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Commensal gut microbiotaehost immune responses are experimentally delineated via gnotobiotic animal
models or alternatively by antibiotic perturbation of gut microbiota. Osteoimmunology investigations in
germ-free mice, revealing that gut microbiota immunomodulatory actions critically regulate physiologic
skeletal development, highlight that antibiotic perturbation of gut microbiota may dysregulate normal
osteoimmunological processes. We investigated the impact of antibiotic disruption of gut microbiota on
osteoimmune response effects in postpubertal skeletal development. Sex-matched C57BL/6T mice were
administered broad-spectrum antibiotics or vehicle-control from the age of 6 to 12 weeks. Antibiotic
alterations in gut bacterial composition and skeletal morphology were sex dependent. Antibiotics did not
inﬂuence osteoblastogenesis or endochondral bone formation, but notably enhanced osteoclastogenesis.
Unchanged Tnf or Ccl3 expression in marrow and elevated tumor necrosis factor-a and chemokine (C-C
motif) ligand 3 in serum indicated that the pro-osteoclastic effects of the antibiotics are driven by
increased systemic inﬂammation. Antibiotic-induced broad changes in adaptive and innate immune cells
in mesenteric lymph nodes and spleen demonstrated that the perturbation of gut microbiota drives a state
of dysbiotic hyperimmune response at secondary lymphoid tissues draining local gut and systemic circulation. Antibiotics up-regulated the myeloid-derived suppressor cells, immature myeloid progenitor
cells known for immunosuppressive properties in pathophysiologic inﬂammatory conditions. Myeloidderived suppressor cellemediated immunosuppression can be antigen speciﬁc. Therefore, antibioticinduced broad suppression of major histocompatibility complex class II antigen presentation genes in
bone marrow discerns that antibiotic perturbation of gut microbiota dysregulates critical osteoimmune
cross talk. (Am J Pathol 2019, 189: 370e390; https://doi.org/10.1016/j.ajpath.2018.10.017)

The gut is colonized by diverse microorganisms (ie, bacteria,
fungi, and viruses) that collectively form a microbial community
known as the gut microbiota. Early life host-microbe interactions direct the development of immunity and the establishment of a stable complex microbial community, commonly
referred to as the commensal microbiota.1e5 Extensive research
has focused on commensal gut microbiotaehost immune
response effects in the context of protection against pathogenic
gut microbes6e8 and the pathophysiology of chronic inﬂammatory/autoimmune gastrointestinal disease states.9e11 Timely

investigations have delineated that indigenous gut microbiota
immunomodulatory effects not only inﬂuence pathologic
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conditions centered in the gut, but also at distant anatomical sites
(ie, liver, brain, heart, and skeleton).12e19 Not well understood
and central to this report, the immunomodulation of commensal
gut microbiota critically inﬂuences the normal growth and
development of extragastrointestinal tissues.4,5,20,21
After birth, microbial colonization of the infant gut is primarily determined by the method of delivery and the mother’s
indigenous microbiota.22e24 Throughout life, exogenous
factors (ie, lifestyle, hygiene, diet, and medications) induce
shifts/changes in the gut microbiota composition, which have
indirect effects on host immunity and physiology.5,25e27 In
line with this premise, antibiotic perturbation of the indigenous gut microbiota induces lasting alterations in the host
immune response, which has implications for health and
disease.28e31 Antibiotics can induce hyperimmune proinﬂammatory response states, which have been purported to be
driven by dysbiotic shifts in the gut microbiota composition,
increased intestinal permeability, translocation of gut microbes/microbial ligands, and/or overgrowth of drug-resistant
opportunistic pathogens.21,31e43
The ﬁeld of osteoimmunology has shown that the immune cell interactions with bone cells regulate skeletal
development and homeostasis, under physiological and
pathophysiologic conditions.44e48 Proinﬂammatory immune
response states can suppress osteoblast-mediated bone formation and/or enhance osteoclast-mediated bone resorption,
having detrimental effects on the accrual of bone mass in the
growing skeleton and the maintenance of bone mass in the
mature adult skeleton.49e51 Recent osteoimmunology
reports in the germ-free mouse model, disclosing that gut
microbiota immunomodulatory actions potently regulate
and promote the development and homeostasis of skeletal
tissues,52e55 highlight that antibiotic perturbation of
commensal gut microbiota may dysregulate normal
osteoimmunological processes. Considering that antibiotic
disruption of the indigenous gut microbiota has been
reported to induce proinﬂammatory hyperimmune response
states,21,31e43 antibiotic administration could notably have
unintended pathophysiologic effects impairing the attainment and maintenance of peak skeletal bone mass.
Low-dose (subtherapeutic) antibiotics have been administered to agricultural animals since the 1940s for growthpromoting effects, which have been largely attributed to gut
microbiota alterations in nutrient metabolism.56e59 Despite
decades of agricultural research evaluating antibiotic perturbation of the gut microbiota in relation to animal growth
effects, the initial skeletal outcomes were reported by a recent
early-life antibiotic treatment study in female C57BL/6J
mice.60 This timely investigation evaluated antibiotic alterations in gut microbiota composition, relative to host metabolism and growth outcomes.60 Continuous low-dose
antibiotic administration, beginning at age 28 days of life,
transiently increased whole animal bone mineral density
scores in 7-weekeold mice.60 Eleven-weekeold antibioticversus vehicle-treated mice had similar whole-animal bone
mineral density scores.60
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Broad-spectrum antibiotic cocktails (combination of two or
more different antibiotic drugs) are commonly administered by
researchers evaluating gut microbiota: host response effects in
experimental animal models. Broad-spectrum antibiotic
cocktail formulation protocols have been developed, which
either deplete or disrupt bacterial communities in the murine
gut.61e65 Experimental depletion protocols are commonly
used as an alternative to the germ-free mouse model, whereas
experimental disruption protocols are used to delineate how
perturbations in the indigenous gut microbiota impact host
physiology. Highly relevant to the current study, Guss et al66
published the ﬁrst known report evaluating broad-spectrum
antibiotic disruption of gut microbiota effects on skeletal outcomes. Continuous broad-spectrum antibiotic administration
in male C57BL/6J mice (from 4 to 16 weeks of age) decreased
whole bone mechanical properties, which were unrelated to
inferior cortical bone morphologic parameters.66
Antibiotic perturbation of the normal gut microbiota during
postnatal skeletal development has been shown to inﬂuence
bone mass accrual60,66 and bone mechanical properties,66 yet
the osteoimmune mechanisms linking antibiotic effects on
skeletogenesis are unknown. This broad-spectrum antibiotic
investigation in sex-matched postpubertal C57BL/6T mice
delineates that antibiotic disruption of the indigenous gut
microbiota impairs trabecular bone mass/microarchitecture
properties. Antibiotic perturbation of gut microbiota induced
a proinﬂammatory hyperimmune response at secondary
lymphoid tissues draining local gut and systemic circulation,
which potently up-regulated osteoclastogenesis at distant
skeletal sites. Intriguingly, antibiotic treatment up-regulated
myeloid-derived suppressor cells (MDSCs) and suppressed
major histocompatibility complex (MHC) class II antigen
processing/presentation in the bone marrow. These ﬁndings
provide novel mechanistic insight revealing that antibiotic
disruption of gut microbiota dysregulates osteoimmune cross
talk in postpubertal skeletal development.

Materials and Methods
Mice
C57BL/6T sex-matched mice were bred and housed under
speciﬁc pathogen-free conditions. Mice were administered
antibiotics [vancomycin (500 mg/L), imipenem/cilastatin
(500 mg/L), and neomycin (1 g/L)]67 or vehicle-control in
drinking water from the age of 6 to 12 weeks. Animal
research was approved by the Medical University of South
Carolina Animal Protocols Review Board and was performed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals.68

mCT
Tibiae were ﬁxed in 10% phosphate-buffered formalin for 24
hours at room temperature and stored in 70% ethanol. Specimens were scanned with Scanco Medical Microcomputed
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Tomography (mCT) 40 Scanner (Scanco Medical, Brüttisellen,
Switzerland), using the following acquisition parameters: X-ray
tube potential Z 55 kVp; X-ray intensity Z 145 mA; integration time Z 200 milliseconds; and isotropic voxel size Z 8
mm3. Calibrated three-dimensional images were reconstructed.
Tibiae trabecular and cortical bone morphology was analyzed
using Analyze 12.0 Bone Microarchitecture Analysis software
(Analyze Direct, Seattle, WA). For trabecular analysis, axial CT
slices were analyzed beginning 250 mm distal to the proximal
growth plate and extending 1200 mm distally; a ﬁxed threshold
of 1750 Hounsﬁeld units was used to discriminate mineralized
tissue. For cortical analysis, transverse CT slices were analyzed
in a 1000-mm segment of the middiaphysis; a ﬁxed threshold of
2500 Hounsﬁeld units was used to discriminate mineralized
tissue. Data are reported in accordance with standardized
nomenclature,69 as previously described.55,70

Histomorphometry
Tibiae were ﬁxed in 10% phosphate-buffered formalin for 24
hours at room temperature, decalciﬁed in 10% EDTA for 21
days at room temperature, and submitted for histologic processing. Proximal tibiae were embedded in parafﬁn, serial
frontal sections (5 mm thick) were cut, and staining was performed with hematoxylin and eosin and tartrate-resistant acid
phosphatase (TRAP) stains. Growth plate chondrocyte zone
analysis was performed in hematoxylin and eosinestained
proximal tibia sections. Five measurements of the proliferative
zone and the hypertrophic zone were performed in the central
two-thirds of the growth plate to assess endochondral bone
formation.70 Osteoclast cellular end point analyses were performed in TRAP-stained (with fast green counterstain) proximal tibia sections. TRAPþ multinucleated (three or more
nuclei) cells lining bone were considered osteoclasts. Static and
dynamic histomorphometric analyses were performed in tibiae
ﬁxed in 10% phosphate-buffered formalin, dehydrated in
graded ethanol and xylene, and embedded undecalciﬁed in
modiﬁed methylmethacrylate.55,70 Sections (4 mm thick) were
stained with toluidine blue for osteoblast cellular analysis.
Unstained sections (8 mm thick) were used for dynamic indexes
of bone formation. Calcein (20 mg/kg) was administered via
i.p. injection 5 and 2 days before sacriﬁce.55,70 Analyses were
limited to the secondary spongiosa, beginning 250 mm distal to
the growth plate and extended 1000 mm distally (50 mm from
endocortical surfaces).55,70 Images were acquired via an
Olympus BX61 microscope (Olympus America, Inc., Center
Valley, PA) and Visiopharm software version 3.2.9.0 (Visiopharm, Hoersholm, Denmark). Blinded histomorphometric
analysis (J.D.H.-S.) was performed semiautomatically using
Visiopharm software. Data are reported in accordance with
standardized nomenclature,71 as previously described.55,70

Histopathology
Left kidneys and medial liver lobes were ﬁxed in 10%
phosphate-buffered formalin for 24 hours at room temperature
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and submitted for histologic processing. Specimens were
embedded in parafﬁn, serial frontal sections (7 mm thick) were
cut, and hematoxylin and eosin stains were performed. Images
were acquired via an Olympus BX61 microscope and Visiopharm software. Blinded histopathological scoring was performed by a medical pathologist in the Medical University of
South Carolina Laboratory Center for Oral Health Research.

In Vitro Osteoclast-Precursor Assays
First-passage nonadherent hematopoietic cells isolated from
bone marrow were washed and incubated with CD11b
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
An AutoMACS Sorter (Miltenyi Biotec) was used to separate
CD11bneg hematopoietic cells, as previously described.55
Cells were washed, counted, and plated for assays in a-minimal essential medium, 10% fetal bovine serum (Hyclone,
South Logan, UT), and 1% PSG (penicillin, streptomycin,
glutamine). Cells were plated at 1.5  105 cells/cm2 in 96well plates to test TRAPþ osteoclastic cell outcomes and in
96-well Osteo Assay plates (Corning, Lowell, MA) to assess
osteoclast resorption/pit formation. At initial plating, cells
were primed for 36 hours with 10 ng/mL CSF1 colony
stimulating factor 1 (CSF1; R&D Systems, Minneapolis, MN)
to drive cells toward the preosteoclastic lineage. Cells were
then treated with 25 ng/mL CSF1 alone (control cultures) or
CSF1 with 50 ng/mL receptor activator of NF-kB ligand
(RANKL; R&D Systems) (treatment cultures) medium for 6
days; medium was changed every other day. Day 6 control
and treatment cultures were stained via the TRAP method, as
previously reported.55 Day 6 Osteo Assay cultures were
processed, per manufacturer’s protocol. The TRAP stain assay
and Osteo Assay were performed in triplicate cultures; two
ﬁelds of view were analyzed per technical replicate culture.

Serum Biochemical Assays
Whole blood was collected via cardiac puncture at euthanasia. Serum was isolated and stored at 80 C for use.
Osteocalcin (OCN; Alfa Aesar, Haverhill, MA), tumor
necrosis factor (TNF)-a, chemokine (C-C motif) ligand 3
(CCL3), and CCL4 (Quantikine; R&D Systems) were
evaluated by enzyme-linked immunosorbent assay, per
manufacturer’s instructions.

Gene Expression Analysis
Quantitative Real-Time PCR
Femur bone marrow was ﬂushed with TRIzol (Invitrogen,
Carlsbad, CA), and calvariae were ﬂash frozen, pulverized,
and homogenized in TRIzol. RNA was isolated by TRIzol
method following manufacturer’s protocol. Total RNA was
quantiﬁed via NanoDrop 1000 (Thermo Scientiﬁc, Waltham,
MA). cDNA was synthesized using TaqMan Random Hexamers and Reverse Transcription Reagents (Applied Biosystems, Foster City, CA), according to the manufacturer’s
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protocol. cDNA was ampliﬁed using TaqMan gene expression
primers/probes and Universal PCR Master Mix, via the StepOnePlus System (Applied Biosystems). Gapdh was used as
an endogenous control. Relative quantiﬁcation of data was
performed via the DDCT method,72 as previously described.55
qPCR
Fecal pellets were collected at euthanasia, and bacterial DNA
was isolated using the Qiagen QIAamp DNA Mini Kit, as
directed by the manufacturer (Qiagen, Hilden, Germany).
Total bacterial load was tested using quantitative PCR (qPCR),
as described previously.73 Bacterial load was determined as
ampliﬁcation of 16S rDNA target gene using the universal
forward primer (50 -AAACTCAAAKGAATTGACGG-30 ) and
reverse primer (50 -CTCACRRCACGAGCTGAC-30 ).73 Universal primers and twofold serial dilutions ranging from 200 to
1 mg/mL of bacterial DNA standard (ZymoBIOMICS, Irvine,
CA) were used in a standard curve, and relative quantiﬁcation
of data was performed via the DDCT method.72 The qPCR
protocol was completed on ABI StepOne (Applied Biosystems), as described.73 Brieﬂy, qPCRs contained 2 Fast
SYBR Green Master Mix (Applied Biosystems), 0.3 mmol/L
primers, and 150 mg/mL DNA template. Primers tested were aproteobacteria, 50 -CIAGTGTAGAGGTGAAATT-30 (forward) and 50 -CCCCGTCAATTCCTTTGAGTT-30 (reverse);
g-proteobacteria, 50 -TCGTCAGCTCGTGTYGTGA-30 (forward) and 50 -CGTAAGGGCCATGATG-30 (reverse); Bacteroidetes, 50 -CRAACAGGATTAGATACCCT-30 (forward)
and 50 -GGTAAGGTTCCTCGCGTAT-30 (reverse); Firmicutes, 50 -TGAAACTYAAAGGAATTGACG-30 (forward)
and 50 -ACCATGCACCTGTC-30 (reverse); and actinobacteria, 50 -TACGGCCGCAAGGCTA-30 (forward) and 50 TCRTCCCCACCTTCCG-30 (reverse) (Integrated DNA
Technologies, Coralville, IA). Samples underwent an initial
denaturing step at 95 C for 5 minutes, followed by 30 cycles of
95 C for 15 seconds, 61.5 C for 15 seconds, and 72 C for 30
seconds, and ending with a ﬁnal elongation step of 72 C for 5
minutes. Samples were normalized to the Universal 16S gene
and presented as percentage composition/abundance of the
speciﬁc phylum.73
NanoString
nCounter Mouse Immunology Panel for mouse gene expression
(NanoString Technologies, Seattle, WA) was applied to assess
cytokine and antigen presentation gene expression in femoral
bone marrow. Hybridization was performed, and products were
run on the nCounter preparation station, according to the manufacturer’s protocol. Data were normalized to the geometric
means of spiked-in positive controls, negative controls, and internal control genes. Absolute quantiﬁcation of RNA was reported as normalized RNA counts, as previously described.55

Flow Cytometry
Femur bone marrow, spleen, and mesenteric lymph node
(mLN) cells were isolated, washed, and counted. Live cells
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were treated with Fc block and stained for T-cell hematopoiesis: antieCD3eantigen-presenting cell (APC; Miltenyi Biotec; clone 145-2C11), antieCD8-phosphatidylethanolamine
(PE) (Miltenyi Biotec; clone 53-6.7), antieCD4eﬂuorescein
isothiocyanate (FITC; Miltenyi Biotec; clone GK1.5); natural
killer (NK) cells: antieCD3-FITC (eBioscience, San Diego,
CA; clone PK136), antieNK1.1-PE (eBioscience; clone 1452C11), and antieCD11b-APC (Miltenyi Biotec; clone M1/
70.15.11.5); activated/memory B cells: antieB220-FITC
(Miltenyi Biotec; clone RA3-6B2), antieIgD-eF450 (eBioscience; clone 11-26c), antieIgM-PE (eBioscience; clone
eB121-15F9), and antieCD40-APC (eBioscience; clone
1C10); inﬂammatory monocytes/MDSCs: antieCD11b-APC
(Miltenyi Biotec; clone M1/70.15.11.5), antieLy6G-PacB
(Biolegend, San Diego, CA; clone 145-2C11), antieF4/80-PE
(eBioscience; clone BM8), and antieLy6C-FITC (Novus Biologicals, Littleton, CO; clone HK1.4); plasmacytoid dendritic
cells (DCs): antieCD11c-APC (Miltenyi Biotec; clone
REA754), antieMHC IIePE (eBioscience; clone M5/
114.15.2), and antieCD317-FITC (eBioscience; clone 129c);
and M1/M2 macrophages: antieCD11b-APC (Miltenyi Biotec; REA592), antieCD11c-PE-Vio770 (Miltenyi Biotec;
clone REA754), antieMHC class IIeFITC (Miltenyi Biotec;
clone REA528), antieCD64-APC-Vio770 (Miltenyi Biotec;
clone REA286), antieB220-Vioblue (Miltenyi Biotec; clone
REA755), and antieCD206-PE (eBioscience; clone MR6F3).
Fixed cells were treated with Fc block stained for regulatory
T (TREG) cells: antieCD3-PE-Vio770 (Miltenyi Biotec;
clone REA641), antieCD4-FITC (Miltenyi Biotec; clone
GK1.5), antieCD25-PE (eBioscience; clone PC61.5), and
antieFoxP3-APC (eBioscience; clone FJK-16s); type 1 helper
(Th1) cells: antieCD3-PE-Vio770 (Miltenyi Biotec; clone
REA641), antieCD4-FITC (Miltenyi Biotec; clone REA604),
antieCD183-PE (Miltenyi Biotec; clone CXCR3-173),
antieT-beteAPC (Miltenyi Biotec; clone REA102); and
Th17 cells: antieCD3-APC-Vio770 (Miltenyi Biotec; clone
REA641), antieCD4-FITC (Miltenyi Biotec; clone REA604),
antieRORgT-APC (Miltenyi Biotec; clone REA278), antie
AHR-PE-Vio770 (eBioscience; clone 4MEJJ). Dead cells
were excluded from analysis via propidium iodide viability
dye (Miltenyi Biotec) or e450 viability dye (Invitrogen). A
minimum of 10,000 gated cells were analyzed per sample.
Data were acquired by the MACSQuant System (Miltenyi
Biotec) and analyzed by FlowJo 11.0 software (TreeStar,
Ashland, OR).

Immunoﬂuorescence
MDSC immunoﬂuorescence analysis was performed in serial frontal sections (5 mm thick) of parafﬁn-embedded
proximal tibiae and stained for CD11b with Ly6G/C.
Samples were deparafﬁnized with mixed xylenes, rehydrated in graded ethanols, and then brieﬂy washed. Antigen
retrieval was performed in 0.2 mol/L boric acid (pH 7.0)
at 60 C overnight. The following day, samples were
cooled to room temperature, washed with 10 mmol/L
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phosphate-buffered saline (pH 7.4), and blocked with 10%
normal goat serum (Kirkegaard & Perry Lab Inc., Gaithersburg, MD) for 30 minutes. Sections were then incubated with 1:400 dilution of CD11b polyclonal antibody
(Novus Biologicals; clone X-6) and 1:50 dilution of Ly6G/
C monoclonal rat antibody (Novus Biologicals; clone
NIMP-R14) in antibody diluent (Thermo Scientiﬁc) overnight at 4 C. Sections were washed with phosphate-buffered
saline and then incubated with a 1:400 dilution of Alexa
Fluor 594econjugated goat anti-rat IgG (Abcam, Cambridge, UK) and a 1:2000 dilution of FITC-goat anti-rabbit
(Abcam) for 1 hour at room temperature (protected from
light). Sections were washed with phosphate-buffered saline, mounted via ProLong Diamond Antifade Mountant
with DAPI (Life Technologies, Carlsbad, CA), and coverslipped. Negative control was performed with a section of
each specimen via treating with normal 10% goat serum in
antibody diluent. Images were collected with an Olympus
BX-61 ﬂuorescence microscope and Visiopharm software.
Acquired images were overlaid via Adobe Photoshop CS5
Extended version 12.0 (Adobe Systems, San Jose, CA), and
MDSC immunoﬂuorescence analysis performed in the
proximal tibia was limited to the secondary spongiosa,
beginning 250 mm distal to the growth plate and extended
1000 mm distally (50 mm from endocortical surfaces).
Relative ﬂuorescence was calculated in arbitrary units via
ImageJ software version 1.51j8 (NIH, Bethesda, MD;
https://imagej.nih.gov/ij).

Statistical Analysis
Unpaired t-tests were performed using GraphPad 7.0
(GraphPad Software, La Jolla, CA). Data are presented as
means  SEM; P < 0.05 was considered signiﬁcant.

Results
Antibiotic Perturbation of Indigenous Gut Microbiota
Is Sex Dependent
Antibiotics or vehicle-control treatment was administered via
drinking water to postpubertal sex-matched C57BL/6T mice,
from the age of 6 to 12 weeks (Figure 1A). To broadly disrupt
the indigenous gut microbiota, the antibiotic cocktail of
vancomycin, imipenem/cilastatin, and neomycin targeted
Gram (þ), Gram (), and anaerobic bacteria.67 Treatment
was initiated at the age of 6 weeks, the developmental age
when the murine immune system is considered mature,74,75 to
avoid stunting immune development. Mice were euthanized
at the age of 12 weeks because this is the developmental age
when bone modeling (growth) is considered principally
complete in the C57BL/6 strain.76,77 Recognizing that the late
pubertal/adolescent phase is associated with robust bone
modeling/remodeling, which accounts for approximately
40% of peak bone mass accrual,78e81 the experimental design
provides the opportunity to evaluate antibiotic disruption of
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gut microbiotaemediated osteoimmunomodulatory effects
during a critical window of skeletal development.
Antibiotic perturbation of gut microbiota was validated
through 16S rDNA qPCR analysis (Figure 1, BeF). Antibiotic
treatment reduced the bacterial load in both male antibiotic
versus vehicle-treated mice (Figure 1B) and female antibiotic
versus vehicle-treated mice (Figure 1C). Phylum level alterations in bacterial composition were sex dependent (Figure 1,
DeF). Male antibiotic versus vehicle-treated mice demonstrated signiﬁcant increases in a-proteobacteria and g-proteobacteria and a decrease in Bacteroidetes (Figure 1E). Female
antibiotic versus vehicle-treated mice showed a signiﬁcant
increase in a-proteobacteria and decreases in Bacteroidetes
and Firmicutes (Figure 1F).

Antibiotic Disruption of Gut Microbiota Alters Bone
Mineral Density and Trabecular Bone Morphology
mCT analysis was performed to investigate antibioticinduced tissue level alterations in cortical (Supplemental
Figure S1) and trabecular (Figure 2) bone properties.
Cortical bone area fraction and cortical thickness were
similar in male antibiotic versus vehicle-treated mice
(Supplemental Figure S1, AeC) and female antibiotic
versus vehicle-treated mice (Supplemental Figure S1, DeF).
To the contrary, antibiotics suppressed the accrual of bone
mass in the trabecular bone compartment of both male
(Figure 2, A and B) and female (Figure 2, G and H) mice.
mCT analysis of trabecular parameters demonstrated that
antibiotic treatment induced a more profound inferior
trabecular bone phenotype in the proximal tibia of male
mice. Male antibiotic- versus vehicle-treated mice had
decreased trabecular bone volume fraction (Figure 2C),
which was attributed to reduced trabecular number
(Figure 2D) and trends toward decreased trabecular thickness (P < 0.09) (Figure 2E) and increased trabecular separation (P < 0.07) (Figure 2F). Female antibiotic- versus
vehicle-treated mice had decreased trabecular thickness
(Figure 2K), but there were no differences in other trabecular microarchitecture parameters (Figure 2, J and L) or
overall trabecular bone volume fraction (Figure 2I).
Although antibiotic treatment induced an osteopenic
trabecular bone phenotype in both male (Figure 2B) and
female (Figure 2H) mice, based on the microarchitecture
differences being more profound in male (Figure 2, CeF)
versus female (Figure 2, IeL) mice, the subsequent analyses
were limited to male antibiotic- versus vehicle-treated mice.

Antibiotic Treatment Does Not Induce Toxicity Effects,
Disrupt Normal Somatic Growth Processes, or Affect
Endochondral Bone Formation
Histopathology investigations performed in kidney
(Figure 3A), liver (Figure 3B), and bone marrow (Figure 3C)
tissue sections ruled out antibiotic-mediated toxicity effects
on host mammalian cells. Lack of differences in animal body
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Figure 1 Antibiotic (ABX) perturbation of
indigenous gut microbiota. A: Experimental timeline of the broad-spectrum antibiotic cocktail of
vancomycin (500 mg/L) targeting Gram (þ) bacteria, imipenem/cilastatin (500 mg/L) targeting
Gram (þ), Gram (), and anaerobes, and neomycin
(1000 mg/L) targeting Gram (þ) and Gram ()
bacteria. BeF: 16S rDNA analysis of fecal specimens
from 12-weekeold mice. B and C: Universal 16S
gene analysis for bacterial load in males (B) and
females (C). DeF: Phylum-level composition in
males and females, displayed in pie chart (D) and
bar graph (E and F) format. Phylum-level real-time
quantitative PCR analysis was normalized to the
universal 16S gene expression. Unpaired t-test was
used. Data are expressed as means  SEM. n Z 5 per
group (B and C). *P < 0.05, **P < 0.01, and
***P < 0.001 versus vehicle. Tx, treatment; VEH,
vehicle; wk, week.

weight (Figure 3D) and tibia length (Figure 3E) in antibioticversus vehicle-treated mice further support the notion that
antibiotic treatment did not induce harmful effects on normal
somatic growth processes.
To validate no changes in tibia length, growth-plate chondrocyte zone morphology and height were assessed in proximal tibiae to evaluate alterations in endochondral bone
formation (Figure 3F). Antibiotic- versus vehicle-treated mice
had similar growth plate chondrocyte zone morphology, which
lacked differences in proliferative zone height (Figure 3G),
hypertrophic zone height (Figure 3H), and total growth plate
height (Figure 3I). The ﬁndings that antibiotic- versus vehicletreated mice had similar growth plate morphology (Figure 3,
FeI) and tibia length (Figure 3E) suggest that antibiotic
perturbation of gut microbiota does not disrupt endochondral
bone formation.

Antibiotic Perturbation of Gut Microbiota Does Not
Alter Osteoblastogenesis
Static histomorphometric analysis was performed on toluidine blueestained undecalciﬁed tibia sections to investigate
antibiotic effects on osteoblast cellular end points (Figure 4,
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AeD). Antibiotic- and vehicle-treated mice had similar
osteoblast numbers (Figure 4B), no differences in osteoblast
perimeter per bone perimeter (Figure 4C), and no changes in
osteoid per bone perimeter (Figure 4D).
Considering investigations in the C57BL/6 germ-free
mouse model have shown that the normal gut microbiota
can blunt bone modeling/remodeling,52,55 dynamic bone
formation indexes were analyzed (Figure 4, EeG) to
elucidate whether antibiotic disruption of gut microbiota
alters mineral apposition and formation. Mineral apposition rate (Figure 4F) and bone formation rate (Figure 4G)
were not different in the proximal tibia of vehicle- and
antibiotic-treated mice, which demonstrates that antibiotic
perturbation of gut microbiota does not alter osteoblast
function.
To further corroborate antibiotic-induced lack of changes
in osteoblastogenesis, alterations in Sp7 (osterix) (Figure 4H),
a transcription factor essential for osteoblastic cell differentiation and maturation, and Bglap (OCN) (Figure 4, I and J), a
noncollagenous matrix factor produced by mature osteoblasts, were evaluated in marrow and calvaria. The rationale
for evaluating two distinct skeletal sites was to discern systemic osteoblast effects. In addition, calvaria has a more
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Figure 2 Antibiotic (ABX) disruption of gut microbiota effects on bone mineral density (BMD) and trabecular bone morphology. Twelve-weekeold male
vehicle (VEH)e and ABX-treated mice and female VEH- and ABX-treated mice were euthanized; specimens were harvested for analysis. AeF: Microecomputed
tomographic (mCT) analyses of the proximal tibiae trabecular bone in male VEH- and ABX-treated mice. A: Representative reconstructed cross-sectional images,
extending 360 mm distally from where analysis was initiated, in male VEH- and ABX-treated mice. B: Male trabecular BMD. C: Male trabecular bone volume
fraction (BV/TV). D: Male trabecular number (Tb.N). E: Male trabecular thickness (Tb.Th). F: Male trabecular separation (Tb.Sp). GeL: mCT analyses of the
proximal tibiae trabecular bone in female VEH- and ABX-treated mice. G: Representative reconstructed cross-sectional images, extending 360 mm distally from
where analysis was initiated, in female VEH- and ABX-treated mice. H: Female BMD. I: Female BV/TV. J: Female Tb.N. K: Female Tb.Th. L: Female Tb.Sp.
Unpaired t-test was used. Data are expressed as means  SEM. n Z 4 per group (AeL). *P < 0.05 versus vehicle. cc, cubic centimeters.

homogeneous stromal-osteoblastic composition better
reﬂecting osteoblast-speciﬁc gene expression. Vehicleversus antibiotic-treated mice had similar Sp7 (osterix)
(Figure 4H) and Bglap (OCN) gene expression in femoral
bone marrow and calvaria (Figure 4I). To further rule out
systemic alterations in osteoblastogenesis, intact OCN protein levels were evaluated in serum (Figure 4J). Importantly,
the serum enzyme-linked immunosorbent assay excluded
detection of OCN fragments derived from osteoclastmediated bone resorption. Vehicle- and antibiotic-treated
mice had similar intact OCN serum levels (Figure 4J), validating that antibiotic disruption of gut microbiota does not
inﬂuence osteoblast-mediated bone formation.
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Antibiotic Alteration of Gut Microbiota Enhances
Osteoclastogenesis and Local/Systemic
Proinﬂammatory Cytokines
Recognizing that bone modeling/remodeling occurs through
dual osteoclast-osteoblast actions, studies were performed to
elucidate the impact of antibiotic perturbation of gut
microbiota on osteoclastogenesis. Histomorphometric analysis of TRAP-stained proximal tibia sections was performed
to investigate antibiotic effects on osteoclastogenesis
(Figure 5, AeD). Antibiotic- versus vehicle-treated mice
had 2.5 greater osteoclast perimeter per bone perimeter
(Figure 5D), which was attributed to a 1.75 increase in
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Figure 3

Antibiotic (ABX) treatment impact on tissue histology and endochondral bone formation. Twelve-weekeold male vehicle (VEH)e and ABXtreated mice were euthanized; specimens harvested for analysis. AeC: Histologic assessment of kidney (A), liver (B), and tibia (C) bone marrow. D: Animal body weights. E: Tibia length (mm). FeI: Tibial growth plate morphology and height were evaluated in hematoxylin and eosinestained proximal tibia
sections. F: Representative images of tibial growth plate. G: Proliferative zone height. H: Hypertrophic zone height. I: Total growth plate height. Unpaired
t-test was used. Data are expressed as means  SEM. n Z 4 to 5 per group (D, E, and GeI). Original magniﬁcation, 200 (AeC and F).

osteoclast size (Figure 5C) and a 1.67 increase osteoclast
numbers (Figure 5B).
The Tnfsf11(Rankl):Tnfrsf11b(Opg) axis was evaluated
(Figure 5, EeG) to discern whether alterations in critical
osteoclastic signaling factors mediate the pro-osteoclastic
phenotype in antibiotic-treated mice. RANKL, which signals
at the RANK receptor on preosteoclast/osteoclast cells, is
required for osteoclast differentiation and function. Because
osteoprotegerin (OPG) functions as the RANK decoy receptor,
the RANKL/OPG ratio must be assessed when evaluating
potential alterations in RANKL-mediated osteoclastogenesis.45,50,82,83 Tnfsf11(Rankl) (Figure 5E), Tnfrsf11b(Opg)
(Figure 5F), and Tnfsf11(Rankl):Tnfrsf11b(Opg) ratio
(Figure 5G) outcomes were similar in the femoral bone marrow
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and calvaria of antibiotic- versus vehicle-treated mice, which
indicates that antibiotic perturbation of gut microbiota does not
alter levels of unbound RANKL available to activate RANK
signaling.
Osteoclast-precursor (OCP) assays (Figure 5, HeL) were
performed in vitro to conﬁrm antibiotic perturbation of gut
microbiota effects on osteoclast differentiation/maturation
and to evaluate osteoclast function. Hematopoietic cells were
isolated from marrow, and CD11b magnetic cell sorting was
performed to enrich for CD11bneg OCP cells, having a high
osteoclastic potential. CD11bneg OCP cells were stimulated
with 25 ng/mL CSF1 and 50 ng/mL RANKL to induce
osteoclastogenesis. Osteoclast differentiation and maturation
were deﬁned via cytomorphometric analyses of TRAPþ cell
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Figure 4

Impact of antibiotic (ABX) treatment on osteoblastogenesis. Twelve-weekeold male vehicle (VEH)e and ABX-treated mice were euthanized;
specimens were harvested for analysis. AeD: Histomorphometric analyses of osteoblast cellular end points were performed in the trabecular bone secondary
spongiosa of toluidine blueestained proximal tibia sections. A: Representative images of toluidine blueestained secondary spongiosa. B: Osteoblast number
per bone perimeter (N.Ob/B.Pm). C: Osteoblast perimeter per bone perimeter (Ob.Pm/B.Pm). D: Osteoid per bone perimeter (O.Pm/B.Pm). EeG: Dynamic
histomorphometric analysis of bone formation indexes in proximal tibia trabecular bone; calcein was administered 5 and 2 days before sacriﬁce. E: Representative images of calcein-labeled secondary spongiosa. F: Mineral apposition rate (MAR). G: Bone formation rate (BFR). H and I: Real-time quantitative
RT-PCR (RT-qPCR) analysis of mRNA in femur bone marrow and calvaria. Relative quantiﬁcation of mRNA was performed via the comparative CT method (DDCT);
Gapdh was used as an internal control. Data are expressed as fold difference relative to VEH. H: RT-qPCR analysis of Sp7 (osterix) mRNA in femur bone marrow
and calvaria. I: RT-qPCR analysis of Bglap [osteocalcin (OCN)] mRNA in femur bone marrow and calvaria. J: Serum was isolated from whole blood; enzymelinked immunosorbent assay analysis of intact OCN levels. Unpaired t-test was used. Data are expressed as means  SEM. n Z 4 per group (AeG); n Z 4
to 5 per group (H and I); n Z 5 per group (J). Original magniﬁcations: 200 (A); 400 (E).

(3 nuclei) numbers and size (Figure 5, HeJ). Corroborating
in vivo osteoclast cellular outcomes (Figure 5, B and C), OCP
cultures derived from antibiotic-treated mice displayed
increased osteoclast numbers (per ﬁeld) (Figure 5I) and size
(Figure 5J). Osteoclast resorption activity was analyzed by
quantifying pit area in Osteo Assay plates (Figure 5, K and L).
In line with the pro-osteoclastic cellular end points found in
TRAP-stained OCP cultures from antibiotic- versus vehicletreated mice (Figure 5, HeJ), pit area per ﬁeld area was more
pronounced in OCP cultures derived from antibiotic-treated
mice (Figure 5, K and L). The enhanced osteoclast maturation phenotype (Figure 5, HeJ) and resorptive function
(Figure 5, K and L) shown in OCP cultures derived from
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antibiotic-treated mice suggests that antibiotic disruption of
gut microbiota induces immunostimulatory effects that upregulate the osteoclastic potential of marrow OCP cells.
Proinﬂammatory cytokines enhance RANKL-mediated
osteoclastogenesis via modulating the Tnfsf11(Rankl):Tnfrsf11b
(Opg) ratio and through synergistic effects on RANKL
signaling.45,50,82,83 Therefore, alterations in proinﬂammatory
cytokines known to enhance RANKL-mediated osteoclastogenesis were investigated. Gene expression analysis demonstrated that Il1b was the only characteristic proinﬂammatory/
osteoclastic cytokine locally up-regulated in the marrow of
antibiotic- versus vehicle-treated mice (Figure 5M). Il17 and
Ifng were nondetectable, and there were no differences in Tnf,
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Figure 5 Antibiotic (ABX) perturbation of gut microbiota effects on osteoclastogenesis and local/systemic proinﬂammatory cytokines. Twelveweekeold male vehicle (VEH)e and ABX-treated mice were euthanized; specimens were harvested for analysis. AeD: Histomorphometric analyses of
osteoclast cellular end points were performed in the trabecular bone secondary spongiosa of tartrate-resistant acid phosphatase (TRAP)estained proximal
tibia sections; TRAPþ cell lining bone with three or more nuclei designated an osteoclast. A: Representative images of TRAP-stained (fast green
counterstain) secondary spongiosa. B: Osteoclast number per bone perimeter (N.Oc/B.Pm). C: Osteoclast area/size (Oc.Ar/Oc). D: Osteoclast perimeter per
bone perimeter (Oc.Pm/B.Pm). EeG: Real-time quantitative RT-PCR analysis in bone marrow and calvaria to assess alterations in the RANKL/OPG axis:
Tnfsf11(Rankl) mRNA (E), Tnfrsf11b(Opg) mRNA (F), and Tnfsf11(Rankl):Tnfrsf11b(Opg) ratio (G). Relative quantiﬁcation of mRNA was performed via the
comparative CT method (DDCT); Gapdh was used as an internal control. Data are expressed as fold difference relative to VEH. HeJ: Hematopoietic cells
were isolated from marrow, and CD11b sorting was performed to enrich for CD11bneg OCP cells. CD11bneg OCP cells were stimulated with 25 ng/mL colony
stimulating factor 1 (CSF1) and 50 ng/mL RANKL to induce osteoclastogenesis. Cytomorphometric cellular end points were analyzed in TRAP-stained
cultures. TRAPþ cells with three or more nuclei were considered osteoclasts. H: Representative images of OCP cultures stimulated with CSF1 and
RANKL media. I: Number of osteoclasts per ﬁeld of view (N.Oc/Field). J: Average osteoclast size (Oc.Ar/Oc). K and L: Hematopoietic cells were isolated
from marrow, and CD11b sorting was performed to enrich for CD11bneg OCP cells. CD11bneg OCP cells were stimulated with 25 ng/mL CSF1 and 50 ng/mL
RANKL to induce osteoclastogenesis. Osteoclast resorption activity was assessed by quantifying pit area in Osteo Assay plates. K: Representative images of
pit area. L: Pit area per ﬁeld area (percentage). M: NanoString analysis was performed to assess proinﬂammatory cytokines in femur bone marrow. Data
were normalized to the geometric means of spiked-in positive controls and internal control genes. Absolute quantiﬁcation of RNA expressed as normalized
RNA counts. NeP: Serum was isolated from whole blood; enzyme-linked immunosorbent assay analysis of TNF-a (N), CCL3 (O), and CCL4 (P). Unpaired ttest was used. Data are expressed as means  SEM. n Z 4 per group (AeD and HeM); n Z 4 to 5 per group (EeG); n Z 5 per group (NeP). *P < 0.05,
**P < 0.01, and ***P < 0.001 versus vehicle. Original magniﬁcation, 200 (A, H, and K). ND, not detectable.
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Ccl3, or Ccl4 expression in the marrow of antibiotic- versus
vehicle-treated mice (Figure 5M).
Recognizing that endocrine signaling effects can modulate RANKL-mediated osteoclastogenesis in the local bone
marrow environment, it is imperative to evaluate circulating
proinﬂammatory cytokine levels. Cytokines expressed at
detectable levels in the bone marrow (ie, Tnf, Ccl3, and

Ccl4) (Figure 5M) were evaluated via serum enzyme-linked
immunosorbent assay analysis (Figure 5, NeP). Circulating
TNF-a (Figure 5N) and CCL3 (Figure 5O) levels were
enhanced 2 fold in antibiotic- versus vehicle-treated mice,
whereas CCL4 levels were similar (Figure 5P). The lack of
differences in Ccl3 and Tnf expression locally in the bone
marrow (Figure 5M), and the ﬁnding that CCL3 and TNF-a

Figure 6

Antibiotic (ABX) alteration of gut microbiota impact of innate and adaptive immune cell proﬁle. Twelve-weekeold male vehicle (VEH)e and ABXtreated mice were euthanized; specimens were harvested for analysis. AeH: Flow cytometric analysis of lymphocyte immune cell populations in bone marrow,
spleen, and mesenteric lymph nodes (mLNs). Percentages of CD3þCD8CD4þ (helper) T cells (A); CD3þCD4CD8þ (cytotoxic) T cells (B); CD3NK1.1þCD11bþ
NK cells (C); CD3þCD4þCD25þFoxP3þ TREG cells (D); CD3þCD4þCD183þT-betþ Th1 cells (E); CD3þCD4þRORgTþAHR Th17 cells (F); B220þIgDþIgMþCD40þ
(activated) B cells (G); and B220þIgDIgMþCD40þ (memory) B cells (H). Percentages are expressed relative to total live gated lymphocytes. IeL: Flow
cytometric analysis of innate immune cell populations in bone marrow, spleen, and mLNs. Percentages of CD11bþLy6GF4/80þLy6Cþ (proinﬂammatory)
monocytes (I); CD11bþ MHC-class IIþCD64þ M1 macrophages (J); CD11bþMHC IIþCD64CD206þ M2 macrophages (K); and CD11cþMHC-class IIþCD317þ
(activated plasmacytoid DCs; L). Cell percentages are expressed relative to total live-gated monocyte cells. Unpaired t-test was used. Data are expressed as
means  SEM (AeL). n Z 4 to 5 per group (AeL). *P < 0.05, **P < 0.01, and ***P < 0.001 versus vehicle.
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were substantially up-regulated in the circulation of antibiotic- versus vehicle-treated mice (Figure 5, N and O),
supports the notion that antibiotic pro-osteoclastic actions
are secondary to immune response effects occurring in local
gut or systemic lymphoid tissues.

Antibiotic Disruption of Gut Microbiota Substantially
Alters the Innate and Adaptive Immune Cell Proﬁle in
mLNs and Spleen
Appreciating that adaptive and innate immune cells are critical regulators of osteoclastogenesis and bone modeling/
remodeling processes,44e48 ﬂow cytometric analysis of immune cells was performed in femur bone marrow and

secondary lymphoid tissues draining local gut and systemic
circulation (Figures 6 and 7). mLN cells were evaluated to
determine local gut immune response effects, and spleen cells
were assessed to discern systemic immune response effects.
The frequency of CD3þCD4þCD8 (helper) T cells was
increased in the bone marrow of antibiotic-treated
mice (Figure 6A), whereas the frequency of
CD3NK1.1þCD11bþ NK cells was decreased in antibiotictreated bone marrow (Figure 6C). Astonishingly, other T- and
B-cell lymphocyte population differences were centered in
the mLNs and spleens of antibiotic- versus vehicle-treated
mice. The frequencies of CD3þCD4CD8þ (cytotoxic) T
cells (Figure 6B) and CD3þCD4þCD25þFOXP3þ TREG
cells (Figure 6D) were up-regulated in the mLNs, whereas

Figure 7 Antibiotic (ABX) perturbation of gut microbiota inﬂuence on myeloid-derived suppressor cells (MDSCs). Twelve-weekeold male vehicle (VEH)e and
ABX-treated mice were euthanized; specimens were harvested for analysis. A and B: Flow cytometric analysis of MDSC subset populations in bone marrow, spleen,
and mesenteric lymph nodes (mLNs). Percentages of CD11bþLy6CþLy6G (monocytic) MDSCs (M-MDSCs; A) and CD11bþLy6CloLy6Gþ (polymorphonuclear) MDSCs
(PMN-MDSCs; B). Cell percentages are expressed relative to total gated monocyte cells. C and D: MDSC immunoﬂuorescence analysis was performed on proximal
tibia (secondary spongiosa) sections. C: Relative ﬂuorescence of CD11bþLy6CþLy6Gþ MDSCs. D: Representative MDSC immunoﬂuorescence-labeled proximal tibia
sections (green, CD11b-FITC; red, Ly6C/G-rhodamine); arrows indicate dual-labeled MDSCs. Unpaired t-test was used. Data are expressed as means  SEM (AeC).
n Z 4 per group (AeD). *P < 0.05, **P < 0.01 versus vehicle. Original magniﬁcation, 200 (D).
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CD3þCD4þCD183þT-betþ Th1 cells (Figure 6E) were
approaching signiﬁcance in spleens (P < 0.06) and
mLNs (P < 0.08) of antibiotic-treated mice. However,
there were no differences observed in frequency of
CD3þCD4þRORgTþAHR Th17 cells (Figure 6F) in
antibiotic-treated mice compared with vehicle-treated mice.
Furthermore, the frequency of B220þIgDþIgMþCD40þ
(activated) B cells was enhanced (Figure 6G), whereas the
frequency of B220þIgDIgMþCD40þ (memory) B cells was
suppressed (Figure 6H), in the mLNs and spleens of
antibiotic-treated mice.
Dysregulation in adaptive immune cell populations indicates
that improper interactions with innate immune cells may exist
within the lymphoid tissue microenvironment. Innate immune
cell differences were evaluated by performing ﬂow cytometric
analysis of proinﬂammatory monocytes (Figure 6I), M1 macrophages (Figure 6J), M2 macrophages (Figure 6K), and activated plasmacytoid dendritic cells (Figure 6L). Corroborating
the altered T-cell (Figure 6, B, D, and E) and B-cell (Figure 6, G
and H) populations in the mLNs and spleen, the frequencies of
CD11bþLy6GF4/80þLy6Cþ (proinﬂammatory) monocytes
(Figure 6I), CD11bþCD11cCD64þB220MHC IIþ M1
macrophages (Figure 6J), and CD11cþMHCIIþCD317þ (activated plasmacytoid dendritic) cells (Figure 6L) were enhanced in
the mLNs and spleens of antibiotic-treated mice, whereas there
were no differences in CD11bþCD11cCD64B220MHC
IIþCD206þ M2 macrophages across tissues (Figure 6K). There
were no differences in percentage of CD11bþLy6GF4/
80þLy6Cþ (proinﬂammatory) monocytes (Figure 6I), percentage of CD11bþCD11cCD64þB220MHC IIþ M1 macrophages (Figure 6J), or percentage of CD11cþMHCIIþCD317þ
(activated plasmacytoid dendritic) cells (Figure 6L) in the
marrow of antibiotic- versus vehicle-treated mice.

Antibiotic Perturbation of Gut Microbiota UpRegulates MDSCs
To further explore the role of innate immunity in antibiotic
perturbation of gut microbiotaeinduced immune response
effects, MDSCs were assessed in bone marrow, spleen, and
mLNs (Figure 7). MDSCs are a heterogeneous population of
myeloid precursor cells, which regulate the innate and
adaptive immune response.84,85 Although MDSCs were
initially described in cancer, research advances have elucidated that MDSCs regulate immune responses and the pathogenesis of many pathologic inﬂammatory conditions.84,85
MDSCs primarily consist of two subtypes, monocytic
MDSCs and polymorphonuclear MDSCs, which is based on
cell phenotypic and immunosuppressive features.85,86
Flow cytometric analysis demonstrated that the frequency
of CD11bþLy6CþLy6G monocytic MDSCs was signiﬁcantly enhanced in the bone marrow and spleen and
marginally increased in the mLNs (P < 0.07), of antibioticversus vehicle-treated mice (Figure 7A). Moreover, ﬂow
cytometric analysis revealed that percentage of
CD11bþLy6CloLy6Gþ polymorphonuclear MDSCs was
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marginally increased in the marrow of antibiotic-treated mice
(P < 0.08) (Figure 7B). The MDSC differences found in the
bone marrow of antibiotic-treated mice were unexpected,
considering our prior ﬂow cytometry outcomes demonstrating that antibiotic-induced immune cell alterations were
centered in the mLNs and spleens. As a means to validate the
up-regulated frequency of MDSCs found in bone marrow by
ﬂow cytometry (Figure 7, A and B), immunoﬂuorescence
staining for total (CD11bþLy6CþLy6Gþ) MDSCs was performed in proximal tibia bone marrow sections (Figure 7, C
and D). Consistent with the ﬂow cytometry outcomes, in situ
immunoﬂuorescence analysis demonstrated marginally
increased total (CD11bþLy6CþLy6Gþ) MDSCs in the
marrow of antibiotic- versus vehicle-treated mice (P < 0.06)
(Figure 7, C and D).

MHC Class II Antigen Presentation Pathway Is Altered
in Antibiotic Disruption of Gut Microbiota
Prior reports have demonstrated that antibiotic perturbation
of the gut microbiota affects immune recognition and cross
talk pathways.87e89 Given the antibiotic-induced up-regulation of MDSCs in the bone marrow (Figure 7), MDSCrelated immune response mechanisms were investigated.
Because MDSC-mediated immunosuppression can occur in
an antigen (Ag)especiﬁc manner,90e92 the impact of antibiotic perturbation of the gut microbiota on MHC class II
Ag presentation pathways was evaluated. MHC class II Ag
processing and presentation mechanisms were assessed in
the marrow via nCounter gene expression analysis
(Table 1). Antibiotic treatment marginally down-regulated
gene variants for the class II complex (H2-Aa, H2-DMb2,
H2-Eb1, and H2-Ob) as well as the MHC class II transactivator (Ciita). Cd74, which is further along the class II
pathway and functions to encode for invariant chain (Ii) and
class IIeassociated Ii peptide, was suppressed in the marrow
of antibiotic-treated mice. Ctss and Ctsc, which play key
roles in MHC class II Ag processing, were reduced in the
marrow of antibiotic- versus vehicle-treated mice. Further
validating the effect of antibiotic perturbation of the gut
microbiota on the MHC class II Ag presentation pathway,
Cd86, a member of the B7 costimulatory family, was also
down-regulated in the marrow of antibiotic-treated mice.

Discussion
This osteoimmunology study in sex-matched growing
C57BL/6T mice demonstrates that antibiotic perturbation of
the gut microbiota has catabolic effects on the accrual of
bone mass during postpubertal skeletal development.
Although prior investigations have shown that antibiotic
perturbation of the gut microbiota inﬂuences bone mass60,66
and bone mechanical properties,66 the current report reveals
that antibiotic disruption of the gut microbiota critically
alters normal osteoimmune processes. Broad-spectrum
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Figure 8

Schematic of antibiotic effects on MHC class II Ag processing/presentation. 1: Under homeostatic conditions, Ags of exogenous/endogenous nature
are taken up by APCs and processed by cathepsins within the endosomal/lysosomal compartments. 2: Cathepsins B, C, and D process Ags by unfolding and splicing
these Ags into smaller, functionally active peptides. 3: Simultaneously, the MHC class II transactivator (CIITA) regulates MHC class II a/b heterodimer transcription, leading to class II components being synthesized within the endoplasmic reticulum to form a complex with invariant chain (Ii). This complex is further
processed in the endosomal/lysosomal compartments by cathepsins S and L to degrade Ii, leaving class IIeassociated Ii peptide (CLIP) in the class II binding
groove to block low-afﬁnity peptides from prematurely binding to class II complexes. 4: The nonclassic class II molecule, human leukocyte antigen (HLA)-DM,
chaperones the removal of CLIP from the peptide binding groove and catalyzes the loading of high-afﬁnity peptides, leading to a stable MHC class IIepeptide
complex. 5: This complex is then transported to the cell surface for CD4þ T-cell recognition, with costimulation by proteins such as CD80/CD86. However,
when antibiotics alter the gut microbiota, dysregulation is detected in several genes responsible for proper MHC class IIeAg processing and presentation. Without
proper Ag processing and presentation, T cells may not develop tolerance to self-Ag, and APCs are less likely to clear long-term immune challenges.

antibiotics induce sex-dependent alterations in the gut
microbiota composition, which result in a more profound
suppression of trabecular bone parameters in male versus
female mice. Osteoimmunological studies discerned that
antibiotic perturbation of the gut microbiota has proosteoclastic effects, which appear to be mediated by
increased circulating levels of CCL3 and TNF. Antibioticinduced proinﬂammatory changes in adaptive and innate
immune cells primarily occurred in the mLNs and spleen,
which suggests that elevated circulating proinﬂammatory
cytokines are due to hyperimmune response effects at secondary lymphoid tissues draining local gut and systemic
circulation. Antibiotic induced up-regulation of MDSCs and
suppressed MHC class II antigen processing/presentation in
the bone marrow implies that the antibiotic disruption of the
gut microbiota critically alters osteoimmune cross talk.
Whereas previous reports have demonstrated that antibiotic perturbation of the gut microbiota inﬂuences bone mass
accrual in the postnatal developing skeleton,60,66 the current
investigation is the ﬁrst known study to discern sexdependent effects. A low-dose antibiotic administration
study initiated in 4-weekeold female C57BL/6J mice showed
that continuous antibiotics elevated the Firmicutes/bacteria
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ratio in feces and transiently increased whole animal bone
mineral density scores at the age of 7 weeks.60 Guss et al66
administered broad-spectrum antibiotics to male C57BL/6J
mice from the age of 4 to 16 weeks. The continuous broadspectrum antibiotic therapy induced a phylum level shift
Table 1 MHC Class II Gene Expression Modiﬁed by Antibiotic
Treatment
MHC class II antigen presentationeassociated genes
Gene

VEH

H2-Aa
H2-DMb2
H2-Eb1
H2-Ob
Ciita
Cd74
Ctss
Ctsc
Cd86

5717.26
317.52
1082.71
304.93
173.74
7260.18
3139.61
1118.08
209.11

ABX










849
135
349
103
82
2589
405
130
54

3988.75
182.45
703.77
219.61
104.58
4401.80
2309.16
873.48
121.94

P value










987
57
211
45
20
1085
287
117
19

0.037
0.057
0.056
0.090
0.076
0.044
0.015
0.031
0.023

Gene expression tested by nCounter analysis, represented as total RNA
counts. n Z 4 per group. Unpaired t-test was used. Data are expressed as
means  SEM. Signiﬁcant values (P < 0.05) are in bold.
ABX, antibiotic; VEH, vehicle.
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from a Bacteroidetes- to a Proteobacteria-dominated fecal
microbiota and resulted in an inferior cortical bone
phenotype.
This broad-spectrum antibiotic administration study
initiated in 6-weekeold sex-matched C57BL/6T mice reveals that continuous antibiotics induced sex-dependent
phylum-level shifts in fecal microbiota composition,
which resulted in a more drastic inferior trabecular bone
phenotype in 12-weekeold male versus female mice.
Similar to the prior broad-spectrum antibiotic treatment
study performed in 4- to 16-weekeold male C57BL/6J
mice,66 it was found that broad-spectrum antibiotic administration in 6- to 12-weekeold male C57BL/6T mice
resulted in a phylum-level shift from a Bacteroidetes- to a
Proteobacteria-dominated fecal microbiota. Shifts in the gut
microbiota favoring the Proteobacteria phylum have been
associated with increased incidence of dysbiotic proinﬂammatory states,93,94 metabolic syndrome,95 and gut
epithelial dysfunction.96 Taking into consideration that
increased prevalence of the Proteobacteria phylum is associated with enhanced inﬂammation,93,94 and that gastrointestinal inﬂammation suppresses bone modeling/remodeling
processes in the developing skeleton,97e99 the increased
prevalence of the Proteobacteria phylum is a candidate
mediator of the antibiotic-induced osteopenic skeletal
phenotype. Although the current study shows that sexdependent antibiotic changes in gut bacterial composition
induced a more prominent osteopenic trabecular bone
phenotype in male versus female mice, future investigations
are necessary to delineate underlying sex-speciﬁc osteoimmunulogical mechanisms. Outside the scope of the current
report, the authors acknowledge that sex-dependent antibiotic alterations in gut microbiota composition could
modulate sex hormones that importantly contribute to sexspeciﬁc osteoimmune response effects.
Although Guss et al66 found that administering broadspectrum antibiotics to male C57BL/6J mice, from 4 to 16
weeks of age, impaired cortical bone morphologic parameters,
the current report shows that administering broad-spectrum
antibiotics to male C57BL/6T mice, from 6 to 12 weeks of
age, suppressed trabecular bone morphologic parameters. The
osteopenic cortical bone phenotype reported by Guss et al66
versus the osteopenic trabecular bone phenotype found herein demonstrates the complex nature of antibiotic perturbation
of gut microbiota effects on postnatal skeletal development.
Although unclear, differential study outcomes in antibiotictreated growing male mice may be related to the following
differences in study design: antibiotic cocktail: 1 g/L ampicillin
and 0.5 g/L neomycin66 versus 0.5 g/L vancomycin, 0.5 g/L
imipenem/cilastatin, and 1 g/L neomycin; mouse substrain:
C57BL/6J mice66 versus C57BL/6T mice; and developmental
period: prepubertal 4-weekeold mice treated to 16 weeks of
age66 versus postpubertal 6-weekeold mice treated to 12
weeks of age.
The current study substantially advances knowledge about
the role of osteoimmunological mechanisms in antibiotic
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perturbation of gut microbiota effects on postnatal skeletal
development. This is the ﬁrst known report to elucidate antibiotic alteration of gut microbiota effects on bone cell (osteoclast and osteoblast) outcomes. The increased TRAPþ
osteoclast cell numbers and size found in vivo and in vitro, as
well as enhanced OCP cell resorptive activity shown
in vitro, demonstrate that broad-spectrum antibiotics
enhance osteoclastogenesis. The lack of static and dynamic
histomorphometric differences in osteoblast cellular outcomes,
no alterations in surrogate osteoblastic gene expression in
marrow and calvaria, and the lack of differences in circulating
intact OCN levels imply that broad-spectrum antibiotics do not
alter osteoblastogenesis. These ﬁndings suggest that the
osteopenic trabecular bone phenotype in antibiotic- versus
vehicle-treated mice is secondary to antibiotic perturbation of
gut microbiotaemediated pro-osteoclastogenic effects.
Although there was no difference in the Tnfsf11(Rankl):
Tnfrsf11b(Opg) axis in antibiotic- versus vehicle-treated
mice, it is important to understand that proinﬂammatory cytokines
enhance
RANKL-mediated
osteoclastogenesis.45,50,82,83 Antibiotic treatment up-regulated the
proinﬂammatory cytokine Il1b in the marrow. IL-1b enhances
osteoclastogenesis in the bone marrow environment by upregulating the expression of RANKL and other proinﬂammatory mediators.100,101 Considering that there was no
difference in the expression of Tnfsf11(Rankl) or other
proinﬂammatory cytokines in the marrow of antibiotic- versus
vehicle-treated mice, the up-regulated Il1b expression may
function as a compensatory mechanism to sustain normal
bone metabolic processes in antibiotic-treated mice. Antibiotic treatment increased the circulating levels of CCL3 and
TNF, which are proinﬂammatory cytokines that have potent
synergistic
effects
on
RANKL-signalingeinduced
osteoclastogenesis.50,82,102e104 Considering these ﬁndings
that Ccl3 and Tnf expression was not altered locally in the
bone marrow, but CCL3 and TNF were substantially
up-regulated in the circulation of antibiotic- versus vehicletreated mice, led us to postulate that antibiotic-induced proosteoclastogenic actions are secondary to immune response
effects occurring in gut or systemic lymphoid tissues.
Flow cytometric analysis of immune cells was performed
in bone marrow, mLNs, and spleen, to discern whether the
immunomodulatory effects of antibiotic-altered gut microbiota occurred in the marrow or at secondary lymphoid tissues
draining local gut and systemic circulation. Whereas Guss
et al66 assessed broad-spectrum antibioticeinduced alterations in total CD3þ T cells and total CD20þ B cells in the
spleen, we evaluated alterations in B-cell subsets, T-cell
subsets, and innate immune cell subsets across bone marrow,
mLNs, and spleen. Spleen and mLN ﬂow cytometry outcomes demonstrating that broad-spectrum antibiotics
increased the frequencies of cytotoxic T cells, TREG cells, Th1
cells, activated B cells, activated plasmacytoid dendritic cells,
proinﬂammatory monocytes, M1 macrophages, and polymorphonuclear MDSCs show that antibiotic perturbation of
gut microbiota induced a proinﬂammatory hyperimmune
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response at systemic and local gut draining lymphoid tissues.
Although broad-spectrum antibiotics altered the gut microbiota composition at the phylum level, antibiotic-induced
proinﬂammatory hyperimmune response effects may be
attributed to dysbiotic shifts in gut microbiota composition,
increased intestinal permeability, translocation of gut microbes/microbial ligands, and/or overgrowth of drug-resistant
opportunistic pathogens.21,31e43
Josefsdottir et al105 recently demonstrated that antibiotic
depletion of the gut microbiota impairs T-lymphocyte progenitor maintenance and granulocyte maturation in mice.
This timely investigation used an antibiotic-depletion
cocktail (0.5 g/L vancomycin, 1 g/L neomycin, 1 g/L
ampicillin, and 1 g/L metronidazole),105 which is inherently
different from the antibiotic-perturbation protocol used in
this study. Josefsdottir et al105 importantly performed serum
enzyme-linked immunosorbent assay studies demonstrating
that antibiotic depletion of the gut microbiota did not impact
systemic proinﬂammatory cytokine levels (ie, granulocyte
colony-stimulating factor, interferon-a, interferon-g, IL-6,
and TNF). Although this seminal work delineates that
antibiotic depletion of the gut microbiota suppresses bone
marrow hematopoiesis,105 the current osteoimmunology
study importantly begins to describe antibiotic perturbation
of the gut microbiota effects on bone marrow
hematopoiesis.
MDSCs, an immature myeloid cell population derived in
bone marrow, comprise a signiﬁcant portion of normal bone
marrow cells.84,106 More important, MDSCs are substantially
up-regulated in the marrow during disease states, such as
neoplasia, systemic lupus erythematosus, and inﬂammatory
arthritis.107e109 MDSCs have two subtypes; monocytic
MDSCs have more robust immunosuppressive properties,
whereas polymorphonuclear MDSCs are the prevalent
circulating population during tumorigenesis.86,92,110
Although these cells have been well characterized in several
cancers and autoimmune diseases, their role in osteoimmune
processes is unclear.
Under inﬂammatory/oncogenic conditions, MDSCs travel
to the spleen, an important lymphoid organ for hematopoiesis that supports the development of myeloid cells from
bone marrowederived precursors.111 MDSCs are then
recruited from the spleen to accumulate at sites of inﬂammation, where they contribute to a hyperinﬂammatory
microenvironment and tissue damage via several mechanisms. Primarily, MDSCs function in blocking T-cell proliferation,107 but they also modulate the TREG cell
population through MHC class II108 and suppress NK cell
functions.112,113 This study shows that antibiotic perturbation of gut microbiota induced changes in MDSC populations in the marrow and spleen, which we speculate
drove a signiﬁcant reduction in NK cell frequency in
marrow and up-regulated TREG cell frequency in mLNs.
In addition to their speciﬁc role in immunosuppression,
MDSCs are the progenitor population of several myeloidderived immune cells, such as macrophages, plasmacytoid
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DCs, inﬂammatory monocytes, and granulocytes.
Inﬂammation-derived proinﬂammatory soluble factors (ie,
IL-1b, S100A8, and S100A9) initiate the immunosuppressive
pathways that commit immature myeloid cells to become
MDSCs and then further promote differentiation toward
immunosuppressive macrophages and DCs.114,115 Furthermore, cytokines, such as TNF, CCL3, and CCL4, aid MDSCimmunosuppressive function and chemotaxis to sites of
inﬂammation (ie, spleen and mLNs) for maturation and tissue
destruction.111,116 The ﬁndings demonstrating that antibiotics
elevated Il1b in marrow and TNF and CCL3 in serum suggest
that antibiotic disruption of gut microbiota may drive the
development and recruitment of MDSCs to exacerbate inﬂammatory tissue damage.
Plasmacytoid DCs and M1 macrophages, much like their
MDSC precursors, can contribute proinﬂammatory cytokines
to dysregulate MHC class II Ag presentation117 and promote
RANKL-induced osteoclastogenesis.118 Recognizing that
MDSCs can function as osteoclast progenitors in proinﬂammatory pathologic states,109,119e121 the up-regulated
MDSCs in the marrow of antibiotic-treated mice may
contribute to the increased number of osteoclastic cells found
in this study. Considering that pro-MDSC cytokines, such as
IL-1b, TNF, and CCL3, have pro-osteoclastic actions,102e104
antibiotic up-regulation of these factors may further support
the pro-osteoclastic phenotype found in antibiotic- versus
vehicle-treated mice.
MDSCs have been reported to have important roles in Agspeciﬁc versus nonspeciﬁc immunosuppression.108,110,122
Moreover, MDSCs may induce the conversion of naïve
CD4 T cells to TREG cells.123 Because of this cell population’s
capacity to suppress Ag-speciﬁc CD4þ and CD8þ Tcellemediated adaptive immune responses,107,108 we postulate that MDSCs modulate the MHC class II Ag processing
and presentation pathway toward a proinﬂammatory/proosteoclastic phenotype in antibiotic disruption of gut
microbiota.
Ag presentation is a critical component of innate/adaptive
immune cross talk as APCs present self-peptides/noneselfpeptides to the adaptive immune system. It is well understood that bone marrowederived APCs are necessary for
thymic T-cell education for immune tolerance and T-cell
interactions in lymphoid tissues in health and immune
challenges.45,46 Because MHC class II complexes are
expressed on APCs (DCs, macrophages, B cells, and
MDSCs), we propose a mechanism for MDSC-mediated
immune suppression when gut microbiota are disrupted by
antibiotics (Figure 8).
Under homeostatic conditions, Ags of exogenous/endogenous nature are taken up by APCs and processed by cysteinyl and aspartyl cathepsins within the endosomal/
lysosomal compartments (Figure 8). Speciﬁcally, cathepsins
B, C, and D process Ags by unfolding and splicing these Ags
into smaller, functionally active peptides (Figure 8).124e126
Antibiotic alteration of gut microbiota disrupts Ag processing with a marked decrease in cathepsin C gene expression in
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the marrow. Improper Ag processing can lead to low-afﬁnity
peptide loading onto class II complexes and suppressed
helper T-cell interaction. Simultaneously, the MHC class II
transactivator regulates MHC class II a/b heterodimer transcription, leading to class II components being synthesized
within the endoplasmic reticulum to form a complex with Ii
(Figure 8).127e129 This complex is further processed in the
endosomal/lysosomal compartments by acidic proteases,
such as cathepsins S and L, to degrade Ii, leaving class
IIeassociated Ii peptide in the class II binding groove to block
low-afﬁnity peptides from prematurely binding to class II
complexes (Figure 8).125,130,131 However, when antibiotic
treatment perturbs the gut microbiota, alterations in class II
variants (H2-Aa, H2-DMb2, H2-Eb1, and H2-Ob), cathepsin
S (Ctss), and Ii/class IIeassociated Ii peptide (Cd74) are
observed, which can result in incomplete Ag processing and
improper loading. The nonclassic class II molecule, human
leukocyte antigen-DM, chaperones the removal of class
IIeassociated Ii peptide from the peptide binding groove and
catalyzes the loading of high-afﬁnity peptides, leading to a
stable MHC class IIepeptide complex (Figure 8).132e134 This
complex is then transported to the cell surface for CD4þ
T-cell recognition, with costimulation by proteins such as
CD80/CD86 (Figure 8). However, when antibiotics alter the
gut microbiota, dysregulation is detected in several genes
responsible for proper MHC class IIeAg processing and
presentation. Without proper Ag processing and presentation,
T cells may not develop tolerance to self-Ag, and APCs are
less likely to clear long-term immune challenges.
Breakdown of osteoimmune cross talk may contribute to
the proinﬂammatory/pro-osteoclastic phenotype presented
in antibiotic-treated mice. Prior reports have shown altered
skeletal phenotypes when different components of the
MHC class II pathway (ie, MHC II, cathepsin S, and Ii) are
knocked out.135e137 MHC II gene deletion signiﬁcantly
delays bone development,135 whereas cathepsin S and Ii
knockouts display reduced cortical thickness and increased
osteoclast size and numbers.136,137 Considering that the
MHC class II Ag pathway supports normal skeletal
development,135e137 our ﬁndings support the notion that
antibiotic perturbation of gut microbiota disrupts
osteoimmune cross talk in the postpubertal developing
skeleton.
This research demonstrates that antibiotic disruption of
gut microbiota composition alters host immune response
effects, which critically modulates normal osteoimmune
processes in the postpubertal developing skeleton. More
important, this report discerns that exogenous perturbation
of gut microbiota immunomodulation impacts normal
growth and development at sites distant to the gut. Previously unrecognized, antibiotic-induced up-regulation of
MDSCs in marrow and secondary lymphoid tissues highlights that MDSCs are a critical modulator of gut microbiota
host immune response effects. Unanticipated ﬁndings
showing that antibiotics dysregulate MDSCs and the MHC
class II Ag pathway in bone marrow intriguingly reveal that
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antibiotic perturbation of gut microbiota disrupts osteoimmune cross talk.
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