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Abstract

Objective—The goal of this preliminary study was to use metagenomic approaches to investigate
the taxonomic diversity of microorganisms in patients with bisphosphonate-related osteonecrosis
of the jaw (BRONJ).

Study Design—Samples of saliva for planktonic microbial analysis and biofilm cultivation were
collected from 10 patients (5 with BRONJ and 5 non-BRONJ control subjects) who met all
ascertainment criteria. Prophage induction experiments—16S rRNA polymerase chain reaction
and 454 pyrosequencing—and epifluorescent microscopy were performed for characterization and
enumeration of microbes and viruses.

Results—Three phyla of microbes—Proteobacteria (70%), Firmicutes (26.9%), and
Actinobacteria (1.95%)—dominated all BRONJ samples and accounted for almost 99% of the
total data. Viral abundance was ~1 order of magnitude greater than microbial cell abundance and
comprised mainly phage viruses.

Conclusions—Individuals with jaw osteonecrosis harbored different microbial assemblages
than nonaffected patients, and in general viral abundance and prophage induction increased with
biofilm formation, suggesting that biofilm formation encouraged lysogenic interactions between
viruses and microbial hosts and may contribute to pathogenicity.

Millions of Americans are currently receiving antiresorptive drugs to treat common bone
disorders such as osteoporosis and skeletal complications associated with osseous metastasis
and multiple myeloma.l Of the antiresorptive drugs, nitrogen-containing bisphosphonates
(BP), with their high affinity for bone and long safety record, constitute the largest class;
they can be administered orally or intravenously and are the most widely used because they
are relatively inexpensive and used across a broad spectrum of osteoporosis types, including
postmenopausal, male, and steroid-induced osteoporosis.2 However, a serious adverse effect
of BP therapy is bisphosphonate-related osteonecrosis of the jaw (BRONJ), which clinically
is often characterized by exposed nonvital jaw bone (sequestrum) in the oral cavity.3 Severe
BRONJ cases can interfere with rheumatologic or oncologic care of patients. Importantly,
there are no universally accepted protocols for treatment of BRONJ and no known cure, so
some patients never experience disease resolution, and the toll on affected individuals and
the health care system is significant.

© 2012 Elsevier Inc. All rights reserved.
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The pathogenesis of BRONJ has not been clearly understood and is thought to be
multifactorial.* Mechanisms for BRONJ pathogenesis that have been proposed in the
literature include direct toxicity of BP to oral tissues, antiangiogenic effects of BP,
inflammation associated with bone microcracks, suppression of bone turnover and wound
healing, secondary infection, and an altered immune response.> Investigators have
questioned why the jaw bones are predominantly affected by osteonecrosis when BP drugs
disseminate to all bones of the body. There is now mounting evidence that the reason this
complication primarily affects jaw bones, and usually after invasive dental procedures or
oral trauma, is because microbial biofilms in the mouth and saliva gain access to the
exposed jaw bone and play a significant role in the necrosis of the bone and thus the
etiopathogenesis of this condition.6-8 Recent investigations have shown that BP drugs
inhibit oral wound healing and facilitate bacterial colonization on bony surfaces where both
BP and biofilm bacteria colocalize.910 Therefore, the clinical problem of BRONJ is
essentially a nonhealing biofilm-mediated osteomyelitis of the jaw.11-13

A microbial biofilm is a community of microorganisms attached to a surface and surrounded
by a matrix of extracellular polymeric substance.1* Biofilm organisms differ considerably
from their plank-tonic counterparts because they are characterized by a community of cells
that are attached to a surface, are embedded in a matrix of extracellular polymeric
substances that they have produced to connect to and communicate with each other, and
exhibit an altered phenotype in terms of growth rate, gene transcription and antimicrobial
resistance.1>16 A major limitation in the field of BRONJ biofilm research and one that has
hindered targeted therapeutics is our current knowledge gap of the oral microbial ecology in
affected patients. Microbial studies of BRONJ have been predominantly cross-sectional
descriptive and histomorphologic studies, and little is known about the oral microbial
community composition, taxonomic diversity, or functional potential of associated
microorganisms in affected patients. This has restricted targeted therapeutics for this disease.

Therefore, the goal of the present study was to use metagenomic approaches to investigate
the taxonomic diversity of microorganisms in patients with BRONJ. Furthermore, we sought
to evaluate the role of viruses, which has never been described in this condition, and to
assess the occurrence of lysogeny to determine if prophage potentially contributes to the
pathogenicity of community microbes. This line of investigation could provide rationale in
the future for BRONJ therapeutics and targeted antimicrobial therapy. Our working
hypotheses were that individuals with BRONJ harbor different microbial assemblages than
nonaffected patients, that changes in microbial assemblages occur when host cells shift from
a primarily planktonic (e.g., saliva) to surface-attached (e.qg., biofilms) lifestyle, and that
BRONJ patients have a higher proportion of lysogenic bacteria and their integrated
prophage could influence host pathogenicity.

MATERIALS AND METHODS

Clinical design and extraction of microbes and viruses from saliva and saliva-induced

biofilms

Institutional Review Board approval was obtained for this study (approval no.
UP-09-00026). Samples of saliva for microbial analysis and biofilm cultivation were
collected from 10 individuals recruited for this study at the Herman Ostrow School of
Dentistry, University of Southern California. Five patients affected by BRONJ and 5 non-
BRONJ control patients met all of the inclusion and exclusion criteria for the study, and
informed consent was obtained from each patient. No patients with cognitive, language, and
hearing problems were recruited, to ensure that all patients could provide their own consent.
The individuals in the BRONJ and control groups were matched by age, sex, ethnicity,
disease, and BP use, including type, dose, and duration. For inclusion in this study, BRONJ
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diagnosis had to be established by standard clinical and radiographic protocol as per the
American Association of Oral and Maxillofacial Surgeons diagnostic criteria.3 All patients
in the study were diagnosed by one of the study investigators (P.P.S.). Male and female
adult patients with a history of intravenous or oral BP therapy for =1 year were recruited for
this study, and stage I-111 lesions of BRONJ were used for study inclusion to ensure that all
patients had bone exposed in the oral cavity for >8 weeks as per the definition of BRONJ.
To minimize confounding variables or effect modifiers, patients were excluded from the
study if they: 1) had active cancer or recent cancer (<3 year history); 2) had salivary gland
hypofunction or xerostomia as determined by clinical criterial” regardless of the underlying
pathology or medication associated with these conditions; 3) had any oral or gastrointestinal
pathology, such as self-reported active reflux or reflux history, or mucositis determined by
clinical examination, which could potentially alter oral microbial community composition;
4) had an active oral or systemic infection; 5) had received any local or systemic
antimicrobial therapy for any condition within 6 months; or 6) were at >1 year of BP therapy
discontinuation.

Standardized documentation was also obtained for all patients for history of present illness,
medication, medical and dental history, and review of systems. In addition, lesion
parameters, such as stage, size, location, morphology, duration, and visual analog scale pain
(0-10) for BRONJ patients were also measured to ensure thorough and consistent clinical
data collection. A head and neck exam and panoramic radiographic imaging were performed
and documented for all patients as part of routine clinical protocol. After collection, all
saliva samples were assigned a coded number to be used for the specimen from that point on
to blind future investigation and remove any unique identifiers associated with each patient.

Salivary flow rates vary significantly among individuals and in the same individual under
different conditions.1® Therefore, patients were instructed not to eat, clean, or rinse their
mouth 1 hour before saliva collection, because these activities can affect the microbial
environment. Saliva for all study subjects was collected at the same time by a standardized
draining method as described previously,19 with patients sitting and in the upright head
position. Saliva was collected for 5 minutes in a Proflow sialometer (Amityville, NY) or
until 20.5 mL of saliva was collected (0.1 mL/min average). Samples were immediately
transfered to sterile chilled plastic tubes with 10% glycerol added and then frozen with
liquid nitrogen and stored in an —80°C freezer until being transported to the J. Craig Venter
Institute in San Diego for further analysis. Before analysis, the saliva samples were slowly
thawed, combined with a nutrient-depleted Todd-Hewitt (TH) buffer, and mechanically
homogenized. Density-gradient centrifugation through Nycodenz (Axis-Shield, Oslo,
Norway) was used to separate microbial cells (collected from the interface) and viruses
(collected from the supernatant). The virus fraction was passed through a series of filters of
decreasing pore size (1.2, 0.8, and 0.2 um) to remove residual cellular contamination, and
the flow-through was collected for final purification and microscopic enumeration. A
fraction of the microbial cells was reserved for microscopic enumeration and the remainder
was passed through the same series of filters that were used for virus purification. The 0.22-
um filters were reserved for microbial community DNA extraction. Saliva samples were
used to create anaerobic biofilm starter cultures with TH media, ascorbic acid, and cysteine
HCI. Starter cultures were incubated at 37°C overnight under anaerobic conditions to mimic
in vivo conditions because the organisms associated with BRONJ identified to date are
predominantly anaerobes or facultative anaerobes in areas of sequestrum with little blood
supply or oxygen. Cultures were mixed, transfered to separate 12-well plates and incubated
under anaerobic conditions. Media was refreshed until mature biofilms formed (~5 days).
Microbial cells and viruses were extracted from biofilms as described for the saliva samples.
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Prophage induction experiments

Prophage induction experiments were conducted to determine the occurrence of lysogeny in
saliva and biofilms, for both normal individuals and those with BRONJ. For the BRONJ
samples, the mutagen mitomycin C was added to saliva diluted in nutrient-depleted TH
buffer to a final concentration of 0.5 pg/mL. Control samples had no mitomycin C treatment.
Control and BRONJ samples were incubated overnight in the dark at 37°C. Induction of
biofilms was performed in the same manner with the following exceptions: 1) mitomycin C
was added to TH media and was applied evenly to the top of the biofilms; and 2) incubations
were carried out under anaerobic conditions. Viruses were extracted from BRONJ and
control samples as described above.

16S rRNA PCR and 454 pyrosequencing

One control sample and 1 BRONJ sample were selected for sequence-based analysis.
Microbial DNA was extracted from the 0.2-um filters as described previously20 from 1
control sample and 1 BRONJ sample for the following subsamples: ambient saliva, BRONJ
saliva, control saliva, ambient biofilm, BRONJ biofilm, and control biofilm. Ambient refers
to populations of naturally occurring microbes or viruses in unaltered samples of saliva and
biofilms regardless of disease status. The 16S V3V5 variable region was simultaneously
amplified and barcoded according to the National Institutes of Health Human Microbiome
Project protocol. A total of 12 16S amplicons of both normal and BRONJ subsamples were
pooled with barcoded viral metagenomes and sequenced with 454 GS FLX titanium
pyrosequencing.

Purification of viral particles

Viral fractions which flowed through 0.2-pm filters were then passed through a 37% sucrose
cushion to separate viral particles from residual cellular material. We have found that
pelleting viruses through sucrose, rather than purification via CsCl-gradient centrifugation,
dramatically increases the recovery of intact viruses and therefore total DNA yield.?!
Pelleted viruses were resuspended in Tris-EDTA buffer.

Enumeration of microbes and viruses

Microbial cells and viruses were filtered onto 0.02-pm aluminum oxide filters, stained with
Sybr Green and enumerated with the use of epifluorescence microscopy (Zeiss LSM710
microscope; Carl Zeiss Microscopy, Thornwood, NY) as previously described.?2

Analysis of 16S rRNA sequence data

The Chimera Slayer program?3 was used to identify chimeric 16S sequences, which were
subsequently removed. Taxonomic assignments (genus level) were made to the remaining
sequences using the Ribosomal Database Project (RDP) classifier.24

Statistical analysis

Statistical analysis was performed with SPSS statistical software version 20.0 (IBM,
Armonk, NY). Frequency tables were generated where appropriate and distribution assessed.
Mean values, standard deviations, and standard errors of the means were calculated for
applicable data. Paired #test was used for assessment of statistical significance between
groups when data being compared had a parametric distribution. Statistical significance was
accepted at Pvalues of <.01.
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RESULTS

Clinical design and extraction and enumeration of microbes from saliva and saliva-
induced biofilms

Table | summarizes the key demographic and clinico-pathologic features of the study
patients. The mean age of patients in the study was 77 years old, and there was a 3:2 female-
to-male ratio. All patients were white, and BP use among patients included oral alendronate
for osteoporosis in the women or intravenous zoledronic acid for prostate cancer among the
men. For clarification, the men with prostate cancer in our study were all >3 years cancer
free, so they met the first exclusion criteria, and no patients had active periodontal or
odontogenic infection as per the fourth exclusion criteria. All stages of BRONJ were
represented, and all cases of BRONJ affected the posterior mandible, which is consistent
with the literature as the most common anatomic site of involvement. In the BRONJ group,
2 patients were edentulous, and the average number of teeth in each patient in this group was
14 (range 0-25), compared with the control group where there were no edentulous patients
and the average number of teeth in each patient was 22 (range 8-26). Epifluorescence counts
were obtained for viruses and microbial cells for saliva samples and for viruses only for
biofilm samples (Table II). A greater quantity of microbes and viruses were present in the
normal saliva samples than in BRONJ samples, and in general viral abundance increased
with biofilm formation. Viral abundance in the normal and BRONJ saliva samples were ~1
order of magnitude greater than microbial cell abundance (P< .01).

Prophage induction experiments

Stronger prophage induction responses were observed in the biofilm samples than in the
planktonic saliva samples, as evidenced by larger increases in viral abundance (Table I1).
Viral abundance decreased in the mitomycin C-treated BRONJ saliva samples compared
with control samples (P< .01), and the reverse trend was observed for BRONJ biofilm
samples, though not statistically significant.

Microbial diversity

A total of 31,722 chimera-free 16S reads were produced, and taxonomic classifications were
assigned to the reads using the RDP classifier (Figure 1). Not all of the 16S sequences were
assigned taxonomy to the genus level (with high confidence) by RDP, and such sequences
were assigned to their most resolved taxonomic level (e.g., family Bacillaceae). Three phyla
—Proteobacteria (70%), Firmicutes (26.9%), and Actinobacteria (1.95%)—dominated all
samples and accounted for almost 99% of the total data. In the Proteobacteria phylum, the
major genera representations were from Klebsiellaand Serratia, both of them members of
the family Enterobacteriaceae and facultative anaerobes. In the Firmicutes phylum, the
major representations were from Streptococcus (family Streptococcaceae) and Bacillus
(family Bacillaceae). The number and proportion of the various taxonomic groups across the
samples also indicate a higher microbial diversity in saliva compared with biofilms. Many of
the dominant phyla and genera seen in these data have been observed previously in
microbiome studies of the oral cavity and saliva,2>26 though at different abundance levels.
Although Serratia has not been previously observed as a dominant component of oral
microflora, it is an opportunistic pathogen and members of this group have been isolated
from subgingival biofilms.2’

DISCUSSION

To date, the paucity of investigation into the role of oral microbes in the pathogenesis of
BRONJ has hindered accurate disease characterization, treatment, and prognostication.
Furthermore, research on the infectious aspects of jaw diseases in general has focused on the

Oral Surg Oral Med Oral Pathol Oral Radiol. Author manuscript; available in PMC 2013 January 28.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Sedghizadeh et al.

Page 6

internal development and the pathogenicity of dental biofilms, and relatively little attention
has been given to the source of the biofilm microorganisms, such as saliva.28 Oral bacteria
exist in a planktonic state in saliva before colonizing oral and dental surfaces as biofilms,
such as exposed bone and soft tissue surfaces in patients with BRONJ. Therefore, a better
understanding of salivary pathogens and saliva-derived biofilms could lead to new
approaches for diagnosing and managing oral infectious diseases.28 Human viruses are also
frequent inhabitants of the mouth, yet until now no information existed on the presence or
the role that viruses may play in BRONJ despite the fact that viruses are known to heavily
influence gene transfer among microbes, virulence, and the population pathobiology of
microbial biofilms.

In this preliminary study we found that individuals with BRONJ harbored different
microbial assemblages than nonaffected patients and that ambient viral abundance increased
substantially with biofilm formation. This trend is often observed in other natural
environments.2? The finding of Proteobacteria, Firmicutes, and Actinobacteria being the
dominant phylotypes found in patients is consistent with recent in vivo molecular findings of
affected bone and soft tissue specimens in BRONJ patients.30:31 This suggests that saliva
may be one source for bone colonization and infection in patients with BRONJ in addition to
other possible sources such as odontogenic or periradicular infections.32 Further, planktonic
salivary diversity may be influenced by the microbial niche of the dentition. We found that
BRONJ patients had fewer teeth on average and some were edentate compared with the
control group. Because patients with teeth have a different microbial flora than edentulous
individuals, this could influence microbial findings. However, the small size of the patient
population, the nature, and the scope of the present study does not allow for any statistical
analysis or meaningful conclusions in this respect.

Our results indicate that the majority of microbes in affected patients are facultative
anaerobes, making them ideal organisms for surviving in oxygen-depleted areas of necrotic
bone that lack adequate blood supply, which is a hallmark of BRONJ. These findings
provide insight into targeted antimicrobial therapy and indicate that qualitative rather than
quantitative changes in community composition are most related to disease or disease-free
status, and that fundamental changes in microbial composition, community subsets, and
viral assemblages occur when host cells shift from a primarily planktonic (saliva) to a
surface (biofilm) lifestyle.

A possible limitation of our study is the number of 16S reads that were obtained, averaging
~3,000 per sample. As a reference, the National Institutes of Health’s Human Genome
Project has been generating similar reads per samples from various human micro-biome
samples, including the oral cavity, and investigators have shown that 1,000 sequences per
sample is sufficient to address the taxonomy question.33 Additionally, metagenomic
identification of bacteria in general determines the presence of specific DNA but not
viability; because bacterial DNA can remain PCR-detectable for up to 1 year after cell death,
metagenomics may overestimate current bacterial load.3* Further, a single microbiologic
examination can not determine if specific bacteria are permanent or transient residents or are
primary pathogens or merely bystanders to disease. Laboratory contamination or
contamination by nonhuman bacteria is also a potential problem in studies such as this one,
which we sought to minimize by our methodology. Our results of the types of bacteria
present suggest low contamination because they are consistent with recent reports of
identified oral species in a similar context.30:31 However, the lack of detection of any
obligate anaerobes in our study, in contrast to those earlier studies, is a limitation and is
likely due to the nature of our study, which involved analysis of salivary pathogens and not
BRONJ lesions directly. Finally, our results showing differences in microbial and viral
abundance or morphotypes between samples or groups may be due to inherent differences in
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adherence or biofilm formation potential of organisms. Such differences should not be
considered to be solely due to other covariates such as disease state.

Metagenomic approaches applied in this study allowed us to identify clinically relevant
microbes in patients with BRONJ. Microbial cultures in patients with BRONJ traditionally
have not been helpful in directing therapy, because specific pathogens have not been
identified and most of the associated biofilm organisms are noncultivable3>—thus the need
for metagenomic approaches. Importantly, viruses had not been identified or described in
this condition before the present study. Their presence may account for some of the
virulence and pathobiology of biofilm microbes. The presence of viruses existing as
prophage could also account for some of the antibiotic resistance that has been reported in
BRONJ-related microbes.3! Collectively, this translational research has overcome critical
barriers to progress in this field and informed our understanding of the pathogenesis of
BRONLJ. Future investigations with larger populations conducted prospectively to correlate
metagenomic findings with disease progression and treatment response over time may allow
for more accurate diagnostics and prognostication. Continuing in this line of investigation
will be critical in the future for informing clinical approaches to disease intervention and the
realization of targeted antimicrobial therapeutics for jaw osteonecrosis.
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Fig. 1.

Proportions of various taxonomic groups across the ambient samples (top graph) and
mitomycin C control/BRONJ samples (bottom graph) for control and BRONJ saliva and
biofilms. BAN, Biofilms; BANT, BRONJ biofilms; BANC, control biofilms. Only groups
that accounted for =21% of the data in ambient samples and =5% of the data in control/
BRONJ samples are shown. The category “other” denotes the remainder of the data in each
case.
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Table |

Demographic and clinicopathologic features of study patients

Patient Age/sex/race Disease, site BP route, dose, duration Reason for BP use

1 80/F/W ONJ stage I, left posterior mandible Alendronate orally, 70 mg/wk, 12 mo  Osteoporosis
2 75/M/wW ONJ stage I, left posterior mandible Zoledronic acid 1V, 4 mg/mo, 18 mo  Prostate cancer
3 80/F/W ONJ stage I, right posterior mandible Alendronate orally, 70 mg/wk, 12 mo  Osteoporosis
4 74/M/W ONJ stage I, left posterior mandible Zoledronic acid 1V, 4 mg/mo, 36 mo Prostate cancer
5 75/FIW ONJ stage 111, right posterior mandible  Alendronate orally, 70 mg/wk, 36 mo  Osteoporosis
6 8l/F/W Non-ONJ control Alendronate orally, 70 mg/wk, 12 mo  Osteoporosis
7 T771/IM/W Non-ONJ control Zoledronic acid 1V, 4 mg/mo, 16 mo Prostate cancer
8 82/F/W Non-ONJ control Alendronate orally, 70 mg/wk, 13 mo  Osteoporosis
9 71/M/W Non-ONJ control Zoledronic acid 1V, 4 mg/mo, 35 mo Prostate cancer

10 76/FIW Non-ONJ control Alendronate orally, 70 mg/wk, 38 mo  Osteoporosis

Oral Surg Oral Med Oral Pathol Oral Radiol. Author manuscript; available in PMC 2013 January 28.

Page 12



1Xa1-)ew1a1ems

Sedghizadeh et al. Page 13

Table Il

Abundance of microbes and viruses in saliva and biofilm samples

Sampletype Avg. microbes  Avg.viruses  Avg. Pl BRONJ (V)  avg. PI Control™ (V)

Normal saliva 1.4 x 107 1.5x 108 1.2 x 108 1.6 x 108
BRONJ saliva 8.2 x 106 7.2 %107 7.6 x 108 1.1 x 1010
Normal biofilm NA 7.1x108 7.1 %1010 1.6 x 1010
BRONJ biofilm NA 8.1 x 108 5.3 x 107 1.6 x 107

PI, Prophage induction; V; viruses.

*
Non-mitomycin C.
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