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Abstract

Aim—We have previously shown that the secreted glycoprotein MFG-E8 has anti-inflammatory
and anti-osteoclastogenic properties. Our objective was to investigate the potential of MFG-E8 as
a diagnostic or therapeutic agent in periodontitis.

Materials and Methods—~Periodontitis was induced in non-human primates (NHPs) by placing
ligatures around posterior teeth on both halves of the mandible for a split-mouth design: one side
was treated with MFG-E8-Fc and the other with Fc control. Disease was assessed by clinical
periodontal examinations, radiographic analysis of bone loss, and analysis of cytokine mRNA
expression in gingival biopsy samples. Gingival crevicular fluid (GCF) was collected from human
healthy volunteers or subjects with gingivitis, chronic moderate periodontitis, or chronic severe
periodontitis. Additionally, GCF was collected from a subset of severe periodontitis patients
following scaling and root planing (SRP) and after pocket reduction surgery. GCF was analyzed to
quantify MFG-E8 and periodontitis-relevant cytokines using multiplex assays.
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Results—In NHPs, sites treated with MFG-E8-Fc exhibited significantly less ligature-induced
periodontal inflammation and bone loss than Fc control-treated sites. In humans, the GCF levels of
MFG-E8 were significantly higher in health than in periodontitis, whereas the reverse was true for
the proinflammatory cytokines tested. Consistently, MFG-E8 was elevated in GCF after both non-
surgical (SRP) and surgical periodontal treatment of periodontitis patients.

Conclusion—MFG-ES8 is, in principle, a novel therapeutic agent and biomarker of periodontitis.
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Introduction

Recent human microbiome analyses and mechanistic studies in relevant preclinical models
indicate that chronic periodontitis is not, strictly speaking, a bacterial infection but rather a
dysbiotic disease (Diaz et al., 2016, Lamont and Hajishengallis, 2015). In susceptible
individuals, dysbiosis leads to dysregulated host-microbial interactions and destructive
periodontal inflammation, which in turn exacerbates dysbiosis. In this regard, inflammatory
breakdown products of connective tissue are released into the gingival crevicular fluid
(GCF) and can be used as nutrients by pathobiont species in the subgingival microbial
community, which can thereby flourish and persist (Diaz et al., 2016, Hajishengallis, 2014,
Marsh, 2003). This feed-forward loop between inflammation and dysbiosis may contribute
to the chronicity of periodontitis and implies that host-response modulation approaches may
have a great potential as adjunctive treatments in conventional periodontal therapy, which is
only partially effective for the majority of the patients (Tonetti et al., 2011). Moreover, host-
derived molecules that can be quantified non-invasively in the GCF and accurately reflect
periodontal inflammation and disease activity may have utility as biomarkers of periodontitis
(Baeza et al., 2016). In this study, we have investigated a homeostatic molecule, termed milk
fat globule epidermal growth factor 8 (MFG-ES8), for its potential as a therapeutic or
diagnostic agent in periodontitis.

MFG-E8 (also known as lactadherin) is a 55-66—kDa secreted glycoprotein that was
originally identified in mice, where it is readily detectable in the mammary tissue and
especially in the lactating gland (Stubbs et al., 1990). Subsequent studies in both mice and
humans showed that MFG-ES is widely expressed in various organs and tissues (e.g., spleen,
lungs, liver, kidneys, and intestine, in addition to mammary glands) by macrophages,
fibroblasts, dendritic and epithelial cells (Aziz et al., 2011). The protein was hamed MFG-
E8 owing to its abundance in milk fat globules and its amino-acid sequence similarities with
epidermal growth factor and the discoidin domains of blood coagulation factor VIII. Indeed,
in mice, the secreted molecule consists of two A-terminal epidermal growth factor (EGF)-
like domains and two C-terminal discoidin-like domains (Stubbs et al., 1990). Similarly to
its mouse counterpart, human MFG-E8 contains two discoidin-like domains; however, it
retained only the second EGF-like domain, which includes an integrin-binding RGD motif
(Yi, 2016).
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Despite their structural similarity, mouse and human MFG-E8 share only 57% amino-acid
sequence identity, suggesting that the evolved gene may have, in part, distinct functions in
primates (the human protein is 96-99% identical with its counterparts in non-human primate
species) (Podlaha et al., 2006). Nevertheless, certain important functions appear to be shared
between mouse and human MFG-ES8, such as the ability to contribute to inflammation
resolution by promoting efferocytosis, /.e., the phagocytosis of apoptotic cells. In this regard,
MFG-E8 acts as a bridge between the “eat-me” signal phosphatidylserine on apoptotic cells
(recognized by the C-terminal discoidin-like domains of MFG-E8) and the avp3 integrin on
phagocytes (bound by the RGD motif in the A-terminal region of MFG-E8) (Hanayama et
al., 2002). Moreover, another conserved anti-inflammatory function of MFG-E8 involves its
ability to bind avp3/5-integrins and induce STAT3-mediated activation of suppressor of
cytokine signaling-3 in macrophages (Aziz et al., 2011). Accordingly, recombinant human
MFG-E8 was shown to inhibit inflammation in animal models of sepsis or cerebral ischemic
injury (Cheyuo et al., 2012, Shah et al., 2012).

Our group has recently described a novel function of MFG-E8. Specifically, we showed that
MFG-ES8 is expressed by and regulates the function of human and mouse osteoclasts in ways
that prevent excessive resorptive activity (Abe et al., 2014). Consistent with its anti-
osteoclastogenic and anti-inflammatory properties, recombinant mouse MFG-E8 inhibited
periodontal inflammation and bone loss in a mouse model of ligature-induced periodontitis.
Moreover, in the same model, mice genetically deficient in MFG-E8 exhibited increased
susceptibility to periodontal inflammation and bone loss (Abe et al., 2014). Subsequent
independent studies confirmed the expression of MFG-E8 by osteoclasts and additionally
showed that MFG-E8—-deficient mice are also more susceptible to ovariectomy-induced
osteoporosis and to serum transfer-induced arthritis as compared to MFG-E8—proficient
controls (Sinningen et al., 2015, Albus et al., 2016).

The main objective of the present study was to determine the relevance of MFG-E8 in
human periodontitis. To this end, we followed two distinct approaches. We first tested the
ability of recombinant human MFG-E8 (expressed as an Fc fusion protein; MFG-E8-Fc) to
inhibit ligature-induced periodontitis in non-human primates (NHPs), a highly relevant
preclinical model of the human disease (Brecx et al., 1985, Page and Schroeder, 1982,
Maekawa et al., 2016). Moreover, we investigated possible association of MFG-E8 GCF
levels with human periodontitis. In this context, the expression of MFG-ES8 in humans and
animal models is strongly regulated in various conditions: It declines considerably in
inflammatory conditions, including sepsis, colitis, acute lung injury, ischemia/reperfusion
injury, atherosclerosis, and Alzheimer’s disease (Aziz et al., 2011, Boddaert et al., 2007, Ait-
Oufella et al., 2007), whereas it is upregulated in certain other pathological conditions, such
as systemic lupus erythematosus, lung fibrosis, melanoma, and breast cancer (Aziz et al.,
2011, Vi, 2016). We reasoned that if MFG-ES8 is strongly up- or down-regulated in human
periodontitis (compared to health and/or gingivitis) as reflected by quantitative changes in
the GCF, then the monitoring of MFG-E8 might have predictive or diagnostic value. Our
collective findings from both approaches (/e., in NHPs and humans) suggest that MFG-E8
can potentially find application as a novel host-modulation therapeutic in periodontitis
and/or as a potential indicator of this oral inflammatory disease.
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Materials and Methods

Expression and purification of human MFG-E8-Fc

Human MFG-E8-Fc was expressed and purified in our laboratory, as follows. The cDNA for
human MFGES8 (encoding MFG-E8) was obtained from OriGene (Rockville, MD, USA).
The gene encoding full-length MFG-E8 protein sequence was amplified by PCR followed
by cloning into the Hindlll and Kpnl sites of the mammalian expression vector pSecTag2
(InVitrogen/ThermoFischer Scientific, Waltham, MA, USA), which contains an A-terminal
secretory tag (murine Igk leader sequence) and a C-terminal polyhistidine tag (His-tag). The
human 1gG Fc gene (synthesized by Integrated DNA Technologies; Coralville, 1A, USA)
was cloned between MFGES and His-tag at EcoRI and Xhol sites and in frame with both
sequences. MFG-E8 was therefore expressed as a soluble Fc-fusion protein (MFG-E8-Fc;
72.9kDa) secreted into the culture medium of transfected HEK-293F suspension cells
(InVitrogen/ThermoFischer Scientific). The protein was purified by Ni-affinity
chromatography after loading concentrated culture supernatants onto a His-Trap column
connected to an AKTA-FPLC system (GE Healthcare, Madison, Wisconsin, USA). The
eluted MFG-E8-Fc was pooled, dialyzed, and the identity and purity of the protein were
confirmed by immunoblotting using anti-MFG-E8 and anti-Fc antibodies from R&D
Systems (Minneapolis, MN, USA) and Southern Biotech (Birmingham, AL, USA),
respectively, and SDS-PAGE. Fc protein control was purchased from R&D Systems.

Non-human primates: Clinical examinations, periodontitis, and sample collection

All animal procedures were performed according to protocols reviewed and approved by the
Institutional Animal Care and Use Committees of the University of Pennsylvania and the
Covance Research Products, where the work was performed. All animals enrolled in the
study were systemically healthy and maintained good systemic health during the observation
period. No adverse effects were observed during the course of the study. Three adult female
cynomolgus monkeys (Macaca fascicularis) (5-8 years old; 3.3—-4.8 kg) were purchased
from an approved vendor from stocks that are bred in captivity and were used in the study
after a seven-day acclimation period. The animals were socially housed in steel cages
elevated off the floor, in a controlled environment with a temperature of 64° to 84° F and a
light/dark cycle of 12:12 hours. Environmental enrichment was provided through daily
handling by animal care technicians, environmental enrichment items, visual contact with
other study animals, and appropriate background music in the animal facility. Each animal
was offered a measured amount of an approved feed mixture. Fresh, potable drinking water
was available to the animals ad /ibitum. Clinical periodontal examinations, dental X-rays,
and periodontal tissue biopsies were performed in a manner similar to a human clinical
study. The animals were not euthanized at the completion of the study.

The monkeys were used for local (intragingival) administration of MFG-E8-Fc or Fc
control. All treatments and clinical examinations were performed on anesthetized animals.
Experimental periodontitis was induced by tying size-2.0 silk ligatures around posterior
mandibular teeth (second premolars and first molars) as previously described (Shin et al.,
2015). To reduce the number of animals required, ligatures were placed on both halves of the

J Clin Periodontol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kajikawa et al.

Page 5

mandible for a split-mouth experimental design: one side was treated with MFG-E8-Fc and
the other with Fc control.

Clinical examinations were performed and diagnosis was established according to the
criteria of the American Academy of Periodontology for human periodontal diseases
(Armitage, 1999). Examinations using a periodontal probe were performed at baseline and
throughout the study (weeks 1, 2, 4, and 6) to monitor the progression of the disease and the
effects of MFG-E8-Fc treatment. The examinations included determination of probing
pocket depth (PPD), clinical attachment level (CAL), gingival index (Gl), bleeding on
probing (BOP), tooth mobility index (Mob), and plaque index (PI). PPD, CAL, and BOP
were measured at six sites: mesio-buccal, mid-buccal, disto-buccal, mesio-lingual, mid-
lingual, and disto-lingual aspects of each of the premolar and molar maxillary teeth. Gl and
P1 were assessed at four sites (buccal, lingual, mesial and distal). Gl and BOP are measures
of periodontal inflammation, CAL and PPD assess tissue destruction, and the tooth mobility
index is often associated with bone loss. At the beginning of the study, the gingival margins
in all animals were at the cement-enamel junction and there was no recession of the gingival
margin during the study, hence the PPD readings equaled CAL (CAL therefore was not
shown in Results).

Therapeutic treatments were performed three times per week, starting three days after study
initiation. Using a 30-G short needle, MFG-E8-Fc was injected into the interdental papillae
from the first premolar to the second molar (/.e., three sites; 50 pg/site in a volume of 50 pL)
on one side of the mouth. On the contralateral side, an equal amount and volume of Fc
control was injected in a similar manner. At the completion of the study, the ligatures were
removed, and biopsies of gingiva and bone were removed en bloc corresponding to the first
molar tooth at the ligated sides.

At baseline and at the completion of the study (6 weeks), bitewing dental X-ray images were
taken using a digital X-ray dental system (Vatech, Fort Lee, NJ, USA) to evaluate bone loss.
A paralleling technique was used to standardize the radiographs. Specifically, the angle of
the X-ray beam and the distance between the film and the X-ray unit were kept constant by
means of a bite-wing holder. The bone heights were determined using the digital X-ray
images and Nikon Imaging System software. Specifically, the distances from the cement—
enamel junction (CEJ) to the alveolar bone crest (ABC) were measured by using a 5-mm
metal wire (attached on the tooth surface at the time the X-rays were taken) for digital unit
calibration. The CEJ-ABC distances were determined at six points (first premolar, distal;
second premolar, mesial and distal; first molar, mesial and distal; second molar, mesial) and
the data shown in figure 2 reflect the 6-site total. To calculate bone loss, the 6-site total CEJ-
ABC distance at 6 week was subtracted from the 6-site total CEJ-ABC distance at baseline
and the results were presented in mm (negative values indicated bone loss relative to the
baseline).

Quantitative real-time PCR

Gingival tissue from non-human primate biopsies was used to extract total RNA (using
RNeasy Mini Kit (Qiagen, Hilden, Germany), which was quantified by spectrophotometry at
260 and 280 nm. The RNA was reverse-transcribed using the High Capacity RNA-to-cDNA
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Kit (Life Technologies, Gaithersburg, MD) and real-time PCR with cDNA was performed
using the Applied Biosystems 7500 Fast Real-Time PCR System according to the
manufacturer’s protocol (Life Technologies). Data were analyzed using the comparative
(AACt) method. TagMan probes, sense primers, and antisense primers for detection and
quantification of genes investigated in this paper were purchased from Life Technologies.
The primers were specific for human genes and cross-reacted with the non-human primate
genes investigated in this study.

Human subjects

Research was performed under an Institutional Review Board—approved protocol. Signed
informed consent was obtained to procure samples of GCF from individuals treated in the
postgraduate clinic of the Department of Periodontics, University of Pennsylvania School of
Dental Medicine. The subjects enrolled were grouped as healthy, gingivitis, moderate
periodontitis, or severe periodontitis. The main inclusion criteria were adult subjects with
good general health, at least 10 teeth in the functional dentition (excluding third molars), and
who had never received periodontal treatment at the time of initial clinical examination. For
patients with periodontitis, at least two quadrants had to involve deep probing pocket depths,
clinical attachment loss and radiographically detectable bone loss. PPD and CAL were
measured at 6 sites for every tooth using a manual probe (UNC 15, Hu-Friedy, Chicago, IL,
USA). Subjects with the following conditions were excluded: Smoking, drug or alcohol
abuse; uncontrolled diabetes; previous head and neck radiotherapy; history of chemotherapy
in the previous 12 months; immunocompromised subjects or subjects suffering from
systemic diseases that significantly affect the periodontium (e.g, neutropenia); subjects
taking medications known to affect the periodontium (e.g., phenytoin, calcium channel
blockers, and cyclosporine); pregnant or lactating females; subjects requiring prophylactic
antibiotics or who have used systemic antibiotics within three months prior to enrollment;
subjects taking steroid medications except for acute topical treatment; subjects who
currently have, or with history of (within three months) the following diseases: severe
cardiovascular, pulmonary or liver diseases, end-stage renal disease, active malignancy,
cerebral vascular disease, HIV, tuberculosis, hepatitis or other active infectious diseases.

All subjects who volunteered to participate underwent routine periodontal examination and
were classified into four groups based predominantly on the clinical criteria established by
the 1999 International Workshop for a Classification of Periodontal Diseases and Conditions
with slight modifications (Armitage, 1999, Armitage, 2004). Specifically, the subjects were
classified according to the following definitions:

. Periodontally healthy (n7= 7): subjects with PPD < 3 mm, no signs of gingival
inflammation, attachment loss, BOP or radiographic evidence of bone loss.

. Plagque-induced gingivitis (7= 7): subjects with PPD < 3 mm and signs of
gingival inflammation or BOP but without attachment loss or radiographic bone
loss

. Chronic moderate periodontitis (7= 12): subjects with CAL of 3 to 4 mm and

moderate radiographic bone loss.
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. Chronic severe periodontitis (/7= 14): subjects with CAL of =5 mm and severe
radiographic bone loss.

The study had no dropouts prior or during the treatment.

GCF sample collection and analysis

All samples were collected by one of the investigators (F.M.) after reviewing the medical
history and performing clinical and radiographic periodontal examination and establishing a
periodontal diagnosis, as described above. Five teeth were selected from each subject with at
least one anterior tooth and two posterior teeth from two different quadrants. The teeth were
dried and isolated with cotton rolls and the samples were obtained from the surface with the
deepest PD. Samples were collected using PerioPaper strips (OraFlow Inc., Plainview, N.Y.,
USA), which were placed in the selected sites until mild resistance was felt and kept in place
for 30 s, as previously described (Griffiths, 2003, Bostanci et al., 2007). Samples with blood
or saliva contamination were discarded. The individual paper strips were subsequently
transferred into polypropelene tubes and were stored at —80°C until analysis. At the time of
analysis, the contents of the GCF samples were eluted from the paper strips using
phosphate-buffered saline (200 pl per sample).

The levels of MFG-E8 and various cytokines in collected GCF samples were measured
using bead-based multiplex assays on a Bio-Plex system following the instructions of the
manufacturers (R&D Systems, Minneapolis, MN, USA, for MFG-E8; EMD Millipore,
Darmstadt, Germany, for cytokines). Twenty-five pl of each eluted sample were used
without further dilution in the assays. MFG-E8 and cytokine levels were calculated from
standard curves and data were presented as picograms (pg) per site for total levels by taking
under consideration the volume of the GCF samples. Sites with cytokine levels below the
detection limits of the assays were reported as 0 pg/site. The detection limits of the assays
were: MFG-ES, 5.6 pg/ml; IL-1B, 0.8 pg/ml; I1L-6, 0.9 pg/ml; IL-17A, 0.7 pg/ml; RANKL,
5.0 pg/ml; OPG, 7.0 pg/ml).

Statistical analysis

Results

The preclinical study in NHPs involved a split-mouth experimental design (one side was
treated with MFG-E8-Fc and the other with Fc control). Therefore, each animal served as
its own control, which allowed two-tailed paired #test analysis and the potential to obtain
statistical significant differences with 1= 3, according to our previous publication using the
same model (Maekawa et al., 2014, Shin et al., 2015). Statistical analysis was performed
using the GraphPad Prism software (La Jolla, CA, USA). For the human GCF analysis, the
comparison of values among health and disease groups was performed using generalized
estimating equations (GEE) model and repeated measures analysis as implemented in SAS
Proc GENMOD (SAS Institute Inc, Cary, NC). £ < 0.05 was set as the level of significance.

Inhibition of periodontitis in NHPs by locally administered MFG-E8-Fc

To evaluate MFG-E8 as a potential therapeutic agent in human periodontitis, we tested
whether human MFG-E8-Fc can inhibit inflammatory bone loss in a highly relevant
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preclinical model of periodontitis. To this end, we induced ligature-induced periodontitis in
the posterior mandibular teeth of cynomolgus monkeys and treated them using a split-mouth
experimental design; 7.e., one side of the mandible was locally injected in the gingiva with
MFG-E8-Fc and the other side with Fc control. Each animal therefore served as its own
control. Treatments started three days after placing the ligatures and continued three times
weekly throughout the 6-week-long study. As expected, the placement of ligatures caused a
gradual increase in clinical indices that measure periodontal inflammation and tissue
destruction, as well as in the plaque index (PI), a clinical measure of biofilm accumulation
on tooth surfaces (Fig. 1). Importantly, however, the sites treated with MFG-E8-Fc
displayed significantly reduced pocket depths (PPD), clinical inflammation (Gl and BOP)
and mobility of the associated teeth (Mab), as compared to sites treated with Fc control (P<
0.05; Fig. 1, A-D). On the other hand, differences in PI did not reach statistical significance
(Fig. 1E). Consistent with the observed decrease in tooth mobility, radiographic analysis
showed that MFG-E8-Fc caused a significant inhibition of bone loss (Fig. 2). At baseline,
experimental and control sites had comparable bone heights (CEJ-ABC distances) (Fig. 2A);
however, at the end of the 6-week experimental period, the sites injected with MFG-E8-Fc
exhibited lower bone heights than their corresponding contralateral sites that were injected
with Fc control (Fig. 2B). These differences reached statistical significance (P < 0.05; Fig.
2C). In line with the clinical data, quantitative real-time PCR revealed that the MFG-E8-Fc
treatment resulted in decreased expression of proinflammatory and osteoclastogenic
cytokines (Fig. 3). Specifically, IL-17A and RANKL mRNA expression was significantly
inhibited by >90% (Fig. 3C and 3D; < 0.01 and P< 0.05, respectively). Although MFG-
E8-Fc appeared to reduce the mean expression of IL-1p and IL-6, these differences did not
reach statistical significance (Fig. 3A and 3B; £ > 0.05 relative to Fc control). In contrast to
RANKL, the expression of its natural inhibitor OPG (Miossec and Kolls, 2012) was
comparable in MFG-E8-Fc—treated and Fc control-treated sites (Fig. 3E). In summary,
MFG-E8-Fc treatment resulted in decreased clinical bone loss and inflammation
parameters, consistent with a decrease in proinflammatory cytokines in the periodontal
tissue of NHPs subjected to ligature-induced periodontitis.

Decreased GCF levels of MFG-E8 in periodontitis as compared to gingivitis and health

The ability of exogenously administered MFG-ES8 to protect against periodontal
inflammation and bone loss in NHPs prompted us to examine the levels of endogenous
MFG-ES8 in human periodontal health vs. disease. To this end, we sought to assess MFG-E8
in the GCF, which provides a ‘window’ for non-invasive analysis of periodontal conditions
(Uitto, 2003). Table S1 presents the mean demographic (age and gender) and PPD data of
each of the groups of subjects, classified as periodontally healthy, gingivitis, moderate or
severe periodontitis. A total of 40 subjects (mean age of 53.2 £+ 4.3; 45.7% males and 54.3%
females) were included in GCF analysis with a total of 200 sites (5 distinct sites per
individual). The site distribution was as follows: 35 sites (7 subjects) in the healthy group,
35 sites (7 subjects) in the gingivitis group, 60 sites (12 subjects) in the moderate
periodontitis group, and 70 sites (14 subjects) in the severe periodontitis group (Fig. 4).

Analysis of the GCF samples readily detected the presence of MFG-ES8 in healthy subjects
and patients (Fig. 5A). To our knowledge, this is the first time that the presence of MFG-E8
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is demonstrated in human GCF. No significant difference was found in the levels of MFG-
E8 in health as compared to gingivitis. In both of these two groups, however, the MFG-E8
levels were significantly higher than those of the periodontitis groups (£ < 0.0001; Fig. 5A).
Moreover, the moderate periodontitis group showed significantly higher levels of MFG-E8
than the severe periodontitis group (£ < 0.0001; Fig. 5A). Therefore, the levels of MFG-E8
appeared to decrease with increasing disease severity. For comparative purposes and to
control the validity of our approach, we also analyzed the levels of several cytokines that
have been previously analyzed in the GCF. In agreement with earlier reports (Bostanci et al.,
2007, Vernal et al., 2005, Mogi et al., 1999), we found that periodontitis is associated with
significantly increased levels of IL-1, IL-6, IL-17A, and RANKL but decreased levels of
OPG, as compared to health or gingivitis (Fig. 5, B-F). In other words, from health to severe
periodontitis, the GCF levels of pro-inflammatory/pro-osteoclastogenic cytokines followed a
pattern that was opposite of that of MFG-E8, whereas OPG, a natural inhibitor of RANKL
and hence osteoclastogenesis, displayed a similar pattern with MFG-E8 (Fig. 5).

Increased levels of MFG-E8 in the GCF following periodontal treatment

A subset of six patients from the severe periodontitis group were re-examined and sampled
for GCF (5 sites per individual) at a re-assessment appointment following non-surgical
periodontal treatment (consisting of scaling and root planing [SRP] and home care oral
hygiene instructions) as well as after pocket reduction surgery (Fig. 4). In comparison to the
baseline, the levels of MFG-E8 were significantly (P < 0.01) increased after SRP and were
further elevated significantly (£ < 0.0001) after surgical therapy for pocket reduction (Fig.
6A). The opposite pattern was observed for pro-inflammatory/pro-osteoclastogenic
cytokines, as the levels of IL-6, IL-17A and RANKL significantly declined following SRP
and surgery for pocket reduction (Fig. 6, B-D). The success of the therapy was confirmed
clinically by the significantly reduced probing depths after both non-surgical and surgical
therapy (Fig. 6E).

Discussion

Our human and NHP studies collectively indicate that the secreted glycoprotein MFG-ES8 is
associated with and contributes to periodontal health. Our clinical investigation has shown
for the first time the presence of MFG-E8 in the human GCF. Importantly, the GCF levels of
MFG-ES8 were significantly higher in health and gingivitis than in periodontitis and were
inversely associated with inflammation and the severity of the disease (as determined by
pocket depths). In sites with severe periodontitis that were successfully subjected to non-
surgical and surgical periodontal treatments, the GCF levels of MFG-E8 were shown to
progressively increase at the re-assessment visits. In the treated patients, moreover, the
changes in the levels of MFG-E8 followed a pattern that was opposite to that of pro-
inflammatory/pro-osteoclastogenic cytokines (IL-6, IL-17A, and RANKL), the levels of
which progressively declined. Therefore, MFG-E8 might be a reliable indicator of
inflammation resolution.

In fact, MFG-E8 may proactively be involved in inflammation resolution by promoting
efferocytosis. Efferocytosis not only prevents the release of potentially harmful intracellular
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contents from dying cells but also reprograms the transcriptional profile of the efferocytic
macrophage to reduce the expression of proinflammatory cytokines and increase the
expression of pro-resolving cytokines, such as transforming growth factor- and 1L-10
(Ortega-Gomez et al., 2013, Ravichandran and Lorenz, 2007, Szondy et al., 2014).
Moreover, efferocytosis promotes the expression of MFG-ES8, thus generating a feed-forward
loop that further enhances efferocytosis (Ortega-Gomez et al., 2013, Ravichandran and
Lorenz, 2007, Szondy et al., 2014).

It was previously shown that MFG-E8 can inhibit IL-17A expression by down-regulating the
phosphorylation of the signal transducer and activator of transcription-3 (STAT3) (Cen et al.,
2016). This property of MFG-E8 could account for the pronounced inhibition of IL-17A
MRNA expression seen in the treated gingival sites of NHPs. The diminished IL-17A levels
may, in turn, explain (at least in part) the remarkable inhibition of RANKL mRNA
expression in MFG-E8-treated sites, since IL-17A is a potent inducer of RANKL (Zenobia
and Hajishengallis, 2015). The fact that MFG-E8-Fc was able to diminish RANKL
expression without significantly affecting OPG expression suggests that the RANKL/OPG
ratio was reduced in treated sites. This notion is important given that the RANKL/OPG ratio
is thought to represent a potential indicator of periodontitis (Belibasakis and Bostanci,
2012).

In contrast to MFG-E8 upregulation by efferocytosis, certain pathological conditions cause a
reduction in the expression of MFG-E8 (Aziz et al., 2011, Boddaert et al., 2007, Ait-Oufella
etal., 2007, Albus et al., 2016). In this regard, it has been shown that lipopolysaccharide
suppresses the expression of MFG-ES8 in certain cell types, including macrophages and
osteoblasts (Komura et al., 2009, Albus et al., 2016, Miksa et al., 2008). In periodontitis,
bacterial lipopolysaccharide readily translocates from the gingival crevice/periodontal
pocket into the underlying connective tissue (gingival corium) (Moutsopoulos et al., 2015),
where it may inhibit the production of MFG-E8 by macrophages (or other cell types). This
would reduce the amount of available MFG-ES8 that could reach the GCF via the gingival
plexus of blood vessels in the gingival corium. This notion is consistent with and provides an
explanation for the GCF data of this study.

Inflammatory disease biomarkers reflect current inflammatory activity as opposed to clinical
examination and radiographic assessment of bone loss, which may represent accumulated
damage resulting from earlier episodes of inflammatory tissue destruction (thus, not
necessarily reflecting current disease activity). Moreover, reliable biomarkers may have
increased sensitivity to identify disease-susceptible and treatment-non-responsive
individuals (Buduneli and Kinane, 2011, Offenbacher et al., 2008, Baeza et al., 2016, Teles
et al., 2010). The perception of periodontitis as being site-specific has resulted in site-based
approaches to diagnosis and therapeutic decisions in clinical settings (Persson, 2005).
Accordingly, in our GCF analysis study we considered the site as the unit of observation. In
this regard, highly site-specific patterns of potential biomarkers have been detected in the
GCF including matrix metalloproteinase-8, elastase, prostaglandin E2, and IL-1p (Persson,
2005). Whether MFG-ES8 can serve as a useful biomarker in periodontitis is uncertain at
present and requires further and larger clinical studies. Nevertheless, our current findings are
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encouraging as they indicate that the GCF levels of MFG-ES8 can potentially reflect the
severity of the disease and the response to periodontal treatment.

After our discovery that MFG-ES8 is expressed by osteoclasts and down-regulates their
differentiation and function (Abe et al., 2014), another study showed that MFG-E8 is
additionally expressed by and regulates osteoblasts (Albus et al., 2016). Given that MFG-E8
is produced also by innate immune and epithelial cells and has anti-inflammatory and pro-
resolution functions (Aziz et al., 2011, Akhtar et al., 2014, Das et al., 2016, Szondy et al.,
2014), MFG-E8 may play an important role in the homeostasis of the periodontium and
other barrier sites, which are constantly challenged by microbial or inflammatory stimuli. A
unique feature of the periodontium compared with other mucosal sites (e.g., the
gastrointestinal and respiratory tracts) is that it consists of both mucosal and bone tissue. The
ability of MFG-ES to regulate the function of both immune and bone cells suggests that it
could be a potentially important target for host-modulation in periodontitis. Proof-of-concept
for this notion was obtained in the mouse model, where our previous work showed that
recombinant mouse MFG-E8 blocked experimental periodontitis in C57BL/6J mice (Abe et
al., 2014).

Laboratory mice have been quite useful as a tool for basic immunology, but less so as
models of human disease and therapeutic interventions (Brodin and Davis, 2017). Regarding
the predictive value of interventional studies in mice, a recent systematic study has
questioned the reliability of this species as models of human inflammatory diseases.
Specifically, in endotoxemia, gene expression profiling of C57BL/6J mice and humans
revealed poor correlation between the human genes and mouse orthologues and vice versa
(Seok et al., 2013). Moreover, mouse and human MFG-E8 molecules share only 57%
amino-acid sequence identity, suggesting that the two molecules may not share all their
functions, unless empirically tested. Therefore, it was important to test human MFG-ES8 in
an appropriate preclinical model that is close to humans. Importantly, our previous study in
mice was validated in the present study, which employed a NHP model of periodontitis and
demonstrated that locally administered recombinant human MFG-E8 protected the animals
from disease. Therapeutic studies in NHPs should be highly predictive of drug efficacy in
humans since periodontitis in these animals shares key clinical, microbiological, and
immunohistological features with the human disease (Brecx et al., 1985, Kornman et al.,
1981, Assuma et al., 1998, Page and Schroeder, 1982, Maekawa et al., 2016).

Given that MFG-ES8 is an endogenously produced molecule, the expression of which
declines in periodontitis, its therapeutic administration should re-instate sufficient levels of
this factor, thereby potentially controlling inflammation and restoring tissue homeostasis.
Especially when administered locally, as performed in this periodontal NHP study, MFG-E8
therapies are likely to involve only minor, if any, safety issues. In recent years, there is an
increase in approved therapies involving endogenous molecule administration. In this regard,
protein replacement therapies have a higher probability of regulatory approval as compared
to biologics or small molecules (Gorzelany and de Souza, 2013). There are many examples
that endogenous molecule replacement is well tolerated, such as digestive enzyme
replacement therapy or replacement of aq-antitrypsin in patients with a.1-antitrypsin
deficiency (Stoller and Aboussouan, 2012, Fieker et al., 2011).
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Being a functionally versatile molecule that regulates both upstream inflammatory events
and downstream processes that control bone metabolism, MFG-E8 could be a promising
therapeutic agent for treating periodontitis. The high prevalence of periodontitis which
affects almost half of adults (Eke et al., 2012, White et al., 2012), its association with the
systemic health of the patients (Hajishengallis, 2015), and its considerable economic burden
(Brown et al., 2002, Beikler and Flemmig, 2011) underscore the importance of
implementing innovative adjunctive therapeutic approaches, especially since many patients
do not respond favorably to conventional treatment (Tonetti et al., 2011, Colombo et al.,
2012). Besides periodontitis, MFG-E8 could prove useful for the treatment of other
disorders associated with inflammatory bone loss, such as rheumatoid arthritis, ankylosing
spondylitis, and osteoporosis. Moreover, our findings that periodontitis results in decreased
GCF levels of MFG-E8, whereas periodontal health or successful treatment of periodontitis
are associated with elevated MFG-ES8, suggest that MFG-ES8 is potentially a novel indicator
of periodontal disease activity. Future clinical studies are warranted to determine the utility
of MFG-ES8 either as a biomarker or therapeutic agent in periodontitis.
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Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevance
Scientific rationale for study

As MFG-EB8 can regulate inflammation and osteoclastogenesis, we investigated its
therapeutic potential in a highly relevant preclinical model (non-human primates) of
periodontitis and quantified its levels in human gingival crevicular fluid in relation to
periodontal disease activity.

Principal findings

MFG-ES8 inhibited ligature-induced periodontitis in non-human primates and its levels in
human gingival crevicular fluid were significantly lower in periodontitis as compared to
health or post-treatment.

Practical implications

These findings support the utility of MFG-ES8 as a potential biomarker or therapeutic
agent in periodontitis, a notion that can be confirmed in future clinical studies.
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Figure 1. MFG-E8-Fc decreases inflammatory clinical parameters of NHP periodontitis
Starting 3 days after initiation of ligature-induced periodontitis, MFG-E8-Fc or Fc control

(both at 50 pg) were injected locally into the mandibular interdental papillae from the first
premolar to the second molar, three times weekly, in opposite sides of the mouth (split-
mouth design). The animals were clinically examined at the indicated timepoints and the
effects of MFG-E8-Fc on the indicated inflammatory clinical parameters were recorded: (A)
probing pocket depth (PPD), (B) gingival index (Gl), (C) bleeding on probing (BOP), (D)
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mobility index (Mob), and (E) plaque index (PI). Data are means + SD (/7= 3 monkeys). *P
< 0.05; **P< 0.01 compared with time-matched control (paired ftest).

J Clin Periodontol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kajikawa et al.

[ Fc control
B MFG-E8-Fc

6 weeks

monkeys: #1

A 301 Baseline B 30-

€ | & Fccontrol €

£ 25 M MFG-E8-Fc E 259

8 20- 8 20

o c

By i)

S 154 2 15

Q Q

% 101 % 104

- b |

il (N1 Il
0 0

#3

#2

monkeys: #1

#2

)

Change in bone height
relative to baseline (mm)

o

Page 19

-0- Fc control -®- MFG-E8-Fc

]
4}
1

-104

A
o
1

P=0.0247
[}
-
a””
P
-
- /.
o e
-~
”/’ e
- ,
o -
”,’
o

Figure 2. Inhibition of periodontal bone loss after treatment of NHP periodontitis with MFG-E8-

Fc

Three monkeys were treated as described in the legend to figure 1, and their mandibular
bone heights (CEJ-ABC distance) were measured using Nikon Imaging System software and
standardized X-ray images (taken at baseline and at week 6). Measurements were made at
six points (first premolar, distal; second premolar, mesial and distal; first molar, mesial and
distal; second molar, mesial) and the data in A and B reflect the 6-site total at baseline and at
week 6, respectively. For each pair of Fc control and MFG-E8-Fc treatments, bone loss was
calculated as bone height at baseline minus bone height at 6 week (C); the difference
between Fc control and MFG-E8-Fc treatments was significant (£ < 0.05; paired ftest).
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Figure 3. Effect of MFG-E8-Fc treatment on cytokine expression in the NHP periodontal tissue
Dissected gingiva were processed for real-time PCR to determine mRNA expression of the

indicated cytokines. Results were normalized to those of GAPDH mRNA and were
presented as fold change relative to the mRNA transcript levels of the Fc control group,
which were assigned an average value of 1. The bar graphs indicate the means + SD (n=3
animals, each of which is represented with a distinct symbol). *P < 0.05; **P < 0.01 versus

Fc control (paired £test).
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GCF samples (n = 200 sites from 40 subjects)
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7 subiect 7 subiect Periodontitis Periodontitis
(7subjects) | | (7subjects) 1| 1> cubjects) || (14 subjects)
35 sites 35 sites 60 sites 70 sites
30 sites
Non-surgical therapy (SRP)  |«—— (6 subjects)
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4-week post-operative appointment —» GCF
samples

Figure 4. Flowchart showing distribution of human subjects in health, disease and treatment

groups

GCF was collected at baseline from all subjects. GCF collection was repeated for a subset of
chronic severe periodontitis patients following non-surgical treatment (SRP) and after
surgical treatment for pocket reduction.

J Clin Periodontol. Author manuscript; available in PMC 2018 May 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kajikawa et al.

A

Page 22

60 1000+
wkkk |
50 i i
! 800+
g 40- B
&8 = 600+
i @ -
= =
iz i £ 4004
8 20 i 2 7 *x
o i1
= i
10 i 20090 - i i
. i—kt*i dekdek E
0 L L} T L] O T T T T
Healthy Gingivitis Mt_)derat‘e_ S_evere‘ ‘ Healthy Gingivitis Moderate Severe
periodontitis  periodontitis periodontitis  periodontitis
C D 50+
1000' 40‘_ _______ ;'-k-*_'; ______ _E
5 . i S
2 i 2
© 750+ | < 304
= | =
g 500- g 20-
i 4
250+ e E 104
0 T _I | T C T Y T T
Healthy Gingivitis Moderate Severe Healthy Gingivitis Moderate Severe
periodontitis periodontitis periodontitis periodontitis
E 250~ F 300, i NS —4—
ko E
250+ {
200+ i
2 o & 2007 =
o 1501 i O o=
¥ ! a :
Z | O 1501 %
o g .t
— 1004 . o
2 = 1004 |
s
50+ . : 50+ |
*"**i **Hi i deddk i EXTT i
0 r T T T 0 T T T T
Healthy  Gingivitis ~ Moderate Severe Healthy  Gingivitis Moderate Severe
periodontitis ~ periodontitis periodontiis ~ periodontitis

Figure 5. GCF levels of MFG-E8 and indicated cytokines in periodontal health and disease
GCF was collected from 40 subjects classified as either periodontally healthy or as having

plaque-induced gingivitis, chronic moderate periodontitis, or chronic severe periodontitis.
GCF was sampled from a total of 200 distinct sites (5 sites per individual; see Fig. 4 for site
distribution among groups). Bead-based multiplex assays on a Bio-Plex system were used to
assay the following molecules: (A) MFG-ES8, (B) IL-1p, (C) IL-6, (D) IL-17A, (E) RANKL
and (F) OPG. Dots represent individual values from distinct sampled sites and each box in
the box-and-whisker plots extends from the 25th to the 75th percentiles. **P < 0.01; ****p
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< 0.0001 between indicated groups (Repeated measures analysis as implemented in SAS
Proc GENMOD). ND, not detectable; NS, not significant.
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Figure 6. GCF levels of MFG-E8 and indicated cytokines after treatment of severe periodontitis
GCF was collected from 5 subjects classified as having chronic severe periodontitis at

baseline, at a re-assessment appointment following non-surgical periodontal treatment (SRP)
and after pocket reduction surgery. GCF was sampled from a total of 30 distinct sites (6 sites
per individual). Bead-based multiplex assays on a Bio-Plex system were used to assay the
following molecules: (A) MFG-ES8, (B) IL-6, (C) IL-17A, and (D) RANKL. (E) Measured
deep probing pocket depths (PPD) before and after treatments. In A-D, dots represent
individual values from distinct sampled sites and each box in the box-and-whisker plots
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extends from the 25th to the 75th percentiles. In E, data are means + SD (n7= 30 sites). **P<
0.01; ****P < 0.0001 between indicated groups (Repeated measures analysis as
implemented in SAS Proc GENMOD).
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