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Expression of SOFAT by T- and B-lineage cells
may contribute to bone loss
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Abstract. A novel T cell-secreted cytokine, termed secreted
osteoclastogenic factor of activated T cells (SOFAT) that
induces osteoclastic bone resorption in a RANKL-indepen-
dent manner, has been described. Our group have previously
reported that SOFAT is highly expressed in gingival tissues of
patients with chronic periodontitis suggesting a putative role
in the bone loss associated with periodontal disease. The aim
of the present study was to identify other potential cellular
sources of SOFAT in the bone resorptive lesions of patients
with periodontal disease. Gingival tissues were biopsied from
systemically healthy subjects without periodontal disease
(n=5) and patients with chronic periodontitis (n=5), and the
presence of SOFAT was analyzed by immunohistochemistry
and immunofluorescence staining. The present data demon-
strated marked SOFAT staining in diseased periodontal tissues
that was predominantly associated with the lymphocytic
infiltration of gingival tissues. Notably, in addition to CD3*
T cells, B-lineage cells including plasma cells also exhibited
strong staining for SOFAT. As SOFAT has not previously
been reported in B-lineage cells, splenic T cells and B cells
were further purified from BALB/c mice and activated using
CD3/CD28 and lipopolysaccharide, respectively. SOFAT was
quantified by reverse transcription-quantitative polymerase
chain reaction and was shown to be significantly expressed
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(P<0.05) in both activated T cells and B cells compared
with unstimulated cells. These data support a putative role of
SOFAT in the bone loss associated with chronic periodontal
disease. In addition, to the best of our knowledge, this study
demonstrates for the first time that in addition to T cells,
B-lineage cells may also be a significant source of SOFAT in
inflammatory states.

Introduction

Periodontitis is an inflammatory lesion that is accompa-
nied by soft tissue destruction and bone resorption in the
tooth-supporting structures. There is a balance between
bone resorption by osteoclasts and bone formation by osteo-
blasts, which determines the level of bone mass. A shift in
this balance increasing the number of osteoclasts results in
alveolar bone destruction (1,2). Although bacterial infection
underlies periodontal disease, recent studies have begun to
emphasize the fundamental role of inflammation in the patho-
logic process (3.4). This is exemplified by studies in which
suppression of the host response using inhibitors of inflam-
mation or genetic manipulation of inflammatory pathways
in animal models, attenuate periodontal bone loss. Notably,
in the absence of an aggressive host response, the severity of
bone loss stimulated by periodontal pathogens is typically
reduced (5).

In this context, a deeply rooted interaction between
the immune system and the skeleton (the immuno-skeletal
interface) is now well described, a field referred to as
‘osteoimmunology’. The identification of the receptor activator
of NF-kB (RANK)/RANK ligand (RANKL)/osteoprotegerin
(OPG) system has been crucial in the understanding of osteo-
clast biology (6). When RANKL, the key osteoclastogenic
cytokine binds to its receptor RANK on osteoclast precur-
sors, they differentiate into bone resorbing osteoclasts. This
process is moderated by OPG, a RANKL decoy receptor.
These concepts are supported by genetic studies in mice in
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which knockout mice deficient in RANKL or RANK, not only
present with osteopetrotic phenotypes, but also lack peripheral
Iymph nodes (7). This supports the hypothesis that RANKL
and RANK are essential in osteoclastogenesis and immune
organogenesis (8). Although numerous inflammatory cyto-
kines promote osteoclastogenesis, these factors all converge
on the RANKL/RANK/OPG system, which, at least under
physiological conditions, is considered to be the final down-
stream effector of osteoclastogenesis and bone resorption (9).

An active periodontal lesion is characterized by the promi-
nent infiltration of B cells and T cells (10,11). Notably, bacterial
antigen presentation by professional antigen presenting cells
(APCs), such as dendritic cells, B cells and macrophages,
induce effector T lymphocytes to express membrane bound
and soluble forms of RANKL. Bacterial antigen-engagement
of the B cell receptor (BCR) induces B cells to produce not only
the IgG antibody but also RANKL. Furthermore, the activated
antigen-specific T cells provide B cell co-stimulatory signals
through CD40/CD40L ligation, which also is considered to
upregulate RANKL expression from B cells (12), as well as
promote the production of OPG (13,14).

Consequently, RANKL is considered to be of fundamental
importance to bone biology under physiological conditions
and in pathological inflammatory states. However, it has
been reported that activated T cells also produce another
less-well characterized factor, secreted osteoclastogenic
factor of activated T cells (SOFAT), a RANKL-independent
osteoclastogenic cytokine that may contribute to bone loss in
inflammatory conditions including rheumatoid arthritis (15,16)
and chronic periodontitis (17).

Although SOFAT was first identified in the conditioned
medium of activated T cells and demonstrated by us to be
highly upregulated in diseased periodontal tissues (15), the
potential for other sources of SOFAT has not been investi-
gated. In the present study immunohistochemical staining
was performed to demonstrate SOFAT expression in diseased
periodontal tissues and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) was conducted to quan-
tify SOFAT expression in activated murine T cells and B cells.
To the best of our knowledge, this study reports for the first
time that human and mouse cells of the B-lineage are also a
significant source of SOFAT when activated in vitro, and that
human B cells and plasma cells express SOFAT in the context
of periodontal infection.

Materials and methods

Subjects. Five systemically healthy subjects without periodon-
titis and 5 systemically healthy individuals with generalized
chronic periodontitis were selected from the patients of the
Periodontal Clinic of Sdo Leopoldo Mandic (Sao Paulo,
Brazil). Subjects who fulfilled the inclusion/exclusion criteria
described below were invited to enter the study. All eligible
subjects were informed of the nature, potential risks and
benefits of their participation in the study and signed informed
consent. This study was approved by the Sao Leopoldo Mandic
Institutional Review Board (IRB-#811.702).

Inclusion and exclusion criteria. Subjects aged 35-60 years and
presenting with at least 15 teeth (excluding third molars) were
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eligible for this study. Periodontitis patients had generalized
chronic periodontitis (18), with >30% of the sites presenting
concomitant probing depth (PD) and clinical attachment level
(CAL) =4 mm and, at least one tooth indicated for extrac-
tion due to advanced periodontitis [sites with PD and CAL
>7 mm with bleeding on probing (BoP) and mobility]. Patients
without-periodontitis subjects had no sites with CAL >3 mm
and <30% of sites presenting BoP and/or marginal bleeding
(MB). Subjects were selected from patients undergoing peri-
odontal esthetic surgery (gingivoplasty) for the correction of
gingival discrepancies and asymmetries.

Patients with any systemic condition that could affect
the progression of periodontal disease (e.g. immunological
disorders, diabetes mellitus, bone-related diseases and compli-
cations, such as osteoporosis, ankyosing spondylitis, recent
bone fractures and rheumatoid arthritis) and long-term admin-
istration of anti-inflammatory agents (e.g. glucocorticoids),
use of immunosuppressive medications, hormone replacement
therapy and antiresorptive agents (e.g. bisphosphonates and
denosumab), lactation, current smoking and smoking within
the preceding 5 years, periodontal and/or antibiotic therapies
in the previous 6 months and use of mouth rinses containing
antimicrobials in the preceding 2 months were excluded from
the study. Subjects presenting use of orthodontic appliances or
periapical pathologies related to endodontic lesions were also
excluded.

Clinical examinations. One examiner (Dr Peruzzo), using a
previously described calibration method (19), performed all
clinical examinations. This trained examiner was able to
provide reproducible measurements of under 0.5 mm. The
clinical parameters, registered dichotomously (i.e. BoP),
were calculated by the Kappa-Light test (19), using GraphPad
Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA)
and the intra-examiner agreement was >0.92. The following
parameters were assessed at six sites of all teeth (mesio-buccal,
medio-buccal, disto-buccal, mesio-lingual, medio-lingual,
disto-lingual), excluding third molars using a manual peri-
odontal probe (UNCI15; Hu-Friedy, Chicago, IL, USA): Visible
plaque accumulation (PI), marginal bleeding (MB), BoP, PD
(mm) and CAL (mm) (20).

Gingival biopsies. Gingival samples were collected 1 week
after clinical examination so as not to modify the nature of the
periodontal inflammatory process. For the periodontitis group,
the gingival tissues were collected during tooth extraction due
to advanced periodontitis (PD and CAL =7 mm with BoP) to
obtain representative areas of inflamed periodontal tissue. If
the patient had two or more teeth with these characteristics,
a gingival biopsy from only one tooth with the worst clinical
diagnosis was included. For the non-periodontitis group,
gingival biopsies were collected from a single tooth without
signs of clinical inflammation (PD <3 mm without BoP and/or
MB), indicated for gingivoplasty due to aesthetic reasons. All
gingival samples included junctional and sulcular epitheliums
and adjacent connective gingival tissue.

Immunohistochemistry. The samples were rinsed with saline
solution and immediately fixed in 10% buffered neutral
formalin for 48 h. The biopsies were embedded in paraffin



4254

MOLECULAR MEDICINE REPORTS 13: 4252-4258, 2016

Table I. Demographics and full-mouth clinical data of healthy subjects and patients with periodontitis.

Characteristic Healthy Diseased P-value
N 5

Age (years, mean = SD) 30.4+3.6 35.7+2.1 NS
Gender (male/female, n) 3/2 2/3 NS
Race-Caucasian 5 NS
Number of teeth present (mean + SD) 27.10£1.70 25.34+3.17 NS
Plaque index (% mean + SD) 10.21+3.21 73.29+14.93 <0.0001
Marginal bleeding (% mean + SD) 6.45+5.22 68.97+17.56 <0.0001
Bleeding on probing (mean + SD) 0.32+0.08 41.38+19.54 <0.0001
Probing depth (mean + SD) 2.17+1.03 6.25+2.90 <0.0001
Clinical attachment level (mean + SD) 0.18+0.09 5.96+3.57 <0.0001

SD, standard deviation; NS, non-significant.

to obtain longitudinal step-serial sections (3 ym). Every
fifth section was stained with hematoxylin and eosin (H&E;
Dinamica, Sao Paulo, Brazil) to observe the presence of all
histological structures (e.g., epithelium and connective tissue)
using a Bioval® L-2000A microscope (Bioval, Jiangbei, China).
Two slices of the tissue obtained from the section before and
two slices obtained from the section after the H&E sections
were selected for immunohistochemical analysis, to certify
that the slices used were close to those that were observed in
the H&E and immunohistochemistry. The histological sections
were mounted on glass slides pretreated with 3-aminopro-
pyltriethoxy-silane, deparaffinized and hydrated. Antigen
retrieval was achieved after treatment with citric acid (pH 6.0)
for 30 min at 95°C. Subsequently, sections were treated with
20% hydrogen peroxide (Dinamica) for 30 min to eliminate
endogenous peroxidase and then washed with Tris 0.05 M (pH
7.4). The sections were incubated with polyclonal rabbit anti-
SOFAT primary antibody (1:100; Rheabiotech, Campinas,
Brazil) for 1 h at room temperature. Sections were then
washed with tap water and incubated with enzyme-conjugated
polymer backbone containing secondary antibody molecules
(Envision Dual Link; Dako, Carpinteria, CA, USA) for 30 min
at room temperature in a humidified chamber. After another
washing step (with tap water), the sections were incubated
with 3,3'-diaminobenzidine tetrahydrochloride (DAB; Dako)
for 10 min at room temperature in a humidified chamber and
counter-stained with Mayer's hematoxylin (Dindmica). The
sections were mounted in Permount (Thermo Fisher Scientific,
Inc., Waltham, MA, USA). Digital photomicrography was
obtained with a Zeiss Axioskop 2 plus microscope equipped
with AxioCam digital camera using Axiovision application
software (Carl Zeiss, Gottingen, Germany).

Indirect immunofluorescence. Sections (3 um) were fixed in
methanol for 6 min at -20°C, rinsed in phosphate-buffered
saline (PBS) and then blocked using 1% bovine serum albumin
(Sigma-Aldrich, St. Louis, MO, USA) in PBS at room tempera-
ture for 30 min. The primary antibodies used were as follows:
Polyclonal rabbit anti-SOFAT primary antibody (1:100;
Rheabiotech, Campinas, Brazil), and monoclonal mouse

anti-CD3 (1:100; cat. no. M7254; Dako, Glostrup, Denmark),
monoclonal mouse anti-CD45RO (1:100; cat. no. M0742;
Dako), monoclonal mouse anti-CD20 (1:100; cat. no. M0O755;
Dako) and anti-plasma cell (1:100; cat. no. M7077; Dako). The
control staining reaction was performed using PBS as a substi-
tute for the primary antibody. The secondary antibody used
was either Alexa Fluor 594 goat anti-mouse IgG antibody or
Alexa Fluor 488 goat anti-rabbit IgG antibody (both Molecular
Probes, Eugene, OR, USA) for 30 min at room temperature.
After washing, the preparations were mounted using Vecta-
shield with 4/-6-diamidino-2-phenylindole (both from Vector
Laboratories Ltd., Peterborough, UK) and observed under a
conventional Zeiss Axioskop 2 fluorescence microscope (Carl
Zeiss) equipped with a 63x Plan Apochromatic 1.4NA and
100x Plan Apochromatic 1.4NA lenses under standard condi-
tions. Immunofluorescence was repeated three times for each
antibody.

Cell culture. BALB/c mice (weight, 20-25 g) were housed
in temperature-controlled rooms (22-25°C) with access to
water and food ad libitum. All experiments were conducted
in accordance with the National Institutes of Health guide-
lines for the welfare of experimental animals and with the
approval of the Ethics Committee of the Faculty of Medi-
cine of Ribeirdo Preto (University of Sao Paulo, Sao Paulo,
Brazil). The mice were only used in a single experimental
group and were terminally anesthetized by inhalation of 3%
isoflurane (Cristélia, Sao Paulo, Brazil) followed by cervical
dislocation. Single-cell suspensions of spleens from naive
BALB/c mice were prepared aseptically, red blood cells were
lysed and T and B cells were isolated using MACS beads
Multisort (Miltenyi Biotec, Teterow, Germany) according
to the manufacturer's instructions. Cells were dispensed
into 48-well plates in a total volume of 500 ul complete
RPMI-1640 medium (1x10° cells/well; Gibco; Thermo Fisher
Scientific, Inc.) and stimulated with plate-bound anti-CD3
monoclonal antibody (5 yg/ml) and anti-CD28 (5 pg/ml) for
T cell stimulation and 200 ng/ml lipopolysaccharide (LPS;
Sigma-Aldrich) for B cell stimulation or medium as nega-
tive control. mRNA was harvested after 24 h of culture at
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Figure 1. Immunohistochemical analyses of SOFAT expression in gingival tissue samples. Gingival tissue samples from healthy patients stained with rabbit
polyclonal IgG anti-SOFAT at (A) magnification, x200 and (B) magnification x400. The arrows indicate plasma cells. (C) Gingival tissue samples from patients
with chronic periodontitis stained with rabbit polyclonal IgG anti-SOFAT, observed at (C) magnification, x200 and (D) magnification, x400. SOFAT, secreted

osteoclastogenic factor of activated T cells.

37°C in 5% CO,, using RNeasy Mini kit (Qiagen, Valencia,
CA, USA). The RNA was quantified with a NanoVue
spectrophotometer (GE Healthcare, Bjorkgatan, Sweden).
Aliquots of 1 pg total RNA from each sample were treated
with DNase I (Thermo Fisher Scientific, Inc.) and used for
reverse transcription reactions with the Superscript III First
Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.),
according to the manufacturer's instructions. gPCR was
performed using a 7500 Fast Real Time PCR system (Thermo
Fisher Scientific, Inc.) with SYBR Green (Thermo Fisher
Scientific, Inc.) as detection dye. The primers (Invitrogen;
Thermo Fisher Scientific, Inc.) were as follows: Forward,
5'-ATGGACATTATCGTTCTGCTGCCC-3' and reverse,
5-CTGGGAGGTGTTGAGGGCATG-3' for SOFAT; and
forward, 5'“TGGCCTCCAAGGAGTAAGAAAC-3" and
reverse 5'-TGGAAATTGTGAGGGAGATGCT-3' for
GAPDH, which served as the internal gene reference. The
cycling conditions were 10 min at 95°C followed by 40 cycles
of 95°C for 15 sec and 60°C for 1 min. The quantification data
were analyzed with the SDS System Software version 2.0.6
(Thermo Fisher Scientific, Inc.) and the relative expression
levels were calculated according to the Comparative Cq
method, as 244¢4 (21).

Statistical analysis. Data were examined for normality
using the Shapiro-Wilk test. Results were expressed as the
mean =+ standard deviation. Independent t-test was used for
differences in the age and number of teeth, whereas the vari-
able gender and race was analyzed using Fisher's exact test.
Mann-Whitney test was used to perform intragroup compari-
sons regarding PI, MB, BoP, PD and CAL. To analyze the
results, one-way analysis of variance with post hoc Bonferroni
test was applied. All statistical analyses were performed with
the JMP Software statistical software (SAS Institute, Cary,

NC, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

Patient characteristics. The demographics and clinical status
of the subjects are shown in Table I. No significant difference
was observed between healthy and diseased subjects regarding
age, gender, race and number of teeth present. Data analysis
demonstrated significantly increased levels of PI, MB, BoP,
PD and CAL in diseased subjects compared with healthy
subjects (P<0.001).

Immunohistochemical analysis of SOFAT expression. Using
immunohistochemistry to analyze SOFAT expression in
healthy and diseased periodontal tissues, it was revealed that
marked lymphoid infiltration was present in patients with
periodontal disease with almost all of these lymphocytes
expressed SOFAT protein (Fig. 1 panels A and B). By contrast,
in healthy gingival tissues, small number of lymphocytes were
observed, although few of these cells expressed SOFAT (Fig. 1
panels C and D). Based on morphological characteristics it
was demonstrated that plasma cells also stained positive for
SOFAT expression (Fig. 1, panel B, arrows).

Expression of SOFAT in different cells types. To conclusively
verify that cell types other than T cells express SOFAT in
inflamed gingival tissue, double-color immunofluorescence
(Fig. 2) was used to identify SOFAT (green) and lympho-
cyte-phenotypic makers (red). Images of SOFAT and CD
marker-positive cells were merged and double-positive cells
were observed as yellow/orange staining. The data revealed
significant SOFAT expression in these cellular infiltrates,
particularly by memory T cells (CD45RO) and by B cells
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Figure 2. Indirect immunofluorescence for SOFAT (green) and for CD3, CD45RO, CD20 or plasma cells (red) in gingival tissue from patients with chronic
periodontitis. Specific CD marker-stained cells and SOFAT-stained cells were merged and visualized as orange (merged; right column). Scale bar, 100 pm.

SOFAT, secreted osteoclastogenic factor of activated T cells.

SOFAT/GAPDH mRNA expression
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Figure 3. SOFAT mRNA expression from purified splenic T cells and B
cells from BALB/c mice activated using lipopolysaccharide or CD3/CD28.
“P<0.05, compared with control, as determined by one-way analysis of vari-
ance followed by Bonferroni post hoc test. SOFAT, secreted osteoclastogenic
factor of activated T cells.

(CD20). In addition there was significant colocalization of
plasma cell markers. Although the majority of B-lineage cells
were positive for SOFAT staining, not all T cells expressed
SOFAT.

SOFAT mRNA expression in B cells and T cells. To further
demonstrate that beside T cells, activated B cells are also an
important source of SOFAT, lymphocytes from mouse spleen
were activated in vitro using CD3/CD28 for T cells and LPS a
potent activator of B cells. As shown in Fig. 3, in comparison
to non-stimulated splenocytes, activated T cells and B cells

showed a significant increase in the expression of SOFAT
mRNA (P<0.05). No significant difference in the magnitude
of SOFAT mRNA expression between T cells and B cells was
identified.

Discussion

The cells of the immune system are widely distributed
throughout the body. When an infection occurs, the inflamma-
tory response allows marshaling of immune system elements
to specific sites. Typically, early events in the inflammatory
reaction to infection are not detectable clinically. As the
infectious process becomes more chronic, clinically evident
inflammation occurs, generating high levels of cytokines and
other mediators of inflammation associated with activation
of the periodontal response. Cytokines are important in the
modulation of inflammatory and pro-resorptive cells. Several
molecules have been described in the literature to be involved
in periodontal disease progression (5,9,22,23). One such factor
is RANKL, a cytokine that promotes the differentiation of
osteoclast precursor cells and is critical in periodontal bone
resorption (9). However, although RANKL is considered to
be a key cytokine for physiological osteoclastogenesis and is
important in periodontal bone erosion, other cytokines may
amplify periodontal bone loss that is driven by RANKL. In
fact, the identification of novel RANKL-independent activities
in culture medium conditioned by activated T cells has been
reported in a previous series of studies (15). This molecule that
also potently induces osteoblastic IL-6 production (24) was
later identified and termed SOFAT (16).
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It was demonstrated that patients with chronic periodontitis
express high levels of SOFAT in diseased periodontal tissues,
and that injection of recombinant RANKL into periodontal
tissue leads to significant erosion of alveolar bone in vivo (17).
Additionally, it was recently demonstrated that the mechanism
of action of SOFAT is RANKL-independent, indicating that,
by co-opting osteoblasts to increase osteoclastogenic cytokine
production, SOFAT may exacerbate inflammation, and support
osteoclast formation and bone destruction (25). These data
suggest that SOFAT may significantly contribute to alveolar
bone loss in periodontal infection and in other inflammatory
states.

The results of the present investigation extend current
understanding of SOFAT biology and to the best of our knowl-
edge is the first study to show that not only T cells, but also
mature B cells, and terminally differentiated plasma cells are
key sources of SOFAT in conditions of periodontal infection.
These findings in periodontal tissues isolated from individuals
with periodontitis suggested that activated lymphocytes in
general appear to be a significant source of SOFAT in chronic
periodontitis and may contribute to bone resorption in peri-
odontal disease.

There is a marked presence of B lymphocytes and plasma
cells in the gingival tissue of patients with periodontal
diseases and antigen-specific T-cell and B-cell activation in
the swollen gingival tissue is required for the induction of
periodontal bone loss. In fact, simple inflammation induced
by LPS alone does not cause periodontal bone resorption
suggesting that a robust host response may underlie bone
damage. Indeed an animal model involving adoptive transfer
of Aggregatibacter actinomycetemcomitans-responsive B
cells exhibited significantly increased levels of bone resorption
compared with non-responsive B cells. Indeed, A. actinomy-
cetemcomitans-binding and RANKL-expressing B cells were
recovered from the gingival tissues of recipient rats transferred
A. actinomycetemcomitans-responsive B cells (26). These
data suggest that B lymphocytes can contribute to increased
periodontal bone resorption during immune responses to
A. actinomycetemcomitans in periodontal disease and this
effect is associated with the upregulation of RANKL expres-
sion. Indeed, T cells and B cells have been reported to aid in
periodontal bone loss though RANKL production (27).

Data shown in the present study revealed that B cells, in
addition to T cells, are important cellular sources of bone
destructive factors SOFAT and RANKL in human periodontal
disease lesions. In conclusion, the prominent expression of
SOFAT by B and T cells in the chronic periodontitis lesion
likely augments RANKL-induced bone resorption, and the use
of RANKL-targeting pharmacological anti-resorptive agents
alone, may be insufficient to prevent bone loss in periodontal
infection owing to the action of SOFAT.
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