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Abstract

Modulation of osteoblast functions by T lymphocytes is important in inflammation-
associated mineralized tissue diseases. The study aimed to determine whether direct interaction
between these two cell types affects osteoblast functions and mineralization. The results showed
that direct contact between the two cell types was evident by SEM and TEM. Under osteogenic
induction, higher hydroxyapatite precipitation was observed in co-cultures with direct contact
with T lymphocytes compared with that by osteoblasts cultured alone. Co-cultures without direct
cell contact caused a decrease in mineralization. Direct cell contact also up-regulated
intercellular adhesion molecule (ICAM)-1 and simultaneously down-regulated transforming
growth factor (TGF)-B1 in osteoblasts. However, down-regulation of TGF-B1 was reversed by
ICAM-1 blocking. Exogenously added TGF-B1 in co-cultures with direct cell contact suppressed
mineralization. In conclusion, studies are consistent with ICAM-1-mediated direct contact
between osteoblasts and T lymphocytes increasing mineralization via down-regulation of TGF-
B1 in osteoblasts in vitro. This suggests a possible unexpected, but crucial, role of T lymphocytes
in enhancing matrix mineralization during the repair process in vivo. The study identifies ICAM-
1/TGF-B1 as possible novel therapeutic targets for the treatment and prevention of inflammation-

associated mineralized tissue diseases.

Keywords: ICAM-1; Direct contact; Osteoblasts; T lymphocytes; Mineralization; TGF-$1



Introduction

T lymphocytes play an important part in the regulation of bone cell function and chronic
inflammatory conditions of bone such as osteoarthritis, loss of alveolar bone in periodontal
diseases and osteomyelitis of jaw bones [1-7]. These pathologies generally involve the secretion
of soluble inflammatory cytokines by activated T lymphocytes, acting mainly as negative
regulators of osteoblast differentiation and eliciting bone breakdown [2, 5-12]. However, T
lymphocyte accumulation has also been reported in the area of ectopic bone formation in many
diseases such as cardiac valve calcification [13], fibrodysplasia ossificans progressiva (FOP)
[14], intraabdominal myositis ossificans [15] and myositis ossificans traumatica [16]. Bone
morphogenetic proteins, potent osteogenic morphogens, were also expressed by myofibroblasts
and preosteoblasts in areas adjacent to T lymphocyte infiltration in cardiac valves where
heterotopic ossification was evident [13]. Moreover, the very early stage of FOP involving
extensive perivascular lymphocytic accumulation in apparently normal skeletal muscle suggests
the possibility that lymphocytes may play a part in the pathogenesis of heterotopic ossification in
this disease [14]. Thus, apart from mediating tissue breakdown via soluble mediators, T
lymphocytes might also have an important role in mineralization during the repair process,
possibly through cell adhesion-mediated signaling initiated via the direct contact between local
mesenchymal cells and T lymphocytes in the area of lymphocytic infiltration. Such cell-cell
interactions have previously been shown to play a fundamental part in regulating the functional
activity of many types of cells, including osteoblasts [17-21]. Moreover, a direct link between T
cells and bone formation during the healing after bone fracture has previously been reported in

vivo [22].



It has been suggested that direct cell-to-cell contact between osteoblasts and other cell
types controls their functions in vitro and in vivo [23]. Osteoblasts express particular adhesion
molecules, such as ICAM-1 and VCAM-1, that participate in the adhesion (to cells expressing
the receptors to these adhesion molecules) and activity of osteoblasts [18]. Cellular adhesion of
osteoblasts through ICAM-1 as well as VCAM-1 possessed a capability to transduce intracellular
activation signals. For example, cross-linking of these two adhesion molecules on osteoblasts
regulated the production of multiple soluble factors by osteoblasts, such as IL-1p, TNF-a and IL-
6, which have an important role in bone repair during inflammation [18, 24, 25]. It is thus
possible that these adhesion molecules may regulate the production of soluble factors by
osteoblasts, in particular osteogenic growth factors TGF-f1, BMP-2 and IGF-1 [26]. However,
little is known about the direct interaction between osteoblasts and T lymphocytes and whether
this process of cell-cell contact can also modulate osteogenic differentiation and bone formation.
The present study was therefore carried out to examine the direct interaction between osteoblasts
and T lymphocytes and determine the functional consequences, particularly the formation of

mineralized nodules by primary human osteoblasts in vitro.

Materials and Methods

Isolation and culture of primary human osteoblasts

Primary human osteoblasts were grown from the cortico-lamellar bone of the maxilla, as
previously reported [27, 28], after obtaining informed consent according to the protocol
approved by the Joint Research and Ethics Committee of the Eastman Dental Institute and
Hospital and the Ethics Review Sub-Committee for Research Involving Human Research

Subjects of Thammasat University No. 3 (COA No. 068/2564). Cells were cultured at 37°C in a



humidified atmosphere of 5% CO- in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco
Life Technologies Ltd, Paisley, UK) containing 10% heat-inactivated fetal calf serum (FCS)
(PAA Laboratories, Yeovil, UK) (10% FCS-DMEM) supplemented with 100 U/ml of penicillin
(Gibco), 100 pg/ml of streptomycin (Gibco) and 2.5 pg/ml of amphotericin B (Gibco). Cells

were used between passages 3 and 5.

Isolation and culture of primary human T lymphocytes

Human T lymphocytes were isolated and cultured as previously reported, and more than
85% of these cells were T lymphocytes, as assessed by flow cytometry (FCM) analysis of the
expression of the T cell marker CD3 [29]. Buffy coat fractions were obtained from the National
Blood Service, Colindale, London, UK and the National Blood Center, Thai Red Cross Society,
Thailand. The buffy coat was diluted 1:1 with phosphate-buffered saline (PBS), layered on
Ficoll-Paque PLUS (GE Healthcare Life Sciences, Little Chalfont, UK) and centrifuged at 800 g
for 40 min at 18°C. The lymphocyte/monocyte interface layer was collected, and after 2 h at
37°C to allow the monocytes to adhere, the non-adherent T lymphocytes were collected and
maintained in 10% FCS-DMEM supplemented with 100 U/ml of penicillin and 100 pg/ml of

streptomycin at 1x10° cells/ml.

Osteoblast-T lymphocyte co-cultures

T lymphocytes were resuspended in standard culture media at a concentration of 1x10°
cells/ml and added to culture dishes containing osteoblast monolayers that had reached
confluence with a ratio of 20 T lymphocytes per one osteoblast. In some experiments, the two

cell types were separated by a semi-permeable porous membrane (0.4 um) using a cell culture



insert (Nunc, VWR Ltd, Lutterworth, UK). A schematic diagram of the co-culture is shown in

Fig. SI.

Treatments of cells

To block the activity of ICAM-1, an ICAM-1 neutralizing antibody (5-20 pg/ml, mAb
IgG1 Clone # BBIG-I1 (11C81), R&D systems) was used to pretreat cell cultures for 30 min
before further treatments/assays. A corresponding isotype control was also used (R&D Systems).
In some experiments, osteoblasts were pretreated with SB203580 (10 uM), SP600125 (10 uM)
and UO126 (1 uM) (all from Sigma), which are potent inhibitors specific to p38 mitogen-
activated protein kinases (p38 MAPK), Jun N-terminal kinases (JNK) 1/2/3 and extracellular
regulated kinases (ERK) 1/2, respectively, for 30 min before being co-cultured with T
lymphocytes to explore the involvement of these signaling pathway(s) in T lymphocyte-mediated
suppression of TGF-B1 in osteoblasts. Moreover, a range of TGF-B1 (0.1-10 ng/ml; R&D
Systems) was used to confirm the involvement of TGF-B1 reduction by osteoblast-T lymphocyte

direct contact in biomineralization.

Scanning electron microscopy (SEM) and SEM energy dispersive X-ray microanalysis (SEM-
EDX)

The samples were fixed in 3% glutaraldehyde in 0.14 M sodium cacodylate buffer (pH
7.3) at 4°C overnight, then dehydrated in a graded series of alcohols (50%, 70%, 90% and two
changes of 100%), washed with hexamethyldisilazane (TAAB Laboratories; Berkshire, UK) for
5 min, air-dried, and then sputter-coated with gold/palladium using a Polaron E5100 coating

device. Cell morphology and direct cell contact were observed using a JEOL JSM 5410LV SEM



(JEOL UK, Welwyn Garden City, UK). In some experiments, elemental analysis was also
carried out to examine the calcium phosphate content of the apparent mineralized deposits in the
samples using SEM combined with INCA 300 energy dispersive X-ray microanalysis system

(Oxford Instruments, High Wycombe, UK).

Transmission electron microscopy (TEM)

Co-cultures were prepared on sterile plastic coverslips (Thermanox®), as described
above. The samples were then fixed with 0.5% glutaraldehyde at 4°C for 30 min, dehydrated in
cold ethanol and embedded at -20°C in LR White resin (Agar Scientific, Stansted, UK). Ultra-
thin sections (approximately 0.1 um) were collected on specimen grids (Agar Scientific),
rehydrated with distilled water and then stained with uranyl acetate (1 min) and lead citrate (1
min). The samples were visualized and photographed using a JEOL 100 CX II Transmission

Electron Microscope (JEOL UK).

Immunocytochemistry (ICC)

Immunocytochemical analysis was used to examine the expression of CD3, a surface
antigen expressed by all T lymphocytes, and CD25, a surface antigen expressed by activated T
lymphocytes. Monolayers of osteoblasts (6x10* cells) were prepared on sterile plastic coverslips,
and T lymphocytes (1.2x10° cells) were seeded onto the osteoblasts, as described above. The co-
cultures were incubated in a standard medium for 72 h. After washing extensively with PBS to
remove non-adherent T lymphocytes, ICC was carried out as previously reported [27] using
primary mouse anti-human CD3 or primary mouse anti-human CD25 antibodies (DAKO) diluted

1:100 in PBS containing 2% FCS-PBS for 1 h at RT. Non-specific mouse IgG was used as the



negative control. The samples were incubated with the HRP-conjugated goat anti-mouse IgG
antibody diluted 1:500 in FCS-PBS for 1 h at RT and then developed using 3,3’-
diaminobenzidine tetrachloride (DAB) (Sigma) for 10 min. Counter-staining was performed
using Mayer's hematoxylin (Merck). The stained cells were examined under an Olympus BX 50
light microscope (Olympus UK, Southall, UK) and photographed with a Nikon Coolpix 4500

digital camera (Best Scientific, Swindon, UK).

Cell-enzyme-linked immunosorbent assay (C-ELISA).

The expression of the T cell CD3 surface antigen, corresponding to the number of T
lymphocytes, was carried out using C-ELISA [30]. Briefly, confluent osteoblast monolayers
(approximately 2x10* cells/well) were obtained after culturing the cells in flat-bottom 96-well
culture plates at a density of 1x10* cells/well in 10% FCS-DMEM for 48 h. After removal of the
non-adherent T lymphocytes by extensively washing, C-ELIZA was carried out on the adherent
cells (osteoblasts and adherent T lymphocytes) using primary mouse anti-human CD3 antibody
(DAKO) (1:100 ) for 3 h at RT. Non-specific mouse immunoglobulin G (IgG) (DAKO) was used
as the negative control. The samples were then incubated with HRP-conjugated goat anti-mouse
IgG antibody (DAKO) (1:500) in FCS-PBS for 1 h at RT, and then the substrate 3,3',5,5'-
tetramethylbenzidine (TMB) (Sigma) added for 30 min at RT. The reaction was stopped by
adding 0.5 M H>SO4, and the absorbance at 450 nm was measured using an ELISA plate reader

(Titertek Multiskan® Plus MKII; Labsystems, Helsinki, Finland).

Matrix mineralization assay



Calcium-containing deposits and mineralized matrices were examined as previously
reported [31]. Briefly, osteoblasts were plated at a density of 2x10* cells/cm? in 24-well plates in
a standard culture medium. After 48 h in standard culture media, the T lymphocytes were added,
and the co-cultures were incubated in an osteogenic medium (OM), which consisted of a
standard culture medium supplemented with 0.1 mM L-ascorbic acid 2-phosphate and 10 mM (-
glycerophosphate. After 14-28 days indicated in each experiment, the cell monolayers were
stained with 1% alizarin red S (Sigma), then rinsed twice with methanol, air dried and
photographed. Incorporated alizarin red S was extracted from the samples with 100 mM
cetylpyridinium chloride (Sigma) for 20 min at room temperature, and the absorbance (A570

nm) was measured.

Raman spectroscopic analysis

Raman analysis was carried out using a LabRam spectrometer (Horiba Jobin Yvon,
Middlesex, UK) to determine whether the bone-like mineralized nodules obtained in the cultures
contain key inorganic and organic compartments of bone (i.e., hydroxyapatite and collagen,
respectively). Maps of an area of (100x100 um) of the surface of the mineralized deposits
formed by osteoblasts cultured alone and in T lymphocyte-osteoblast co-cultures on sterile
plastic coverslips, as described above, were obtained at a step size of 5 pm, using a 633 nm laser,
50x objective and 1800 grating. The mean Raman spectra of the corresponding Raman maps
were obtained following background subtraction and normalization using LabRam software.
Standard Raman spectra of the hydroxyapatite, plastic coverslip Thermanox® and collagen were

also recorded.



Flow cytometry (FCM)

FCM was conducted to examine the expression of TGF-$1, BMP-2, IGF-1, ICAM1 and
VCAM-1 proteins in osteoblasts. The samples were then prepared for FCM as described
previously [32]. In brief, the cells were detached using a scraper and 20 mM EDTA
without trypsin and then fixed with 1% paraformaldehyde for 30 min. After each step described
below, they were washed with PBS containing 2% FCS (PBS-FCS). Following centrifugation,
approximately 50,000 osteoblastic cells were treated for 30 min at room temperature with
antibodies specific to human TGF-f1, BMP-2, IGF-1, ICAM1, VCAM-1 (all from R&D
Systems, Abingdon, UK) and phosphorylated forms of p-38, ERK1/2, INK MAPKs (all from
Cell Signaling Technology, Leiden, Netherlands), diluted in 0.1% saponin containing PBS-FCS.
Corresponding isotype control antibodies (R&D Systems) were used as the negative control. The
samples were incubated with appropriate fluorescence-conjugated secondary antibodies, and the
stained cells were analyzed by flow cytometry (FACScan; Becton-Dickinson, Cowley, UK).
Analysis of data was performed using the CELLQuest software program (Becton-Dickinson).
The geometric means of the fluorescence values of the cell population are shown as the
average fluorescence intensity (AFI) of 5,000 individual cells. In some experiments, the
cultured samples were treated for 4 h before cell harvesting with 1 uM monensin (Sigma) to

prevent the secretion of TGF-B1, BMP-2, IGF-1.

Statistical analysis

The data are presented as the mean + SD from triplicates, with similar results obtained

from three independent experiments. Statistical differences were analyzed using SPSS software
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(SPSS, Inc., Chicago, IL) using a one-way ANOVA followed by the post hoc Dunnett’s test with

a p value < 0.05 considered statistically significant.

Results

Direct cell contact between osteoblasts and T lymphocytes and T lymphocyte activation

Fig. 1a shows that after 72 h in co-cultures, some T lymphocytes adhered to the
osteoblast surface and were not dissociated by extensive washing, as described in the Materials
and Methods. This interaction between these two cells was confirmed by SEM, as shown in Fig
1b, in which approximately 10-15 T lymphocytes (arrows) were estimated to be in contact with
an underlying osteoblast. A higher magnification SEM is shown in Fig 1c, which also
demonstrates the presence of an apparently activated T lymphocyte with characteristic extended
cytoplasmic processes (arrows) very closely associated with the osteoblast. Further evidence
suggestive of direct osteoblast-T lymphocyte cell-cell contact is shown in Fig. 1d-1e, in which
the intimate nature of the apparently direct cell-cell interaction was visualized at the
ultrastructural level. Fig. 1d shows a light microscopic photograph of a co-culture section stained
with crystal violet, which demonstrates extended cytoplasmic processes (arrows) of an
apparently activated T lymphocyte directly interacting with the osteoblast. TEM results also
revealed the presence of some activated T lymphocytes (arrows) directly adhering to the
osteoblast (Fig. 1e). The cell-cell apposition established by membrane-to-membrane interaction
at the site of the cell-cell contact, often reached up to more than 5 um in length as shown in Fig.
le. No lymphocytes were observed in areas that did not contain adherent osteoblasts (Fig. 1a and

1b). The greatest number of T lymphocytes adherent to the osteoblasts was obtained when a ratio
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of 20 T lymphocytes per one osteoblast was added to the osteoblast cultures for 72 h of
incubation (Fig. S2); this cell ratio was therefore used in subsequent experiments.

The expression of CD3 and CD25 in co-cultures was used to examine whether the
mononuclear cells in co-cultures are T lymphocytes and, more specifically, activated T
lymphocytes, respectively. The representative immunocytochemical micrograph in Fig. 1f
demonstrated that all the mononuclear cells that had remained adherent to the osteoblasts after 72
h of co-culture expressed CD3 and would therefore be considered T lymphocytes. Moreover,
most of these adherent cells were also observed to be positive for CD25 (as shown in Fig. 1),
indicating that they had presumably become activated by cell membrane-dependent signal
transduction processes following the addition of their non-activated T cell precursors to the

osteoblasts.

Effect of direct contact with T lymphocytes on the formation of mineralized nodules by
osteoblasts

To examine whether the presence of T lymphocytes affects osteogenic mineralization, the
osteoblasts were cultured with and without T lymphocytes in osteogenic media. The results
showed that by day 14 of incubation, mineralized deposits were observed only in T lymphocyte
co-cultures (Fig. 2a (iii)) but not in osteoblast cultures alone (Fig.2a (i)). Moreover, a greater
amount of nodule formation was also observed on day 28 in the presence of T lymphocytes
compared with the culture of osteoblasts alone (Fig. 2a (iv) vs. Fig. 2a (ii)). To further
investigate whether cell-cell contact plays a part in the increased formation of mineralization in T
lymphocyte-osteoblast co-cultures, a porous membrane was used to block direct cell interaction

physically. The results showed that under osteogenic conditions, the amount of alizarin red-
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positive nodules was greater in co-cultures, without membrane separation, than that in the
osteoblasts alone (Fig. 2b). In marked contrast, prevention of direct cell contact of these two cell
types by a porous membrane dramatically reduced the level of alizarin red-positive deposit to the
level even lower than that in the control group (osteoblasts alone) (Fig. 2b). A summary of the
mineralization analysis in Fig. 2¢ shows that co-cultures possessed an over 3-fold increase in
biomineralization. In contrast, those with membrane separation resulted in an over 8-fold
decrease when compared with the control osteoblasts. In some experiments, pre-activated T
lymphocytes were used in the co-cultures, and similar matrix mineralization results were
observed (Fig. S3).

Characterization of mineralized deposits in co-cultures of osteoblasts and T lymphocytes
was further investigated by SEM-EDX and Raman spectroscopy. The results in Fig. 2d and 2e
show the elemental analysis of the mineralized deposits observed using SEM-EDX. When
cultured under osteogenic conditions for 28 days, the presence of Ca and P, key elements of
mineralized bone, were detected in the calcified matrix both in osteoblasts cultured alone (2d and
spectrum 2) and in T lymphocyte-osteoblast co-cultures (2e and spectrum 4). The Ca/P ratio of
the calcification was found to be 1.50 and 1.57 in osteoblast cultures and in T lymphocyte-
osteoblast co-cultures, respectively. No Ca and P were detected in the area of the non-
mineralized matrix (spectrum 1 in 2d and spectrum 3 in 2¢). Fig. 2e also demonstrates that
calcification is readily visible around and near the (smaller and more spherical) lymphocyte cells
attached to the osteoblasts. Moreover, Raman microscope images were consistent with the SEM
images in showing that with osteoblasts alone, 5 um diameter hydroxyapatite crystals aggregated
together in large clumps of the order of 40 pm (i.e., of the size of a spread osteoblast) (Fig. 2f).

The Raman spectra of these crystals (green areas in Figs. 2h and 2i) showed a dominant peak at
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960 cm™! (Fig. 2j), consistent with a broadened hydroxyapatite peak (Fig. 2m). Regions in
between the hydroxyapatite clumps (blue areas in Fig. 2h) had Raman spectra that were
dominated by Thermanox® peaks (Fig. 2m). In the co-cultures, the Raman image and mapping
again indicated the presence of approximately 5 um hydroxyapatite crystals. However, these
were more dispersed across the whole sample (Figs. 2g and 2i). Further, in these co-cultures,
areas with spectra consistent with pure Thermanox® were difficult to detect. Average Raman
spectra of osteoblasts and co-cultures were comparable, indicating a mixture of hydroxyapatite,
Thermanox® and other organic peaks consistent with the presence of protein similar to collagen
(Figs. 2k and 21, respectively). Raman spectra of collagen, Thermanox® and hydroxyapatite (HA)

are also shown in Fig. 2m as standards for comparison.

Direct cell contact up-regulated ICAM-1 and simultaneously down-regulated TGF-f1 in
osteoblasts

In co-cultures with the presence of direct cell contact, the expression levels of TGF-$1
and IGF-1 decreased by 52% and 47%, respectively, in osteoblasts, while ICAM-1 increased by
about 27 folds compared with those in osteoblast mono-cultures (Fig. 3). No changes in the
levels of BMP-2 and VCAM-1in osteoblasts were detected in co-cultures compared with the
osteoblast alone. Prevention of direct cell contact by a transwell membrane reversed the effect of
T lymphocytes on TGF-B1 and ICAM-1, but not IGF-1, in osteoblasts. In some experiments, pre-
activated T lymphocytes were used in the co-cultures, and similar results were observed (Fig.
S4). The results indicated that direct cell contact between either non-activated or pre-activated T
lymphocytes and osteoblasts might play an important role in the increased ICAM-1 level and the

decreased TGF-fB1 level in osteoblasts.
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ICAM-1 signaling-mediated direct cell contact was involved in the osteoblastic expression of
TGF-p1 in co-cultures.

To examine whether ICAM-1 signaling-mediated direct cell contact play a role in the
osteoblastic expression of TGF-B1 in co-cultures, the ability of ICAM-1 blocking antibody to
prevent T lymphocyte-osteoblast direct contact was first determined. The results in Fig. 4a
indicate that the blocking antibody at 5-10 pg/ml significantly blocked the adhesion of T
lymphocytes to osteoblasts by 60-65% for up to 72 h. Treatment of the co-cultures with the
ICAM-1 blocking antibody at 5 pg/ml also rescued TGF-B1 expression to the level of
approximately 70% of that in the control osteoblast mono-culture (Fig. 4b). This suggests that
direct adhesion mediated by ICAM-1 in the co-culture at least partly suppressed the expression
of TGF-B1 in osteoblasts when co-cultured with T lymphocytes. The involvement of MAPK
signalings in the regulation of osteoblastic TGF-f1 expression by ICAM-1-mediated direct
adhesion was further investigated, and the results are shown in Figs. 4c and 4d. The levels of
phosphorylated MAPKSs, i.e., p-p38, p-ERK1/2 and p-JNK1/2/3, in osteoblast mono-cultures
were undetectable in the present study (data not shown). Treatment of co-cultures with an
ICAM-1 blocking antibody resulted in significant reductions in all MAPKs (Fig. 4c). However,
in co-cultures, only a p38 inhibitor SB203580 reversed osteoblastic TGF-B1 suppression to the
level of approximately 87% of the control osteoblast mono-cultures (Fig. 4d). This indicates that
p-38-dependent ICAM-1 signaling plays a role in osteoblastic TGF-B1 suppression when co-

cultures with T lymphocytes.

Exogenously added TGF-f1 in co-cultures, in the presence of direct cell contact, suppressed

mineralization
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The involvement of TGF-B1 in matrix mineralization in co-cultures in the presence of
direct T lymphocyte-osteoblast contact was assessed, and the results are shown in Fig. 5. While
exogenously added TGF-B1 dose-dependently inhibited matrix mineralization in osteoblast
mono-cultures, it also suppressed matrix mineralization in co-cultures. High doses at 5 and 10
ng/ml of TGF-B1 could completely suppress the increased mineralization induced by T
lymphocyte direct contact in co-cultures. The results indicated that in the presence of direct
contact between these two cell types, exogenously added TGF-B1 in co-cultures with direct cell
contact strongly inhibited matrix mineralization by osteoblasts. This further supports the

involvement of TGF-B1 suppression in enhanced matrix mineralization in co-cultures.

Discussion

Although several lines of evidence support the role of T lymphocytes in chronic
inflammation-associated bone diseases [1, 4, 12, 21, 33], little is known about the effects of
direct cell-to-cell interaction on bone remodeling in chronic inflammation of the bone. This
process involves interactions between T lymphocytes, the major inflammatory cell observed to
be present, and osteoblasts. The results of the present study have shown, for the first time, that
naturally non-adherent human T lymphocytes could become activated and adherent when co-
cultured with human osteoblasts, at least in tissue culture. The interaction between these two
types of the cell was evident by both SEM and TEM, which suggested that an intimate
relationship was established via numerous lymphocyte cytoplasmic processes and bone cell
microvilli-like structures, leading to extensive membrane-to-membrane contact (as per Fig. 1). It
has previously been shown that resting lymphocytes established only limited direct contact with

dermal fibroblasts. In contrast, activated lymphocytes formed extensive sites of direct interaction
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along the fibroblast cell surface without evidence of cell fusion at the contact zones or the
formation of specialized junctions between the two types of cells [34].

Interactions between surface adhesion molecules of osteoblasts and T cell receptors could
play an important part in the activation of T lymphocytes, as distinct intracellular signaling has
been reported to be initiated at adhesion molecule / T cell receptor-enriched regions [35]. In the
present study, T lymphocytes appear to have become activated at some point during the
establishment of direct cell-to-cell contact with the osteoblasts, as evident by the distinct hand
mirror-like morphological features and the expression of CD25. Similar observations are likely
to occur during the inflammatory response, where circulating lymphocytes become activated and
firmly adherent to endothelial cells, concomitantly changing their morphology from small
rounded cells to a far more polarized shape [36]. Furthermore, the adhesion molecule LFA-1,a T
cell receptor for ICAM-1 and highly expressed in osteoblasts [ 18], has a pivotal role in T
lymphocyte-mediated cell contact and T lymphocyte activation [37]. These observations provide
evidence for the importance of adhesion molecule / T cell receptor signaling in the activation of
T lymphocytes. However, there have also been some reports of an inhibitory role of cell-cell
contact on T lymphocyte activation, most probably mediated via soluble cytokines rather than
cell-to-cell contact signals [38].

In the present study, we also showed a potentially important functional consequence of
direct cell contact between T lymphocytes and osteoblasts - an increase in bone matrix
mineralization, possibly resulting from signal transduction via cell adhesion. Previous studies
have also suggested that integrin adhesion and signaling could facilitate the initiation of matrix
mineralization by osteoblasts and stem cells [39, 40] via induction of the expression of a key

osteogenic transcription factor Runx2 [41]. The present results also showed that ablation of the
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direct cell-to-cell contact between T lymphocytes and osteoblasts by a semi-permeable
membrane resulted in a profound decrease in mineralized nodule formation by osteoblasts, in
contrast to the suppression of matrix mineralization by osteoblasts mediated by soluble cytokines
from T lymphocytes, e.g., IL-1p and TNF-a, which have previously been shown to inhibit
osteoblast differentiation and thus bone mineralization [9, 10, 12, 42]. It is noteworthy that when
pre-activated T lymphocytes were used in co-cultures, their effects on matrix mineralization (Fig.
S3) and osteoblastic expression of the growth factors and adhesion molecules (Fig. S4) were
comparable to those using T lymphocytes (without pre-activation). It is possible that following
the addition of non-activated T lymphocytes to osteoblasts, cell membrane-dependent signal
transduction may induce T cell activation pathway(s) similar to those occurred in pre-activated T
lymphocytes. Molecular mechanisms of T cell activation by direct adhesion to osteoblasts
warrant further investigation.

In the co-cultures studied here, mineralization was observed around and near the
lymphocytic cells attached to the osteoblasts, suggesting that these cells may help increase the
number of crystal nucleation sites ensuring that a large number of smaller size calcified crystals,
presumably hydroxyapatite, are formed. The Raman spectra of these crystals showed a dominant
peak at 960 cm™! consistent with a broadened hydroxyapatite peak (Fig. 2), possibly as a
consequence of calcium deficiency of the hydroxyapatite and/or partial substitution of other ions
into the hydroxyapatite lattice structure. The Ca/P ratio of the calcification deposited in T
lymphocyte-osteoblast co-cultures was 1.57, indicating the presence of calcium-deficient
hydroxyapatite in bone (Ca/P ratio of stoichiometric hydroxyapatite = 1.67). Calcium-deficient

hydroxyapatite rather than stoichiometric hydroxyapatite is of special interest since the Ca/P
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ratio in bone is lower than 1.67, as it has been suggested that calcium-deficient hydroxyapatite
may play an important part in bone remodeling and bone formation [43].

Several previous studies have reported the biological importance of the direct cell-to-cell
contact between T lymphocytes and other connective tissue cells [17-19]. For example, Olsen et
al. showed direct transfer of o-D-mannosidase from T lymphocytes that directly adhered to
fibroblasts [17], while direct contact with human gingival fibroblasts resulted in the up-regulation
of CD13 in the T cells [19]. In addition, direct contact of T cells with human osteoblasts stimulated
the secretion of IL-1f and IL-6 via a process that involved the adhesion molecules ICAM-1 and
VCAM-1[18]. The present study showed that regardless of the T cell pre-activation, direct cell-to-
cell contact between T lymphocytes and osteoblasts regulated the expression of TGF-B1, but not
BMP-2 and IGF-1, and ICAM-1, but not VCAM-1, in osteoblasts (Fig. 3 and Fig. S4). A reduction
in osteoblastic TGF-B1 expression appeared to be induced by ICAM-1-mediated direct cell-to-cell
contact. The decrease in TGF-B1 in turn enhanced mineralization, as evident by reversal
experiments that exogenously added TGF-f1was used (Fig. 5). As previously reported, following
binding to its ligands on T lymphocytes, ICAM-1 initiates several intracellular signaling pathways,
such as MAPKSs and PI3K, to control the expression of several genes associated with inflammation
[44, 45], and TGF-B1 inhibits matrix mineralization by suppressing BMP-4-induced osteoblast
maturation, stimulating the expression of inhibitory Smads and suppressing SMURF1-C/EBPf-
DKK1 axis [46-48]. The present results indicated that osteoblastic [ICAM-1 signaling activated all
three principal MAPKSs, as previously reported [49-51], while only the signal transduction via p38,
but not the other two pathways, controlled osteoblastic TGF-B1 expression. Certain transcription
factors activated by the p38 signaling cascade may regulate the TGF-B1 promoter, as previously

reported for the signal transduction initiated by IL-6- mediated activation of p-38 [52]. Precise
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signaling pathways and transcriptional regulation involved in the regulation of matrix
mineralization by ICAM-1-mediated direct cell contact warrants further in vitro and in vivo
studies.

As shown in Fig. 5, the effect of exogenously added TGF-B1 on mineralization by
osteoblasts appeared to be dose-dependent and reached a plateau at 5 ng/ml regardless of the
presence of T lymphocytes, suggesting that TGF-f1 may be a key regulator for bone repair in
bone diseases associated with chronic inflammation. However, at low concentrations of TGF-p1
treatment of the co-cultures, other direct adhesion-mediated signals may overcome this TGF-$1
effect. Increased IL-1f, IL-6 and PGE-2 levels in osteoblasts directly in contact with T
lymphocytes via ICAM-1 have been reported previously [18, 53]. The marked increase in
osteoblastic ICAM-1 following co-cultured with T lymphocytes may suggest positive feedback
from T lymphocytes [49]. Furthermore, it has previously been reported that the expression of
ICAM-1 in non-immune cells can also regulate the secretion of soluble inflammatory cytokines
by activated T cells [54]. It is thus possible that ICAM-1-mediated direct contact between
osteoblasts and T cells may control matrix mineralization via regulation of cytokine secretion by

T cells. Future studies to explore these hypotheses are required.

Conclusions

The present study has shown, for the first time, that there is direct cell-to-cell contact
between T lymphocytes and osteoblasts, and studies are consistent with [CAM-1-mediated direct
contact between osteoblasts and T lymphocytes increasing mineralization via down-regulation of
TGF-B1 in osteoblasts in vitro. This suggests a possible unexpected, but crucial, role of T

lymphocytes in biomineralization during the repair process in vivo, thus identifying ICAM-
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1/TGF-B1 as possible novel therapeutic targets for the treatment and prevention of inflammation-

associated mineralized tissue diseases.

Acknowledgments

The present study was financially supported by the Thailand Science Research and
Innovation Fundamental Fund (Grant Number TUFF 50/2565), Thammasat University Research
Fund (Contract Number TUFT-FF 40/2565) and Thammasat University Research Unit in
Mineralized Tissue Reconstruction, Thailand. We also acknowledge the financial support from
the Research Discretionary account of the Periodontology Unit, UCL Eastman Dental Institute,

UK.

Conflict of Interest statements

No competing conflict of interests exist.

Data Availability Statement
The data that support the findings of this study are available from the corresponding

author upon reasonable request.

Ethics Approval Statement
This study was performed in line with the principles of the Declaration of Helsinki.
Approval was granted by the Joint Research and Ethics Committee of the Eastman Dental

Institute and Hospital, the Ethics Review Sub-Committee for Research Involving Human

21



Research Subjects of Thammasat University No. 3 (COA No. 068/2564) and the Institutional

Biosafety Committee Thammasat University (057/2564).

22



References

1. Baker PJ, Dixon M, Evans RT, Dufour L, Johnson E, Roopenian DC (1999) CD4(+) T
cells and the proinflammatory cytokines gamma interferon and interleukin-6 contribute to
alveolar bone loss in mice. Infect. Immun 67:2804-2809

2. Teng YT, Nguyen H, Gao X, Kong YY, Gorczynski RM, Singh B, Ellen RP, Penninger
JM (2000) Functional human T-cell immunity and osteoprotegerin ligand control alveolar
bone destruction in periodontal infection. J Clin. Invest 106:R59-R67

3. Teng YT (2003) The role of acquired immunity and periodontal disease progression. Crit
Rev. Oral Biol. Med 14:237-252

4. Yamazaki K, Yoshie H, Seymour GJ (2003) T cell regulation of the immune response to
infection in periodontal diseases. Histol. Histopathol 18:889-896

5. De Lange-Brokaar BJ, loan-Facsinay A, Van Osch GJ, Zuurmond A-M, Schoones J,
Toes RE, Huizinga TW, Kloppenburg M (2012) Synovial inflammation, immune cells
and their cytokines in osteoarthritis: a review. Osteoarthritis and cartilage 20:1484-1499

6. Di Benedetto A, Gigante I, Colucci S, Grano M (2013) Periodontal disease: linking the
primary inflammation to bone loss. Clinical and Developmental Immunology
2013:503754

7. Antao CJ, Dinkar AD, Khorate MM, Raut Dessai SS (2019) Chronic Diffuse Sclerosing
Osteomyelitis of the Mandible. Ann Maxillofac Surg 9:188-191

8. Kong YY, Feige U, Sarosi I, Bolon B, Tafuri A, Morony S, Capparelli C, Li J, Elliott R,
McCabe S, Wong T, Campagnuolo G, Moran E, Bogoch ER, Van G, Nguyen LT, Ohashi

PS, Lacey DL, Fish E, Boyle WJ, Penninger JM (1999) Activated T cells regulate bone

23



10.

11.

12.

13.

14.

15.

16.

loss and joint destruction in adjuvant arthritis through osteoprotegerin ligand. Nature
402:304-309

Gilbert L, He X, Farmer P, Boden S, Kozlowski M, Rubin J, Nanes MS (2000) Inhibition
of osteoblast differentiation by tumor necrosis factor-alpha. Endocrinology 141:3956-
3964

van der Kraan PM, van den Berg WB (2000) Anabolic and destructive mediators in
osteoarthritis. Curr. Opin. Clin. Nutr. Metab Care 3:205-211

Marinova-Mutafchieva L, Williams RO, Funa K, Maini RN, Zvaifler NJ (2002)
Inflammation is preceded by tumor necrosis factor-dependent infiltration of
mesenchymal cells in experimental arthritis. Arthritis Rheum 46:507-513

Weitzmann MN, Pacifici R (2005) The role of T lymphocytes in bone metabolism.
Immunol. Rev 208:154-168

Mohler III ER, Gannon F, Reynolds C, Zimmerman R, Keane MG, Kaplan FS (2001)
Bone formation and inflammation in cardiac valves. Circulation 103:1522-1528
Gannon FH, Valentine BA, Shore EM, Zasloff MA, Kaplan FS (1998) Acute
lymphocytic infiltration in an extremely early lesion of fibrodysplasia ossificans
progressiva. Clinical orthopaedics and related research:19-25

Zamolyi RQ, Souza P, Nascimento AG, Unni KK (2006) Intraabdominal myositis
ossificans: a report of 9 new cases. International Journal of Surgical Pathology 14:37-41
Steiner M, Gould AR, Kushner GM, Lutchka B, Flint R (1997) Myositis ossificans
traumatica of the masseter muscle: review of the literature and report of two additional
cases. Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and Endodontology

84:703-707

24



17.

18.

19.

20.

21.

22.

23.

Olsen I, Abraham D, Shelton I, Bou-Gharios G, Muir H, Winchester B (1988) Cell
contact induces the synthesis of a lysosomal enzyme precursor in lymphocytes and its
direct transfer to fibroblasts. Biochim. Biophys. Acta 968:312-322

Tanaka Y, Morimoto I, Nakano Y, Okada Y, Hirota S, Nomura S, Nakamura T, Eto S
(1995) Osteoblasts are regulated by the cellular adhesion through ICAM-1 and VCAM-1.
J Bone Miner. Res 10:1462-1469

Saho T, Kishida T, Hirano H, Hashikawa T, Shimabukuro Y, Murakami S (2003)
Induction of CD13 on T-lymphocytes by adhesive interaction with gingival fibroblasts. J
Dent. Res 82:893-898

Long MW, Robinson JA, Ashcraft EA, Mann KG (1995) Regulation of human bone
marrow-derived osteoprogenitor cells by osteogenic growth factors. J Clin. Invest
95:881-887

Gortz B, Hayer S, Redlich K, Zwerina J, Tohidast-Akrad M, Tuerk B, Hartmann C,
Kollias G, Steiner G, Smolen JS, Schett G (2004) Arthritis induces lymphocytic bone
marrow inflammation and endosteal bone formation. J Bone Miner. Res 19:990-998

El Khassawna T, Serra A, Bucher CH, Petersen A, Schlundt C, Kénnecke I, Malhan D,
Wendler S, Schell H, Volk HD, Schmidt-Bleek K, Duda GN (2017) T Lymphocytes
Influence the Mineralization Process of Bone. Front Immunol 8:562

Furuya M, Kikuta J, Fujimori S, Seno S, Maeda H, Shirazaki M, Uenaka M, Mizuno H,
Iwamoto Y, Morimoto A, Hashimoto K, Ito T, Isogai Y, Kashii M, Kaito T, Ohba S,
Chung U-i, Lichtler AC, Kikuchi K, Matsuda H, Yoshikawa H, Ishii M (2018) Direct
cell—cell contact between mature osteoblasts and osteoclasts dynamically controls their

functions in vivo. Nature Communications 9:300

25



24.

25.

26.

27.

28.

29.

30.

Lacey DC, Simmons PJ, Graves SE, Hamilton JA (2009) Proinflammatory cytokines
inhibit osteogenic differentiation from stem cells: implications for bone repair during
inflammation. Osteoarthritis and Cartilage 17:735-742

Bastidas-Coral AP, Bakker AD, Zandieh-Doulabi B, Kleverlaan CJ, Bravenboer N,
Forouzanfar T, Klein-Nulend J (2016) Cytokines TNF-a, IL-6, IL-17F, and IL-4
Differentially Affect Osteogenic Differentiation of Human Adipose Stem Cells. Stem
Cells International 2016:1318256

JinY, Long D, LiJ, YuR, Song Y, Fang J, Yang X, Zhou S, Huang S, Zhao Z (2019)
Extracellular vesicles in bone and tooth: A state-of-art paradigm in skeletal regeneration.
Journal of Cellular Physiology 234:14838-14851

Singhatanadgit W, Mordan N, Salih V, Olsen I (2008) Changes in bone morphogenetic
protein receptor-IB localisation regulate osteogenic responses of human bone cells to
bone morphogenetic protein-2. Int J Biochem Cell Biol 40:2854-2864

Singhatanadgit W, Salih V, Olsen I (2008) RNA interference of the BMPR-IB gene
blocks BMP-2-induced osteogenic gene expression in human bone cells. Cell Biol Int
32:1362-1370

Singhatanadgit W, Kitpakornsanti S, Toso M, Pavasant P (2022) IFNy-primed
periodontal ligament cells regulate T-cell responses via IFNy-inducible mediators and
ICAM-1-mediated direct cell contact. Royal Society Open Science 9:220056
Singhatanadgit W, Salih V, Olsen I (2006) Bone morphogenetic protein receptors and
bone morphogenetic protein signaling are controlled by tumor necrosis factor-alpha in

human bone cells. Int. J Biochem. Cell Biol 38:1794-1807

26



31.

32.

33.

34.

35.

36.

37.

Arphavasin S, Singhatanadgit W, Ngamviriyavong P, Janvikul W, Meesap P,
Patntirapong S (2013) Enhanced osteogenic activity of a poly(butylene
succinate)/calcium phosphate composite by simple alkaline hydrolysis. Biomed Mater
8:055008

Singhatanadgit W, Salih V, Olsen I (2006) Shedding of a soluble form of BMP receptor-
IB controls bone cell responses to BMP. Bone 39:1008-1017

Takeuchi Y, Sakurai K, Ike I, Yoshie H, Kawasaki K, Hara K (1995) ICAM-1-expressing
pocket epithelium, LFA-1-expressing T cells in gingival tissue and gingival crevicular
fluid as features characterizing inflammatory cell invasion and exudation in adult
periodontitis. J Periodontal Res 30:426-435

Abraham D, Bokth S, Bou-Gharios G, Beauchamp J, Olsen I (1990) Interactions between
lymphocytes and dermal fibroblasts: an in vitro model of cutaneous lymphocyte
trafficking. Experimental cell research 190:118-126

Dustin ML (2001) Role of adhesion molecules in activation signaling in T lymphocytes.
Journal of clinical immunology 21:258-263

Barreiro O, Sanchez-Madrid F (2009) Molecular basis of leukocyte—endothelium
interactions during the inflammatory response. Revista Espafiola de Cardiologia (English
Edition) 62:552-562

Marski M, Kandula S, Turner JR, Abraham C (2005) CD18 is required for optimal
development and function of CD4+ CD25+ T regulatory cells. The Journal of

Immunology 175:7889-7897

27



38.

39.

40.

41.

42.

43.

44,

45.

46.

Rasmusson I, Ringdén O, Sundberg B, Le Blanc K (2005) Mesenchymal stem cells
inhibit lymphocyte proliferation by mitogens and alloantigens by different mechanisms.
Experimental cell research 305:33-41

Schneider G, Zaharias R, Stanford C (2001) Osteoblast integrin adhesion and signaling
regulate mineralization. Journal of dental research 80:1540-1544

Sununliganon L, Singhatanadgit W (2012) Highly osteogenic PDL stem cell clones
specifically express elevated levels of ICAMI1, ITGB1 and TERT. Cytotechnology 64:53-
63

Schneider GB, Zaharias R, Seabold D, Stanford C (2011) Integrin-associated tyrosine
kinase FAK affects Cbfal expression. Journal of orthopaedic research 29:1443-1447
Lacey D, Simmons P, Graves S, Hamilton J (2009) Proinflammatory cytokines inhibit
osteogenic differentiation from stem cells: implications for bone repair during
inflammation. Osteoarthritis and Cartilage 17:735-742

Posner AS (1969) Crystal chemistry of bone mineral. Physiological reviews 49:760-792
Dragoni S, Hudson N, Kenny B-A, Burgoyne T, McKenzie JA, Gill Y, Blaber R, Futter
CE, Adamson P, Greenwood J, Turowski P (2017) Endothelial MAPKSs Direct ICAM-1
Signaling to Divergent Inflammatory Functions. The Journal of Immunology 198:4074-
4085

Bui TM, Wiesolek HL, Sumagin R (2020) ICAM-1: A master regulator of cellular
responses in inflammation, injury resolution, and tumorigenesis. Journal of leukocyte
biology 108:787-799

Maeda S, Hayashi M, Komiya S, Imamura T, Miyazono K (2004) Endogenous TGF-beta

signaling suppresses maturation of osteoblastic mesenchymal cells. EMBO J 23:552-563

28



47.

48.

49.

50.

51.

52.

53.

54.

Deanna JT-R, Evelyn L, Kishan N (1995) Transforming Growth Factor-Beta Inhibition
of Mineralization by Neonatal Rat Osteoblasts in Monolayer and Collagen Gel Culture.
In Vitro Cellular & Developmental Biology. Animal 31:274-282

Nam B, Park H, Lee YL, Oh Y, Park J, Kim SY, Weon S, Choi SH, Yang JH, Jo S, Kim
TH (2020) TGFB1 Suppressed Matrix Mineralization of Osteoblasts Differentiation by
Regulating SMURF1-C/EBPB-DKK1 Axis. Int J Mol Sci 21

Blaber R, Stylianou E, Clayton A, Steadman R (2003) Selective regulation of ICAM-1
and RANTES gene expression after ICAM-1 ligation on human renal fibroblasts. J. Am.
Soc. Nephrol 14:116-127

Turowski P, Adamson P, Greenwood J (2005) Pharmacological targeting of ICAM-1
signaling in brain endothelial cells: potential for treating neuroinflammation. Cell Mol.
Neurobiol 25:153-170

Cernuda-Morollon E, Ridley AJ (2006) Rho GTPases and leukocyte adhesion receptor
expression and function in endothelial cells. Circ. Res 98:757-767

Liton PB, Li G, Luna C, Gonzalez P, Epstein DL (2009) Cross-talk between TGF-betal
and IL-6 in human trabecular meshwork cells. Mol. Vis 15:326-334

Lavigne P, Benderdour M, Lajeunesse D, Shi Q, Fernandes JC (2004) Expression of
ICAM-1 by osteoblasts in healthy individuals and in patients suffering from osteoarthritis
and osteoporosis. Bone 35:463-470

Basingab FS, Morgan DJ (2018) ICAM-1 overexpression counteracts immune-
suppression by tumour cell-derived PGE2 to restore CTL function. Journal of

Immunological Sciences 2

29



30



Figure legends

Fig. 1. Direct contact between osteoblasts (OB) and T lymphocytes (T). In (a), the image shows
microscopic visualization of T lymphocyte-bone cell interaction on day 3 of co-culture. The
SEM image in (b) demonstrates that approximately10-15 T lymphocytes (arrows) were in direct
contact with one bone cell. Image (c) shows a higher magnification SEM of the direct cell-to-cell
contact between both cell types, which reveals an activated T lymphocyte with characteristic
extended cytoplasmic processes (arrows) directly attached to the bone cell. Image (d) shows a
representative section stained with crystal violet and observed under the light microscope before
TEM analysis (e). In (d), arrows indicate extended cytoplasmic processes of an activated T
lymphocyte directly interacting with an osteoblast. Under TEM in (e), T lymphocytes were
observed to be in direct contact with an osteoblast, and at higher magnification, the extensive
area of close membrane-membrane contact is visible, as indicated by the arrows. In (f), ICC
analysis of the expression of CD3 and CD25, cell surface antigens characteristic of T
lymphocytes and activated T lymphocytes, respectively, in co-cultures. These markers are
expressed as intense brown staining, whereas unstained cells are observed in the negative
control.

Fig. 2. Effect of T cells on the formation of mineralized nodules in osteoblast-T lymphocyte co-
cultures under osteogenic induction. In (a), mineralized deposits were not present in osteoblasts
cultured alone (OB) for 14 days but were observed by 28 days (i and ii, respectively) and were
also observed in co-cultures (OB+T) both at 14 and 28 days (iii and iv) and at higher
magnification in v and vi, respectively). Alizarin red-S staining confirmed the presence of
calcium-containing deposits (b), which was far more intense in co-cultures in direct cell-cell

contact than when the two types of cells were separated by a membrane (M). Control osteoblasts
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cultured in a non-osteogenic medium showed no staining. The levels of extracted alizarin red dye
were also shown (c). The results are presented as the mean percent + SD obtained from triplicate
samples. " p < 0.05. In (d)-(¢), elemental analysis of mineralized deposits formed in osteoblast
cultures (d) and in co-cultures (e) by SEM-EDX. Note that the spectra of Ca and P are shown in
the figure, while the spectra of other main ions, e.g., Au and Pd (as coating materials) and
oxygen, have been omitted. The results are presented as the mean Ca/P ratio + SD obtained from
10 different mineralized deposits in a sample. Similar results were found in three separate
experiments. Raman spectroscopy of biomineralization in osteoblast-T lymphocyte co-cultures is
shown in (f)-(m). Raman images, mappings and spectra of representative mineralized deposits
formed in osteoblast cultures (f, h and k, respectively) and co-cultures (g, i and 1, respectively).
In Raman mappings, areas in green have a strong peak at 960 cm™! consistent with
hydroxyapatite-like inorganic deposits, while areas in blue have characteristic spectra consistent
with an organic phase (j). Raman spectra of collagen, Thermanox® and hydroxyapatite (HA) are
also shown in (m) as standards for comparison. Similar results were found in three separate
experiments.

Fig. 3. Flow cytometric analysis of the expression of growth factors and adhesion molecules in
osteoblasts. Osteoblasts were cultured alone (OB), cultured with T lymphocytes (OB+T) and
cultured with T lymphocytes in the presence of a porous membrane (OB+T+M) to prevent direct
contact between these two cell types for 72 h. The expression levels of TGF-f1, BMP-2, IGF-1,
ICAM-1 and VCAM-1 were then assessed by FCM (a). The results are presented as the mean
percent = SD obtained from triplicate samples, and the expression levels in the OB group were

defined as 100%. Representative histograms demonstrating the expression levels of TGF-B1 (b)
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and ICAM-1 (c) are also shown. Similar results were found in three separate experiments. * p<

0.05.

Fig. 4. Role of ICAM-1 signaling-mediated direct cell contact in the osteoblastic expression of
TGF-B1 in co-cultures. In (a), osteoblasts were pre-incubated with an ICAM-1 blocking antibody
at various concentrations (0-20 pg/ml). Cells were then co-cultured with T lymphocytes for 24-
72 h, and the CD3 levels, proportional to the numbers of T lymphocytes, were determined by C-
ELIZA. The results are presented as mean absorbance + SD from 6 replicates. In (b and c),
osteoblasts were pre-incubated with an ICAM-1 blocking antibody (10 pg/ml) before co-cultured
with T lymphocytes (OB+T+ICAM-1 blocking), and in (d), pre-treatments of cultures with
MAPK inhibitors were performed. The expression of TGF-1 (b and d) and phosphorylated
MAPKSs (c) in osteoblasts was examined by FCM. The results are presented as mean percent +
SD from triplicates, defined as 100% in the control osteoblast alone (OB). * p < 0.05.

Fig. 5. Effect of exogenously added TGF-B1 on matrix mineralization in osteoblast mono-
cultures and osteoblast-T lymphocyte co-cultures under osteogenic conditions. Osteoblasts were
cultured with and without T lymphocytes in the presence of varying concentrations of TGF-$1
(0-10 ng/ml) and osteogenic supplements for 28 days. Matrix mineralization was assessed using
the alizarin red S staining assay, and the levels of extracted alizarin red dye were determined.
The results are presented as the mean percent + SD obtained from triplicate samples. Similar
results were found in three separate experiments. * vs OB, 0 ng/ml TGF-B1, * vs OB+T, 0 ng/ml

TGF-B1
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Supporting Information: Materials and Methods
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Fig. S1. A diagram schematically shows the T lymphocyte-osteoblast co-cultures in which the
suspensions of T lymphocytes are physically separated from adherent osteoblast monolayers

by a porous membrane.



Supporting Information: Results
Effect of increasing numbers of T lymphocytes on cell-to-cell contact with osteoblasts

In Fig. S2, C-ELISA analysis showed that increasing the initial number of T lymphocytes
added to the osteoblast monolayers progressively increased the total number of T lymphocytes
that remained adherent to the osteoblasts up to a co-culture period of 72 h. The greatest number
of T lymphocytes adherent to the osteoblasts was obtained when a ratio of 20 T lymphocytes per
one osteoblast was added to the osteoblast cultures for 72 h of incubation; this cell ratio was
therefore used in subsequent experiments. Notably, at higher initial seeding densities (30-40 T
cells/osteoblast), the number of adherent T cells significantly decreased as time progressed in the

co-cultures (Fig. S2).

] 24h N 48h [0 72n

Number of adherent T lymphocytes

5 10 15 20 30 40

Number of T lymphocytes seeded per one osteoblast

Fig. S2. C-ELISA analysis of the number of T lymphocytes attached to osteoblast monolayers
in co-cultures. Osteoblasts were cultured in a 96-well plate until they reached confluence and
non-activated T lymphocytes then added at 5, 10, 15, 20, 30 and 40 cells per one osteoblast for
24,48 and 72 h, as described in the Materials and Methods The co-cultures were extensively
washed with PBS to remove the non-adherent T lymphocytes and the adherent T lymphocyte-
osteoblast monolayers were fixed and analyzed for CD3 expression using C-ELISA. The
absorbance measured is proportional to the number of T lymphocytes remaining (adherent) in
the co-culture. The results are presented as the mean A450 + SD of triplicate wells. Note that,
up to 72 h in co-cultures, the highest number of T lymphocytes that had adhered to the

osteoblasts was obtained when 20 T lymphocytes per one osteoblast were co-cultured.

* p<0.05vs 5T cells/osteoblast at 24 h, #p < 0.05 vs 5 T cells/osteoblast at 48 h, $p <0.05

vs 5 T cells/osteoblast at 72 h, ' p <0.05.



Effect of pre-activated T lymphocytes on matrix mineralization by osteoblasts

To examine whether the presence of pre-activated T lymphocytes affects matrix
mineralization, T lymphocytes were pre-activated with 5 pg/ml concanavalin A (ConA; Sigma)
for 72 h before co-cultured with osteoblasts under osteogenic induction. In addition, a porous
membrane was used to block direct cell interaction. The results showed that under osteogenic
conditions, the amount of alizarin red-positive deposits was greater in co-cultures, without
membrane separation, than that in the osteoblasts alone (Fig. S3a). In marked contrast,
prevention of physical direct cell contact of these two cell types markedly decreased alizarin red-
positive deposits to the level much lower than that in the control group (osteoblasts alone) (Fig.
S3a). A summary of the mineralization analysis in Fig. S3b shows that co-cultures between
osteoblasts and pre-activated T lymphocytes possessed an approximately 3-fold increase in
matrix mineralization. In contrast, those with membrane separation resulted in an over 9-fold

decrease when compared with the control osteoblasts.
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Fig. S3. Effect of pre-activated T lymphocytes on the formation of mineralized nodules in
osteoblast-pre-activated T lymphocyte co-cultures under osteogenic induction. In (a),
osteoblasts (OB) were cultured alone or with pre-activated T lymphocytes (T) with and
without osteogenic medium (OM), and mineralized deposits stained with alizarin red-S are
shown as blight red deposits. A porous membrane (M) was also used to physically prevent
direct cell contact between these two cell types. A summary of matrix mineralization is shown

in (b). The results are presented as the mean percent = SD obtained from triplicate samples.

Similar results were obtained from three separate experiments. p < 0.05.



Direct cell contact to pre-activated T [ymphocytes up-regulated ICAM-1 and simultaneously
down-regulated TGF-p1 in osteoblasts

In co-cultures between pre-activated T lymphocytes and osteoblasts with the presence of
direct cell contact, the expression level of TGF-B1 decreased by 42%, in osteoblasts, while
ICAM-1 increased by about 29 folds compared with those in osteoblast mono-cultures (Fig. S4).
No changes in the levels of BMP-2, IGF-1and VCAM-1in osteoblasts were detected in co-
cultures compared with the osteoblast alone. Prevention of direct cell contact by a transwell
membrane reversed the effect of T lymphocytes on TGF-B1 and ICAM-1 in osteoblasts. The
results indicated that direct cell contact of pre-activated T lymphocytes to osteoblasts might play

an important role in the increased ICAM-1 level and the decreased TGF-B1 level in osteoblasts.
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Fig. S4. Flow cytometric analysis of the expression of growth factors and adhesion molecules
in osteoblasts. Osteoblasts were cultured alone (OB), cultured with ConA pre-activated T
lymphocytes (OB+T) and cultured with ConA pre-activated T lymphocytes in the presence of
a porous membrane (OB+T+M) for 72 h. The expression levels of TGF-B1, BMP-2, IGF-1,
ICAM-1 and VCAM-1 were then assessed by FCM. The results are presented as the mean

percent = SD obtained from triplicate samples, and the expression levels in the OB group were

defined as 100%. Similar results were obtained from three separate experiments. : p<0.05



