two week-broad spectrum antibiotic treatment depletes fecal microbiota in mice

Oral treatment of mice with the broad-spectrum antibiotics (ABX) ampicillin and neomycin
has been shown to deplete gut microbiota (30,39,40,47-49). We used these two specific
antibiotics because they are poorly absorbed in the mouse gut, thereby limiting extra-
intestinal effects (50-52). Twelve-week-old wild type (WT) and Rag2 knockout (KO) male
mice were treated for two weeks with ABX (ampicillin: 144 mg/kg/day and nheomycin:
72.46 mg/kg/day) in the drinking water (Figure 1A). Microbiota depletion in the ABX
groups was confirmed by plating fecal samples on Luria broth agar plates and incubating for
24 hours under aerobic and anaerobic conditions. Our results demonstrated no colony
formation in any of the ABX treated groups (Figure 1B). ABX treated mice were allowed to
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repopulate for 4 weeks, following the 2-week ABX treatment (Figure 1A). General body
parameters were assessed at 4-week post-ABX time point at which mice were euthanized
and various organs harvested. Cecum weights in both WT and KO groups were increased in
the post-ABX groups compared to the control groups (Table 1). As expected, a significant
decrease in spleen weight was observed in the KO compared to the WT mice (53). Other
parameters such as body weight, liver, and kidney weights did not statistically differ between
the various groups (Table 1).

Post-ABX dysbiosis-induced bone loss is abrogated in Rag2 KO mice

We recently demonstrated that natural gut microbiota repopulation for four weeks after
broad spectrum ABX treatment causes dysbiosis and decreases bone density in BALB/c
male mice (30). To examine if these effects are mouse strain specific as well as to determine
the role of lymphocytes in post-ABX dysbiosis-induced bone loss we used Rag2 knockout
(deficient in T and B lymphocyte) and their corresponding wild type mice, both in C57BL/6
background. We first determined the microbiota composition following repopulation to
confirm dysbiosis in post-ABX groups (both genotypes). Microbiota composition in colonic
fecal samples was examined by 16S rRNA analysis. Similar to our previous study, antibiotic
treatment increased gut microbiota dysbiosis (as described by increased
Firmicutes:Bacteroidetes ratio) in both WT and KO groups (Figure 1C, p<0.05).

Femoral bone showed a significant decrease (31%) in trabecular bone density in WTABX
mice compared to non-ABX group (Figure 2A, p<0.05). Consistent with these findings,
trabecular thickness decreased (Tb. Th, p<0.05), while trabecular space increased (Tb. Sp,
p<0.05) in the WT-ABX treated group compared to the WT untreated mice (Figure 2B,
Table 2). Interestingly, gut microbiota repopulation did not affect trabecular femoral bone
density in the KO-ABX group, suggesting that lymphocytes are important in microbiota-
induced bone loss (Figure 2A). No significant changes in trabecular thickness or space were
observed in the Rag2 KO groups. We also analyzed the diaphyseal region of the femur and
did not find any significant differences between the groups (Table 2) indicating that post-
ABX microbiota repopulation does not affect cortical bone at this timepoint in either of the
genotypes.

To determine whether the post-ABX microbiota affects catabolic or anabolic bone
parameters we measured serum markers of bone remodeling. Levels of tartrate-resistant acid
phosphatase (TRAP 5b), a marker of bone resorption, were modestly increased in the WT-
ABX group compared to control. (Figure 2C). Osteocalcin (OC) levels, a marker of
osteoblast activity/bone formation, were significantly lower in the WT-ABX treated group
(Figure 2C, p<0.05). No changes in the KO-ABX group were observed in either of these
serum markers. Taken together, our results suggest that gut microbiota repopulation
following ABX treatment regulates bone density by primarily affecting bone anabolic
processes in C57BI/6 mouse strain and this effect requires the presence of T and B
lymphocytes.
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Gut dysbiosis does not alter mechanical bone properties

Gut microbiota manipulations can lead to changes in structural and tissue levels properties.
Therefore, we investigated whether 4-week post-antibiotic WT and KO mice display
differences in tibia bone mechanical properties. Comparisons across all the groups showed
no significant changes in structural (Figure 3A) and tissue level mechanical properties
(Figure 3B). These results suggest that natural repopulation for four weeks after ABX does
not affect the overall strength and tissue properties of the cortical bone in C57BL/6 male
mice.

Antibiotic-induced dysbiosis leads to different microbial communities in WT and KO mice.

To further examine if differences in microbiota between WT and KO mice can explain part
of the mechanisms underlying the different phenotype, we analyzed microbial communities
from fecal samples by beta diversity metrics (Bray-Curtis) and alpha diversity (Shannon
diversity) (Figure 4A-B). We determined the differences among our samples by calculating
the pairwise differences of samples, a distance matrix, using the Bray-Curtis dissimilarity
metric and reduced these data for display in a Principle Coordinate Analysis (Fig 4A).
Analysis of colonic fecal samples by beta diversity metrics (Bray-Curtis) showed
statistically significant separation between WT and WT-ABX (Figure 4A, R=0.233498,
p=0.001) and KO and KO-ABX treated mice (Figure 4A, R=1, p<0.001). No significant
changes were found between the WT-ABX and KO-ABX groups by diversity metrics (Bray-
Curtis) (Figure 4A, R=0.0446297, p=0.209). However, pairwise comparison of WT and KO
mice showed a significant separation (R=0.5895; p<0.001). Furthermore, Shannon diversity
analysis showed that antibiotics significantly reduced diversity as expected (Fig. 4B). In
addition, the Rag2 KO mice had significantly higher diversity than the WT mice; however,
since the WT and Rag2 KO mice were not littermates it is not possible to conclude this is
solely due to the knockout of Rag?2.

We next analyzed specific bacterial OTUs at the phylum, class, and order levels, to assess
differences between the various groups/treatments (Figure 5). While the trends were similar,
the post-ABX-induced OTU shift, in terms of the relative abundance of several bacteria, was
significantly different between the WT versus the KO groups. At the phylum level our data
show a significant decrease in the relative abundance of Bacteroidetes in WT-ABX groups
(Figure 5A, p<0.001) that was further decreased to almost undetectable levels in the KO-
ABX group (Figure 5A, p<0.0001). This pattern was seen for bacteria in the class
(Bacteroidia, 5B), and order (Bacteroidales, 5C). The other commonly altered phylum,
Firmicutes, showed no changes after ABX treatment in any of the groups (Figure 5A),
however, the KO-ABX group showed dramatic increases in bacteria in the class (Bacilli,
p<0.0001, 5B) and order (Lactobacillales, p<0.0001, 5C). Additionally, the relative
abundance of Verrumicrobia phylum was higher in WT-ABX treated groups and further
higher in the KO-ABX mice (Figure 5A, p<0.0001), with bacteria in the class
(Verrumicrobiae, 5B), and order (Verrucomicrobiales, 5C) following this pattern. The
phylum Actinobacteria composed a small part (<1%) of the total bacteria composition and
was decreased by ABX treatment. Together, these data suggest that the abundance of several
OTUs is different between the WT-ABX and KO-ABX groups.
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Lactobacillus reuteri administration prevents post-antibiotic dysbiosis-induced bone loss
in wild type mice

As indicated in figure 5C, the relative abundance of Lactobacillales is markedly increased in
the KO-ABX compared to WT-ABX treated mice. To test if increasing the levels of
Lactobacillaes in the WT-ABX group could result in a bone phenotype similar to WT
control group, we supplemented WT-ABX group with Lactobacillus reuteri 6475 for four
weeks. Note that these experiments were performed together with the experiments shown in
Figure 2. Also, the choice of Lactobacillus (L. reuteri 6475) is based on our previous studies
in Balb/C mice showing a protective effect on bone following ABX-dyshiosis. Compared to
the significant decrease in bone density observed in WT-ABX mice that did not receive L.
reuteri, bone loss was prevented in WT-ABX group treated with L. reuteri (Figure 6A,
p<0.05). Consistent with BVF results, treatment with L. reuteri decreased trabecular space
(Figure 6B, p<0.05) and increased trabecular number (Figure 6B, p<0.05). An increase in
osteocalcin levels in the serum was also evident in the post-ABX L. reuteri-treated group
(Figure 6C, p<0.05). We also examined the relative abundance of L. reuteriand found a
significant increase in the post-ABX L. reuteritreated group (Figure 6D, p<0.05).
Microbiota analysis by Bray-Curtis PCoA revealed significant separation overall but the
communities were not very different from each other between WT-ABX VS WT-ABX-LR
(R=0.18661; p=0.001). Note however that, WT-ABX-LR and WT-none were most different
(R=0.816; p=<0.001). Together, these data suggest that: 1) changes in post-ABX gut
microbiota composition between WT and KO, specifically an increase in Lactobacillalesin
the KO-ABX group, could contribute to the difference in bone response, and 2) four weeks
of post-antibiotic treatment with L. reuteri prevents bone loss in C57BI/6 strain, similar to
BALB/c (30).

Discussion

Antibiotics are widely prescribed for the treatment and prevention of bacterial infections.
Several studies have shown that antibiotics can also deplete the commensal flora in the host,
leading to bacterial disturbances and long-term changes that can have sustained negative
impact on the host (54-59). We recently demonstrated that gut microbiota repopulation for 4
weeks following 2-weeks of antibiotic treatment (post-ABX) causes microbial dysbiosis and
significantly decreases femoral trabecular bone density in BALB/c male mice (30). Our
model to assess the role of the gut microbiota on bone density uses the antibiotics ampicillin
and neomycin. These antibiotics were chosen because they are poorly absorbed in the rodent
intestine(50-52) and they can also deplete the intestinal microbiota (39,40). Importantly, our
lab has shown that two weeks treatment with these antibiotics does not significantly affect
trabecular bone density (30), suggesting that these antibiotics do not have direct effect on
bone density. In the present study we identify lymphocytes as one of the key players
involved in post-ABX dysbiosis-induced bone loss in C57BL/6 male mice. We also
identified Lactobacillus supplementation as a possible approach for preventing adverse bone
effects following ABX-induced gut dyshiosis. Our studies in C57BL/6 strain also confirm
previous findings in BALB/c strain, suggesting that gut dysbiosis-induced bone loss may not
be mouse strain-specific. However, given the differences in microbiota composition between
different strains (as well as other strain related variables) the mechanisms of dysbiosis-
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induced bone loss may not be identical between the two strains. For example, in Balb/c mice
we showed that antibiotic-induced bone loss is accompanied by both a decrease in
osteocalcin as well as an increase in TRAP5b. While in the current study C57BL/6J mice
displayed a decrease in osteocalcin that is similar to Balb/c, the increase in TRAP5b is not as
marked as in the Balb/c strain. Whether this is due to different mechanisms of bone loss will
be the subject of future studies.

The effect of T and B lymphocytes and their cytokines on bone density is well known. These
cells regulate bone density through the secretion of cytokines or via direct cell-cell contact
with osteoblasts or osteoclasts (60—-62). Cytokines such as IFN-y, TNF-a, and
interleukin-17 (IL-17) are mostly associated with bone loss, mainly through their effects in
promoting osteoclastogenesis but preventing osteoblastogenesis (63-67). In contrast, T
regulatory cells (Treg) and interleukin 10 (IL-10) modulate bone density by enhancing
osteoblastogenesis but inhibiting osteoclastogenesis (68—70). We and others have
demonstrated that different probiotic bacteria can regulate the immune system which is
associated with beneficial effects on bone. For example, /n vivo, the probiotic L. reuteri
decreases TNFa gene expression in the jejunum and ileum, and CD4* T cells in the bone
marrow and these effects are associated with increased bone density (15,17). Furthermore,
we demonstrated recently that beneficial effect of L. reuterion bone density in male mice is
dependent on lymphocytes (71). Intriguingly, in female mice L. reuteri requires an elevated
inflammatory status to enhance bone density (18). Other probiotics such Lactobacillus
rhamnosus (LGG) and VSL#3 can decrease intestinal and bone marrow inflammation and
can also enhance bone density (14). Interestingly, in a recent study LGG effects on bone
density were demonstrated to be mediated by the T-regs (36). An increase in Tregs by LGG
was shown to enhance CD8* T cells which were then shown to promote bone formation via
the Wnt pathway (36). Another study using Lactobacillus acidophilus (LA) was shown to
increase bone density in OV X mice by inhibiting osteoclastogenic Th17 cells and promoting
anti-osteoclastogenic T-reg cells, thus regulating T-reg-Th17 balance (38). Owing to the fact
that different bacteria can regulate the immune system with associated benefits on bone, in
this study we were interested to see if the negative effects on post-ABX dysbiosis on bone
density were mediated by lymphocytes. Our studies clearly demonstrate that absence of T
and B lymphocytes inhibits post-ABX dysbiosis-induced bone loss.

Antibiotics have been used previously to study their effects on bone in different animal
models. However, unlike our model, these studies were mainly done in young mice and used
chronic antibiatic treatment. Cho et al showed that female mice (C57BL/6J) treated
chronically with antibiotics for three weeks exhibited a significant increase in BMD, while
long term use of the antibiotics (7 weeks) did not have any effect (31). Other studies have
also shown that chronic treatment (20 weeks) with low dose of penicillin at birth or at
weaning in C57BL/6J female mice increases BMD. Intriguingly, male mice treated with the
same low dose of penicillin presented a decrease in bone mineral content when the treatment
began at birth (32). Guss et al showed that male mice (C57BL/6J) treated with ampicillin
and neomycin from weaning until skeletal maturity (16 weeks old) exhibit a decrease in
femoral cortical area, thickness, and bone bending strength (33). In contrast, 2-month old
female BALB/c mice treated with antibiotic for one month showed an increase in bone
density (26). Together, these studies suggest that antibiotic use affects bone density and this
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effect is variable depending on several factors including class of antibiotic, dose, treatment
duration, sex, age, and strain of the animal. It is important to note that while our model
utilized antibiotics to deplete gut bacteria, the effect on bone density was observed in
response to changes in gut repopulation, rather than direct effect of antibiotics per se.
Because we examined bone responses 4 weeks following cessation of ABX treatment, our
results likely rule out direct effect of ABX on bone.

Several studies have shown that antibiotic use can lead to changes in gut microbiota
composition (dyshiosis), which in some cases can take years to revert to the original
configuration (72-75). Previously, using the same model but in a different strain of mice we
found that antibiotic treatment leads to microbial dysbiosis (30). In this study using a
different strain of mice, treatment with ABX led to microbial dysbiosis that appeared similar
(based on Firmicutes:Bacteriodetes ratio) between WT and Rag2-KO mice. Interestingly, by
Bray-Curtis analysis we did not see significant differences in gut microbial composition
between the WT and KO group after ABX treatment. However, when we looked at specific
OTUs, the relative abundance of several bacteria was expressed differentially between the
WT and KO mice following post-ABX repopulation. This data is consistent with other
studies that have shown that different bacteria are present in the WT and Rag2 KO mice
(76,77). One result that should be underscored was the increase in the relative abundance of
Lactobacillales in the KO-ABX treated group. Lactobacillales belongs to the Firmicutes
phylum which comprise one of the most common phyla of bacteria in the gut. In addition,
several studies from our group and others have shown beneficial effects on bone density by
treatment with different species of Lactobacillales (14,17,18,30,78,79). Indeed, when we
treated WT mice with L. reuteri 6475 for four weeks after antibiotic treatment we were able
to prevent the decrease in bone density induced by gut microbiota repopulation. These
results suggest that Lactobacillales repopulation in the KO ABX group might be protective
and could explain the lack of bone loss in the KO mice. It should however be noted that the
relative abundance of other bacteria also changed between the groups and further extensive
studies are needed to confirm the contribution of each of these bacteria in protecting against
bone loss in the wild type mice. Similarly, not all Lactobacillus species are effective in
preventing dysbiosis-induced bone loss. Our studies in multiple models of bone loss suggest
that L. reuteriis better than L. rhamnosus GG (L GG) (30,80). Others have shown beneficial
effects of different Lactobacillus species (including LGG) in estrogen deficiency-induced
bone loss(79,81). These studies support the importance of individual bacterial strains in
mediating bone health depending on the pathogenesis of bone loss.

Previous studies in germ free mice suggest that gut microbiota can influence bone health.
However, the specific effects are dependent on the source of microbiota for
conventionalization as well as the strain, sex and age of the mice. Interestingly,
conventionalization of female C57BL/6 germ-free mice with microbiota resulted in loss of
femoral trabecular and cortical bone and this was associated with an increase in
osteoclastogenic CD4* T cells in the bone marrow, suggesting a link between microbiota,
immune system and bone (14). In our studies here, we provide further demonstrative
evidence using knockout mice that lymphocytes are critical in mediating microbiota effects
on bone. Although our studies are consistent with these studies in germ-free mice,
comparing our results with the studies in germ-free mice should be done with caution as
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germ-free mice do not have a fully mature immune system and these differences can directly
affect bone formation (14,82).

In summary, in this study we demonstrate a role for lymphocytes in mediating microbiota
effects on bone density following ABX-induced dysbiosis. How microbiota repopulation is
influenced by the immune system, especially the lymphocytes and the specific cell types
involved in this process will be the subject of future studies.
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Highlights:
Antibiotic-induced dysbiosis causes bone loss in multiple strains of mice.
Dysbiosis-induced bone loss is dependent on T and B lymphocytes in mice.

Bacterial repopulation following antibiotic treatment is different between wild type and
lymphocyte deficient mice.

L. reuteri supplementation prevents dysbiosis-induced bone loss in mice.
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Figure 1. Two weeks antibiotic treatment decreases fecal microbiota composition.
12-week-old C57BL/6 and Rag2-KO male mice were treated with water or the antibiotics

(ABX) ampicillin and neomycin in the drinking water for 2-weeks followed by 4 weeks of
no treatment (repopulation). A) Experimental design. B) Fecal samples were plated in agar
dishes for 24 hours under anaerobic conditions to determine number of colony forming units
per gram of feces (cfu/g). Control samples were diluted 1:7 while ABX were undiluted. C)
Relative abundance of Firmicutes to Bacteroidetes ratio in colonic fecal samples after 4
weeks of no treatment (repopulation). Whiskers in the box plot represent 5-95 percentile.
n=9-14 per group. C: control, ABX: antibiotic treated for 2 weeks, Post-ABX: antibiotic
treated for 2 weeks followed by 4 weeks of no treatment. WT: wild type, KO: Rag2 KO.
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C

Post-
ABX

Figure 2. Gut microbiota repopulation effects on femoral trabecular bone density require the T

and B lymphocytes.

12-week-old C57BL/6 and Rag2-KO male mice were treated with water or antibiotics
(ABX) for 2-weeks followed by 4 weeks of no treatment (repopulation). Colonic fecal
samples were collected from these mice and analyzed by 16S RNA assay. A) Representative
micro-computed tomography isosurface images by uCT and percentage of femoral bone

volume fraction (%BVF); n=9-17 per group. B) Trabecular number (Tb. N (1/mm)),

trabecular thickness (Th. Th (mm)), and trabecular space (Tb. Sp (mm)). C) Serum tartrate-
resistance acid phosphatase levels (TRAP 5b(U/L)) and serum osteocalcin levels (OC (mg/

mL)); n=5-17 per group. Values represent mean + standard error. Statistical analysis

performed by 1-way ANOVA with Tukey post-test. ****p<0.0001, **p<0.01, *p<0.05. Note

that for Fig 2C serum TRAP5D levels, C and Post-ABX groups in the WT mice were

significantly different based on unpaired t-test (p=0.03). C: control, Post-ABX: antibiotic
treated for 2 weeks followed by 4 weeks of no treatment. WT: wild type, KO: Rag2 KO.

Outliers removed by the ROUT test (Q:0.1%): Serum OC; one in the KO-C and one in the
KO-Post ABX. Serum TRAP; one in the WT-C. None of the outliers removed affected the

significance of the results.
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Figure 3. Microbial manipulation does not alter mechanical bone properties.
Analysis of tibia mechanical properties from mice described in figure 2 were performe
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- KO

e POS-ABX-KO

four-point bending test. A) Structural levels properties. B) Tissue level properties. Values

represent mean + standard error. n= 12-18 per group. C: control, Post-ABX: antibiotic

treated for 2 weeks followed by 4 weeks of no treatment. WT: wild type, KO: Rag2 KO.
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Figure 4. Microbiota analysis of colonic fecal samples following post-antibiotic treatment
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12-week-old C57BL/6 and Rag2-KO male mice were treated with water or antibiotics
(ABX) for 2-weeks followed by 4 weeks of no treatment (repopulation). Colonic fecal
samples were collected from these mice and analyzed by 16S sequencing. Principal co-
ordinates analysis (PCoA) plot of fecal microbiome, A) Bray-Curtis analysis performed; The
F-statistic provides information on the degree of effect caused by the antibiotic treatment,
the p-value reflects the certainty of the F-statistic given the data, and R? reflects the overall
ability of the model to explain all of the data. B) Shannon Diversity. Statistical analysis was
done using Mann-Whitney U test and P-values were adjusted using Benjamini and
Hochberg’s method with FDR of <0.05. * refers to p<0.005. Values represent mean +
standard error. n=7-17 per group. C: control, Post-ABX: antibiotic treated for 2 weeks
followed by 4 weeks of no treatment. WT: wild type, KO: Rag2 KO.
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Figure 5. Relative abundance of specific bacteria post-antibiotic treatment.
Colon fecal samples from C57BL/6 and Rag2-KO treated mice (ABX for 2 weeks and

repopulation for 4 weeks) were collected and analyzed. A) Analysis of operational
taxonomic units (OTUs) classified to the phylum B) class, and C) order level. Values
represent mean = standard error. n > 7 per group. Statistical analysis performed by 1-way
ANOVA with Tukey post-test. ****p<0.0001, **p<0.01, *p<0.05. C: control, Post-ABX:
antibiotic treated for 2 weeks followed by 4 weeks of no treatment. WT: wild type, KO:
Rag-KO. Outliers removed by the ROUT test (Q:0.1%): Class Actinobacteria; three in the
WT:C, one in the WT-Post-Abx and one in the KO-Post-ABX. Order Lactobacillales; one in
the WT-C and three in the WT-Post-Abx. Family Lactobacillaceae; one in the WT-C, three
in the WT-Post-Abx and one in the KO-Post-ABX.
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Figure 6. Supplementation with Lactobacillus reuteri 6475 prevents bone loss in post-antibiotic
treated C57BL/6 male mice.

After treatment with ABX for two weeks WT male mice were untreated (natural
repopulation, group shown in Fig 2) or treated with L. reuteri 6475 for four weeks. Note that
the C and Post-ABX are the same as shown in Fig 2. These experiments were done together
with the LR supplementation group. A) Representative micro-computed tomography
isosurface images by uCT. B) Trabecular thickness (Th. Th (mm)), trabecular number (Th. N
(1/mm)), and trabecular space (Th. Sp (mm)) expressed as percentage change from control.
C) Serum osteocalcin levels (OC (mg/mL)) expressed as percentage change from control. D)
Analysis of relative abundance of L. reuteri6475. Values represent mean + standard error. n
> 7 per group. Statistical analysis performed by T-test or 1-way ANOVA with Tukey post-
test. *p<0.05 compared to control. Control and Post-ABX-LR are not significantly different.
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C: control, Post-ABX: antibiotic treated for 2 weeks followed by 4 weeks of no treatment,
Post-ABX-LR: antibiotic treated for 2 weeks followed by 4 weeks of LR.
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Table 1:
General mouse parameters post-ABX treatment
General mouse parameters
wT KO
Parameters C Post-ABX C Post-ABX
(n=14) (n=17) (n=9) (n=11)

Body weight (g) | 35.09+1.07 | 3431+132 | 32.06+0.88 30.15 +0.70
Cecum (g) 0.69 +0.03 1.03+0.15 0.64 +0.03 153+0.16#
Liver (g) 1.63 % 0.04 1.75+0.08 1.600.03 150+ 0.05
Kidney (g) 0.22 +0.09 0.21+0.01 0.22+0.01 0.21+0.02
Spleen (g) 0.091+0.003 | 0.087 +0.004 | 0.034+0.002* | 0.049 +0.004 *
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Bone parameter post-ABX treatment

Table 2:

Femoral Bone Parameters

WT KO

Parameter C (n=14) Post-ABX (n=17) | Post-ABX LR (n=22) C (n=9) Post-ABX (n=11)
Femur trabecular
BVITV 34.42 +2.49 2525+2.85* 30.91 + 2.22 (~0.09) 50.21+2.72* 44.47 £2.97
BMD (mg/mL) 286.7 +11.07 243.1+13.15* 2775+ 11.02 311.1 +15.59 326.4 +15.26
BMC (mg) 0.9532 + 0.045 0.7936 + 0.043 0.8895 + 0.045 1.00 £ 0.077 1.046 = 0.056
Tb. Th. (mm) 0.058 +0.002 0.047 £ 0.002 * 0.051 +0.002 0.067 + 0.002 0.064 + 0.004
Tb. N.(1/mm) 5.87+0.25 5.06 +0.34 5.89+0.23" 7.44+0.24* 6.92+0.19
Th. Sp. (mm) 0.112 +0.008 0.1698 + 0.005 * 0.117 £0.007 » 0.068 + 0.005 0.081 + 0.005
Femur Cortical
Ct.Ar (mm”"2) 1.01+£0.01 0.94 £0.02 0.97 £0.02 0.96 = 0.05 1.00 £0.03
Ct.Th (mm) 0.23 +0.005 0.22 + 0.004 0.22 + 0.004 0.23 + 0.006 0.23 +0.009
Ma.Ar (mm”2) 1.07 £0.04 1.08 £0.03 1.05+0.03 1.03+0.05 1.02 £0.04
Tt.Ar (mm”2) 2.09 +0.04 2.03+0.03 2.02 +0.04 2.00 +0.09 2.02+£0.07
Inner perimeter (mm) 3.93+0.080 3.99 +0.06 3.91+0.06 3.83+0.12 3.80+0.09
Outer perimeter (mm) 5.39+0.05 542 +0.11 5.30 £ 0.05 525+0.14 5.34+0.14
BMD (mg/cc) 964.8 + 18.37 931.2 + 18.57 930 +11.17 928.6 + 21.47 965.4 + 25.24
BMC (mg) 0.019 + 0.0004 0.017 + 0.0005 0.018 + 0.0005 0.018 + 0.001 0.019 + 0.001
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