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The immunomodulatory property is to regulate immune cell function. IDO
and TGF—Bl inhibited T cell proliferation and induced regulatory T (Treg) cells
differentiation. However, this property must be activated by inflasmation. Recently,
mechanical forces have also activated this property. Hence, this study investigated
effect of shear stress on immunosuppressive property of hPDL cells. Cells
were subjected to shear stress then expression of DO, TGF—Bl, IFN-gamma and
COX2 mRNA and protein was examined by gRT-PCR, ELISA, and IDO activity.
Conditioned media derived shear stress were treated with CD4™ T cells. The
proliferative T cell effect was determined using resazurin. The FOXP3, IL-10, and
CD4*CD25"CD127'" were tested using gRT-PCR and flow cytometry. Our result
showed the IDO-dependent kynurenine and TGF—Bl were increased under shear
stress. The addition of ERK inhibitor, or cycloheximide inhibited shear stress-induced
kynurenine. Shear stress-derived conditioned medium (SS-CM) inhibited T cell
proliferation. Also, SS-CM enhanced FOXP3 and IL-10 mRNA and increased Treg cells.
In conclusion, shear stress enhances immunosuppressive property of hPDL cells,
thereby inhibit T cells proliferation and promote Treg cell differentiation. The
potential of shear force in regulating immunosuppressive property may possibly be

applied in periodontitis to regulate inflammation and trigger tissue regeneration.
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CHAPTER |

Background and Rationale

Periodontal ligament (PDL) cells are the major cell type lining on periodontal
tissue. It has been shown that PDL cells possess the characteristic of mesenchymal
stem cells (MSC) such as the multipotent stem cell markers, the pluripotent stem cell
marker and the potential to differentiate into several cell types including osteoblasts
[1], chondrocytes [2], adipocytes [3] as well as cementoblasts [4, 5]. Moreover, PDL
cells also have an immunomodulatory capacity similar to that found on other MSC [1,
6, 71. The immunomodulatory property of MSC is an important factor to regulate the
inflammation and initiate the healing or regeneration of the tissue [8]

The immunomodulatory property of MSC has been characterized as the ability
of MSC to express or secret immunosuppressive molecules to regulate the proliferation
and function of the immune cells, which, in general, suppress T cell proliferation and
promote anti-inflammatory  immune cells [8]. Therefore, | refered to this
immunomodulatory property as immunosuppressive property of MSC. The major
molecule described that play role in this immunosuppressive function including IDO,
TGF-B1 and IL-10 [8]. However, it has been reported that the ability of MSC to secrete
these immunosuppressive molecules required the induction of supportive signal [9,
10], which normally come from the activated immune cells or from the inflammation,
in the other word, inflammation triggers the immunosuppressive property of MSC [11,
12].

Interestingly, it has been shown that secretion of PDL cells contain the
immunosuppressive molecules and could influence the proliferation of T cells [1].
Since the immunosuppressive property of PDL cells required the inductive signal [1,
10, 11], it is tempting to hypothesize that there is another activating the factor beside
inflammation, that induce immunosuppressive property of PDL cells.

One characteristic of PDL cells is that PDL cells is a mechanosensing cells [13].
Since periodontal tissue always receive mechanical force generated by mastication,
speech and deglutition, PDL cells will always be activated by mechanical force. Indeed,

the importance of mechanical stimulation on PDL homeostasis has been described



[14-16]. In hypo- or non-function teeth, dramatically changes in PDL tissue has been
reported [17]. Therefore, it is possible that the proper function of PDL cells required
the proper mechanical stimulation generated from the adequate function of the teeth
and oral cavity. In vitro experiments showed that PDL cells could respond to all type
of mechanical stimulation, including compression, tension, shear, and vibration.
Interestingly, these mechanical stimulations induce both pro- and anti-inflammatory
molecule, such as ATP, TGF-B1, IL-6, IL-8, PGE2 [18, 19]. However, there is still no
report on the effect of mechanical stimulation on IDO or IL-10. Moreover, the direct
function of secreted molecule from force-exposed PDL cells on immune cells is still
unclear.

The aim of this study is to investigate the mechanical stimulation, especially
shear force on the induction of immunosuppressive property of PDL cells. Shear force
is one of the major forces that occur in PDL. Movement of the teeth within the socket
after mastication not only generated compression and tension but also cause the
movement of tissue fluid to generate shear force on PDL cells [20], however, the
reports regarding the effect of shear force on PDL cells is still minimal. In this study,
secretion of immunosuppressive molecules including IDO and TGF-B1 was examined.
The expression and amount of all molecules were determined by RT-PCR, ELISA, and
enzyme activity assay. The molecular mechanism of how shear force trigger
immunosuppressive phenotype was determined. The mechanism of this induction as
well as the immunosuppressive function on CD4" T cells from PBMC was also

examined.

CHAPTER Il
LITERATURE REVIEW
1. Periodontal ligament cells
Human periodontal tissue is a specific dense connective tissue, which anchor

between alveolar bone and cementum, and are a resident of extracellular substances



such as collagen, elastics, etc. PDL also contain heterogenous cell types such as
synthetic cells, resorptive cells, immune cells [21-24] as well as progenitor cell like
periodontal ligament (PDL) cells [25]. It has been shown that PDL cells have higher
proliferative potential than stem cells from bone marrow mesenchymal stem cells
(BMMSC) and dental pulp stem cells (DPSCs) [26, 27] and express multipotent stem
cell markers on cell surface such as CD90, CD105, CD73 expression more than 95% of
the population as judged by flow cytometry [1, 28]. PDL cells also contain multi-
differentiation ability under appropriate induction, these cells could differentiate into
at least 2 lineages including osteoblast, adipocytes, chondrocytes [29], which is the
basic property of mesenchymal stem cells (MSCs) [30].

Besides, PDL cells also express pluripotent stem cell markers, including Oct4,
Sox2, Nanong, SSEA-4 and SSEA-1 [31, 32]. PDL cells have been shown to Nestin, Slug,
p75, and Sox10, which are the markers of neural crest cells [33]. The
immunohistochemistry results from mouse PDL cells and human PDL cells that have
expressed CD146 and STRO-1 in perivascular space periodontium [5, 34]. Both of
Theses CD146" and STRO-1" markers have involved in enhancement of osteogenic
differentiation by PDL cells [35, 36].

Albeit the diversity of stem cell markers expressed by PDL cells, the specific
positive human PDL cells markers have still unclear. Human PDL cells and mouse PDL
cells have shown highly expression of scleraxis (SCX) more than bone marrow stomal
stem cells (BMSSCs) and dental pulp stem cells (DPSCs) [5], suggesting that SCX-
expressing PDL cells in mouse could be play a role in maintenance of collagen fibers
and osteogenic phenotype in periodontium [37].

Taken together, evidences point out that PDL cells contain the potential to
maintain the homeostasis of periodontal ligament tissue in physiologic and pathologic
conditions by differentiation into cementoblast-like cells [5], osteoblast-like cells and
fibroblast-like cells under specific conditions [6]. These cells also play role in the
remodeling of periodontal collagen fibers tissue and other ECM [38] as well as in the

regeneration of periodontal tissue [39, 40].



2. Immunomodulatory capacities

As mentioned above, the immunomodulatory property is one of the
characteristics of MSCs. Immunomodulation has been characterized as the ability of
MSC to express or secret immunomodulatory molecules to regulate the proliferation
and function of the immune cells (Wu et al., 2020). Immunomodulatory property of
MSCs play roles both as a supportive signals or inhibitory signals for the function
differentiation and survival of immune cells [1, 8, 10-12].

Like other MSCs, PDL cells also posses the immunomodulatory property. The
ability to regulate immune function could be observed via both direct contact and the
secreted molecules. PDL cells could inhibit cell proliferation of T cells via both direct
or indirect contact [1, 39, 41, 42]. Direct interaction between PDL cells and B-cells
could inhibit B-cell function via PD-1/PD-L1 interaction [43]. Indirect contact between
PDL cells and T cells could induce recruitment of T cells [44]. Evidence from direct
interaction also showed that PDL cells could decrease the development of mature
dendritic cells via decreasing CD1b expression, a maturity marker of mature dendritic
cells [45]. A direct contact between PDL cells and B-cells results in anti-apoptosis of
B-cells via IL-6 secretion [43]. In addition, Direct contact between PDL cells and
macrophages could enhance M2 macrophages polarization though up-regulating
CD163 in M and M2 [44, 46]. These results suggested that the immunomodulatory
property of MSC has two main routes via direct interaction between PDL cells and
immune cells and via the secreted molecules from PDL cells to affect the behavior of
immune cells.

However, this immunomodulatory property of PDL cells require proper
induction. Normally, pro-inflammatory cytokines from activated immune cells, for
example, IFN-Y secretion can elicit this property from MSC and PDL cells [1, 47].
Condition medium from PDL cells exposed with pro-inflammatory cytokines, IFN-Y,
TLR3, and IL-12, inhibit T-cell proliferation and induce FOXP3 expression in T cells [1,
42, 48-50].

Pre-treated MSCs and PDL cells with pro-inflammatory cytokines could lead to

the increase expression and secretion of several immunomodulatory mediators such



as the expression of PD-L1, ICAM-1, HLA-G on cell surface, and secretion of IDO, TGF-
B1 and IL-10 into the extracellular space [11, 51]. The interaction of PD-L1 and PD-1
inhibits activation and function of T cells [52], while the increase of ICAM-1, an adhesion
molecule of T cells, results in suppressing cell proliferation [53]. Membrane-bound and
soluble HLA-G also suppress T-cell proliferation [54].

In addition to pro-inflammatory cytokines, Laminar shear stress-induced MSCs could

promote immunomodulatory phenotype of MSC to decrease TNF-OL secretion of
splenocytes via COX2/PGE2 signalling (Diaz et al., 2017). However, the effects of shear
force on PDL cells were limited to the change in macrophages and still unclear.
Condition medium from compressive forces-induced PDL cells autophagy increased
the number of pro-inflammatory macrophages [55], however, exosome from cyclic
stretch-exposed PDL cells attenuated IL-1B production in LPS-primed macrophages,
resulting in decreasing number of pro-inflammatory macrophage [56].

Since the role of shear force on PDL cells is still unclear. The aim of this
proposal focused on secreted immunomodulatory mediator after shear force

stimulation that can act as paracrine factor to regulate function of immune cells.
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Figure 1 : A proper induction of immunomodulatory capacities.

The immunomodulation is an ability of MSC as well as PDL cells to regulate immune
cell function. This schematic diagram showed several factors that enhanced this
property of PDL cells to regulate the function and differentiation of immune cells. The

fisure was created with Biorender.com.



3. Role of indoleamine 2,3-dioxygenase on immune cells

Indoleamine 2,3-dioxygenase (IDO) is an enzyme involving in tryptophan
catabolism to produce kynurenine. IDO is expressed in immune cells [57] as well as in
MSC and PDL cells [11, 48, 50]. IDO has been considered to be an important
immunosuppressive mediator due to its ability to decrease tryptophan levels, which is
essential amino acid to induce T cell proliferation [58], in local microenvironment.
Depletion of tryptophan inhibit T cell proliferation, induce T cell apoptosis, and
promote the regulatory T cell formation [59-61].

However, IDO is considerably expressed only in presence of inflammation since
it will be induced by several inflammatory cytokines such as interferons, IL-12, virus
infection, and the activation of TLRs by DAMPs or PAMPs [48, 50, 60, 62, 63]. Among
the pro-inflammatory cytokines, interferon gamma (IFN-Y), is an anti-viral chemokine
firstly found in 1957 [64], is the strong inducer of IDO expression [65]. Hence, IFN-Y has
considered to be immune-mediated cytokine to promoted immunosuppressive ability
of PDL cells and MSC [1, 63]

Normally, PDL cells express IDO in low level, yet the activation of PDL cells
with pro-inflammatory cytokines, as mentions above, lead to higher amount of IDO
secretion. Condition medium containing pro-inflammatory cytokines-induced IDO can

decrease T cell proliferation [1, 63] and can induce Treg differentiation [48].
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Figure 2 : The IDO expression and activity

The expression of IDO was normally induced by pro-inflammatory cytokines such as
interferons, IL-12 activation, TLRs activation, or DAMPs. Then, active IDO metabolized
tryptophan into kynurenine products. The depletion of tryptophan has triggered T cell
apoptosis and inhibited proliferative T cells. The figure was based on [66] and created

in Biorender.com.

4. Role of transforming growth factor-betal on immune cells

TGF-B1 is a pleiotropic cytokine, one of superfamily of Transforming growth
factor-beta. In mammals, TGF-B1 has three isoforms (TGF-B1, TGF-B2, and TGF-B3). T
TGF-B1 is secreted in latent TGF-B1 complex (TGF-B1, LAP, LTBP, disulfide bond) bound
at cell surface or ECM with membrane-bound proteins. Activation of latent TGF-B1
allow active TGF-Bl to bind own receptor [67, 68]. Binding of TGF-B1 to
serine/threonine kinase receptor can activates both smad pathway (Smad1/2/3/5—
receptor-associated smad, Smad6/7—inhibitory smad, Smadd—costimulatory smad),
and non-smad pathway (MAPKs, PI3K, and small GTase signalling) to regulate gene
expression [69, 70].
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Figure 3 :TGF-81 secertion and signalling pathway

Normally, latent TGF-B1 was constitutively expressed in MSC and PDL cells. The
secreted latent form was bound to cell membrane or ECM so that wait for activation
process. After TGF-B1 activation, active TGF-B1 bind to own receptor to activate smad
family for canonical signalling pathway, or non-canonical signalling pathways such as
MAPKs, PI3K, or small GTPase. The figure was based on [68-70] and created with

Biorender.com.

The TGF-B1 plays roles in cell proliferation, cell differentiation, apoptosis, and
extracellular matrix remodeling. However, these influences of TGF-B1 is depending on
different receptor types in different cell types. [71]. Besides, TGF-B1 influences the
function of immune response. TGF-B1 has been shown to regulate the functions and
differentiation of several immune cell types, including T cells, B cells, dendritic cells,
macrophages, and mast cells. Firstly, TGF-B1 could suppress T cell proliferation,
activation, differentiation at low concentration [72, 73]. Some studies have shown that
TGF-B1 can regulate T-cell proliferation depending on state of activated T cells [74].
Additionally, TGF-B1 can promote development of CD4 T cells into regulatory FOXP3+



T cells. However, high level of inflammation could inhibit FOXP3 induction by TGF-B1
[75]. The presence of TGF-B1 and IL-6 can induce Th17 cell differentiation [76].
MSC and PDL cells constitutively express TGF-B1 [41, 74]. However, some

studies have shown that IFN-Y can induce TGF-B1 expression in MSC [77], but not in
PDL cells and in mouse MSC [41, 44, 74]. Direct contact between PDL cells and T cells
could also promote TGF-B1, resulting in the inhibition of T-cell proliferation [1]. In
addition, all types of mechanical forces, compression, tension, and shear force, can
stimulate TGF-B1 expression in human vascular endothelial cells (HUVECs) [78], PDL
cells [18, 79], and MSC [80], leading to tissue remodeling [78, 81].

5. Role of interleukin 10 on immune cells

IL-10 is an anti-inflammatory cytokine discovered firstly in 1989. IL-10 is mainly
produced by the immune cells. IL-10 to bind its own receptor mainly leads to inhibit
pro-inflammatory production, IFN-Y, TNF-QL, IL-2, IL-1, IL-8, IL-6, to suppress function
of the innate immune cells, for example, dendritic cells, monocytes, macrophages, as
well as neutrophil [82-84]. Furthermore, IL-10 has regulated adaptive immune cells to
strongly inhibit proliferation, migration, and activation of CD4 T cells [83, 85, 86].
Although, effect of IL-10 is suppressive, IL-10 also promote function and development
of regulatory CD4 T cells (T-reg) [87], CD8 T cells, B-cells [88].

MSC constitutively express IL-10 under normal conditions and some conditions,
for example, Toll-like receptor 3 activation, leading to inhibit T-cell proliferation [11,
89]. Indeed, MSC also indirectly inhibit proliferation and apoptosis of T cells, dendritic
cells and monocytes via paracrine factor to induce IL-10 expression in immune cells

[90, 91].

6. Role of prostaglandin E2 on immune cells
Cyclooxygenase 2 (COX2) is rate-limiting enzyme generating arachidonic acid
(AA) into different prostaglandin (PG) products (PGE2, PGI2, PGD2, PGF20 and TXA2) by
requiring  final intermediate enzyme [92-94]. Normally, the expression of COX2 is

inducible activated by inflammation [95], yet, in recent, COX2 is always induced by
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force stimulation [96-98]. Additionally, COX2 expression has essential role in regulating
immune cell function by leading to increase PGE2 product.

PGE2 or prostaglandin E2 is an arachidonic acid-derived small molecules, and
the main target, generated by COX2. PGE2 can bind to different 4 receptors including
EP1-4 [99]. PGE2 have been proposed to be an important immunomodulatory
mediator secreted during inflammation to regulate T cell behavior. High dose of PGE2
have enhanced differentiation of regulatory T (Treg) cells in human [100]. Additionally,
PGE2 have changed cytokine profile of Th1 cells, yet had no effect on cytokines profile
of Th2 cells [101]. PGE2 have attenuated TNF-QL secretion in splenocyte [96] and also
inhibited lymphocyte proliferation [102].

MSCs and PDL cells have also expressed and secreted COX2 and PGE2 during
inflammation. Overexpression of COX2 in MSC have increased PGE2 product leading to
enhance immunosuppressive capacity by inhibiting lymphocyte proliferation and
activation [102]. In addition to inflammation, all mechanical forces have increased the
expression of COX2 in MSC and PDL cells [96-98]. Recently, shear force has also
increased COX2-generated PGE2 product in MSC to inhibit TNF-OL secretion in
splenocyte [96].

7. External mechanical forces

Mechanical forces. Mechanical forces are separated into internal mechanical

force, cell-generated force, and external mechanical force.

Compression Tension Shear

$«-§-g

e === daD

>

Figure 4 : Different types of external mechanical forces
Compression (left), tension (middle), and shear force (right), respectively. The figure

was created with Biorender.com.
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External mechanical forces, which are spontaneously generated throughout the
body, are an essential factor leading to regulate cell behavior in different tissues. The
main external mechanical forces include compression, tension, and shear force (Figure
4) [103, 104]. There are several cell types that could function as mechanosensory cell
via mechanotransduction process, for instance, osteocytes [105], endothelial cells
[106, 1071, MSC [108], as well as PDL cells [13, 14].

The mechanotranduction is a process that mechanosensory cells converted
mechanical stimuli to intracellular chemical signalling (mechanotransducers) via
mechanoreceptor (mechanosensor) during force stimulation. Mechanical forces trigger
conformational extracellular matrix (ECM) change so that activate integrin receptor
leading to rearrange cytokines insides the cell to allow them in response to the forces
via focal adhesion complex [109, 110].

Focal adhesion (FA) is main hub of cell binding to ECM through transmembrane
integrin receptor, which associated with binding ECM, actin cytoskeleton and protein
kinase, for example, FAK kinase. Activation of integrin lead to activate either
cytoskeleton remodeling or signalling molecules such as P38, JNK, ERK1/2, and Rho A
[103, 111]. There is study showing that compressed PDL cells induce PGE2 secretion
via FAK kinase [112].

Besides, mechanical force can directly activate mechanorecptor such as
Stretch-activated ion channels (SACs) which are a mechanosensor that is mostly
expressed in mechanosensing cells, including Piezo family and TRP family [113]. The
mechanism of SACs are to allow ion, likes K*, Ca%*, Na*, to influx or efflux to cytoplasm
during mechanical stimuli [113, 114]. For example, compressed PDL cells has regulated
osteoclastogenesis via TRPV4 or Peizol signalling [46, 115-117].

For decade, mechanical forces have a role in regulating cell growth,
differentiation, apoptosis, adhesion, movement, and especially in regulation of
immune cells [118]. In recently, compressive force and tensile force has triggered
immunomodulatory ability by PDL cells [55, 56]. As well as shear force, at 15 dyn/cm?,
has also triggered immunosuppressive property by MSC. These results showed that

mechanical force may be a regulator in regulating tissue homeostasis.
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Mechanical stimuli
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Figure 5 : Mechanotransduction

The schematic figure showed the mechanism that mechanosensory cell converted

biomechanical stimuli to mechanotransducer such as PKA, JNK, P38, ERK, or Rho A.

The figure was based on [112, 117, 119] and created with Biorender.com

8. Shear force or shear stress

Shear force is a one of mechanical stress generating from the moving fluid that

act to cell surface [120]. Shear stress, meaning that ration of force to area) is normally

measured in dyne/cm? (dyn/cm?) unit. In shear stress stimulation in vitro is generated

by 2 systems including parallel plate flow chamber and the cone and the plate system.

The unit of force;

1dyn = 1g-S—

1072 m

= 10 kg -
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The unit of pressure;

_ 14 FV)
1Pa=1 10
_ 10°dyn m?
 m? 104 cm?
= 10 dyn/cm? 2)

Shear stress in our body can be divided into 2 types. First, shear stress is
generated by blood flow in circulatory system and secondly by interstitial fluid shear

stress in extracellular matrix [121].

inlet manifold

Figure 6 : Shear force system in vitro model
The model of shear stress machine includes parallel plate flow chamber (left), and

the cone and the plate system (right). The figure was modified from [122].

In circulatory system, the magnitude of shear stress is about 0.5-120 dyn/cm?.
Blood flow shear stress can be divided into 3 types; 1) unidirectional laminar shear
force found in healthy vessel, 2) pulsatile shear force found in healthy large vessel
following heartbeat, and 3) oscillatory shear force found in pathological conditions of
circulatory system [104]. Shear stress of 5 to 30 dyn/ cm? in vitro not only has
suppressed cell proliferation and migration but also induced apoptosis in endothelial
cells, bovine aortic cells (BACEs) and human umbilical vein cells (HUVECs) via activation
of ERK1/2 and P38 MAPK [123], or inhibition retinoblastoma protein (Rb) of
phosphorylation of retinoblastoma protein (Rb) [124-126]. Whereas, shear stress of 0.5

to 4 dyn/cm? and non-steady shear stress has resulted in atherothrombosis [127]. For
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example, pulsatile shear force in ischemia model has induced cell proliferation and
migration of endothelial cells via ERK1/2 activation. Additionally, low shear stress has
up-regulated decorin and down-regulated fibronectin and type Il collagen, involving in
extracellular matrix remodeling and angiogenesis [124-126, 128]. These reports may
suggest that in regulating endothelial cell depend on types and magnitudes of shear

stress occurring in vessel.

Low shear stress High shear stress

Figure 7 : Pattern of fluid shear flow in carotid artery.
The schematic figure illustrated shear stress types in different region in carotid arterty.

The figure was based on [129, 130] and created in Biorender.com.

As interstitial fluid shear stress is about 0.1-1 dyn/cm? The MSCs can perceive
low shear stress in bone marrow model. The low shear stress enhanced capacity to

differentiate into osteoblast-like cell via TAZ activation [131]. Also, 15 dyn/cm? of shear

stress has promoted immunosuppressive property of MSC to suppress TNF-OU secretion
of splenocytes [96].

For PDL cells in periodontal tissue that always perceive shear stress during
mastication, speech, orthodontic movement via fluid squeezing. However, the exact
magnitude of shear stress in periodontal tissue is still unclear [132]. Van Der Pauw
(2000) who firstly studied the effect of shear stress on human periodontal ligament
cell. This study showed that pulsating shear stress of 0.7+0.2 Pa, 5 Hz increased the
amount of PGE2 and NO in PDL cell more than gingival fibroblasts [132]. In 2007,
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pulsating sheared PDL cell upregulated MAPKs-induced IL-8 via shear stress-induced
IL-1B expression [19]. The several studies showed that shear stress of 6-15 dyn/cm?
regulate PDL cell proliferation and migration of PDL cells [133]. Besides, shear stress-
induced PDL cell upregulate ALP, OPN, BMP2, RUNX2, SP7, COL-1, and TGF-B1
expression via ERK1/2 and P38 kinase, indicating that the capacity of PDL cell in
differentiating into osteoblast can be enhanced by shear stress stimulation [20, 134].
Moreover, shear stress of 9 dyn/cm2 has promoted MMP-1, MMP-2 and TIMP-1
expression via ERK and P38 activation, indicating that shear stress regulates ECM
remodeling [135]. Under shear stress stimulation, phalloidin-stained-F-actin in PDL cell

showed bundles of stress fiber [135, 136].
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CHAPTER IlI

Research question

Could shear force enhance immunosuppressive property of hPDL cells?

Objectives
Objective 1: To investigate effect of shear stress on the induction of

immunosuppressive cytokines

Objective 2: To determine signalling molecules involving in shear forced-induced

secretion of immunosuppressive cytokines.

Objective 3: To confirm the effect of immunosuppressive cytokines by shear stress-

induced hPDL cells on CD4" T cells proliferation and Treg cell differentiation



Objective 1

To investigate effect of shear stress on the induction of immunosuppressive

cytokines in hPDL cells

Explantation and culture of human periodontal ligament stem cells (hPDL

cells)

Exposure of hPDL cells with different magnitudes of shear stress at 0.5, 5
and 10 dyn/cm? for 3 h and continuously culture for 24 h.

¥

2%

To investigate influence of shear force on triggering

immunosuppressive cytokines of hPDL cells
- gRT-PCR

- ELISA assay

- Western blot analysis

- IDO activity assay

17



Objective 2
To determine signalling molecules involving in shear force-induced

immunosuppressive cytokines.

18

Blocking specific
signaling
molecules

- ERK1/2 inhibitor

- Cycloheximide

Exposure of hPDL cells with different magnitudes of shear stress at 0.5, 5

and 10 dyn/cm? for 3 h and continuously culture for 24 h.




Objective 3

19

To confirm the effect of immunosuppressive cytokines by shear stress-induced hPDL

cells on CD4+ T cells proliferation and Treg cell differentiation

Exposure of hPDL cells with different magnitudes of shear stress at 5

dyn/cm? for 3 h and continuously culture for 24 h.

=

experiment

Collection and lyophilization of condition medium after shear stress

Incubation of activated PBMC-derived CD4" T cells with non-, or shear

stress-derived conditioned medium for 3 and 5 days

U

¥

To investigate anti-T cell proliferative
effect of shear stress-derived
conditioned medium at day3

- Resazurin assay

To determine promotion of
Treg cell differentiation at day5
- gRT-PCR

- Flow cytometry analysis




Conceptual framework
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hPDL cells from healthy exacted molars due to impacted third molar or

orthodontically treated teeth

<

hPDL cell isolation and culture

Exposure of hPDL cells with shear stress

at 0.5, 5 and 10 dyn/cm? for 3 hours and

continuously culture for 24 h.

O

To exam effect of shear force on

immunosuppressive cytokines of hPDL

- gRT-PCR
- ELISA assay
- Western blot analysis

- IDO activity assay

To investigate anti-T cell proliferative effect
of shear stress-derived conditioned medium

- Redsazurin assay

To determine promotion of Treg cell
differentiation
- gRT-PCR

- Flow cytometry analysis

Blocking specific signaling
Molecules for 1 hour before
shear stress application

- ERK1/2 inhibitor

- Cycloheximide

Collection and

lyophilization of

conditioned
cells

medium after
shear stress

experiment

Indirect co-
<: culture between

PBMCs-isolated
CD4* T cells and

non-, or shear

stress-derived
<: conditioned

medium
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CHAPTER IV
MATERIALS AND METHODS
1. Isolation and culture of hPDL cells

Human PDL tissues were scraped from the middle third of the root surface
obtained from normal healthy teeth that were scheduled to be extracted according
to the treatment plan at the Department of Oral and Maxillofacial Surgery, Faculty of
Dentistry, Chulalongkorn University. The human cell isolation protocol was approved
by the Ethical Committee for Human Research (HREC-DCU 2022-010). The scraped PDL
tissues from at least 3 patients was used for cell explant culture. The outgrown cells
were maintained in 10% high slucose Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, Green Island, NY, USA) containing 10% fetal bovine serum (Gibco), 1% L-
glutamine (2mM) (Glutamax TM-1, Gibco), 1% Antibiotic-antimycotic (penicillin,
streptomycin, amphotericin B, Gibco) at 37°C in a humidified 5% CO, atmosphere. The
culture medium was removed and changed every 2 days. Cells were sub-culture using
0.25% Trypsin/EDTA (Gibco) when the cells reached confluence. The cells in passages

397" were used for characterization of hPDL cells, then further used in this study.

2. Multilineage differentiation of hPDL cells

For induction of osteogenic differentiation, the cells were seeded into 24 well
plates in density 2X10* cells/cm? and cultured for 10-14 days in an osteogenic medium
containing 10% FBS-DMEM supplemented with 50 pg/mL ascorbate-2-phosphate
(Sigma-Aldrich, MO, USA), 100 nM dexamethasone (Sigma-Aldrich, MO, USA). and 5 mM
B-slycerophosphate (Sigma-Aldrich, MO, USA). The mineralization was detected by
using alizarin red S (ARS) staining. The cells were fixed with cold methanol for 10 min
and washed with deionised water. The cells were stained with 1% ARS (Sigma-Aldrich,
MO, USA) for 5 min at room temperature. For von Kossa staining, the cells were fixed
with 4% paraformaldehyde for 20 min, then rinse in DI water. The 5% silver nitrate
(Sigma-Aldrich, MO, USA) in DI water was added into the fixed cells for 30 min. The

cells were exposure to 100 w UV lamp for 10 min and let them dry.
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For induction of adipogenic differentiation, the cells were seeded into 24 well
plates in density 2X10* cells/cm? and cultured for 16-20 days with an adipogenic
medium containing 10% FBS-DMEM supplemented with 500 pmol 3-Isobuty-1-
methylxanthine (IBMX) (Gibco), 1 pg/mL insulin from bovine pancreas, 100 uM
indomethacin (Sigma-Aldrich, MO, USA) that was kept at room temperature before use.
After induction, the cells were fixed with 4% formalin and washed with deionised
water. The cells were determined by staining with oil red o solution in methanol. All

stained cells were observed by microscopy.

3. Isolation and activation of CD4" T cells

For CD4" T cell culture, human PBMCs were isolated from the human buffy
coat with permission from The Thai Red Cross Society. The protocols were approved
by Ethical Committee for Human Research (HREC-DCU-2022-010). The CD4" T cell
isolation was performed using Sepmate-50, Stem cell technologies, Biolopis, Singapore.
The isolated CD4* T cells were maintained in RPMI 1640 (RPMI 1640, Gibco, Green
Istand, NY, USA) supplemented with 10% fetal bovine serum (Gibco), 1% L-glutamine
(2mM) (Glutamax TM-1, Gibco), and 1% Antibiotic-antimycotic (penicillin, streptomycin,

amphotericin B, Gibco) for overnight before the start of the experiment.

4. Shear stress stimulation

The hPDL cells (4X10° cells) were seeded into 35-mm culture dish (Corning).
After 24 h, the culture medium was changed to DMEM containing 2% fetal bovine
serum (Gibco), 1% L-glutamine (2 mM) (Glutamax TM-1, Gibco), 1% Antibiotic-
antimycotic (penicillin, streptomycin, amphotericin B, Gibco). Next, the hPDL cells were
subjected to different magnitudes of shear stress (0.5, 5, and 10 dyn/cmz) for 3 h [27].
The hPDL cells were then cultured in 2% FBS-DMEM medium for 24 h before sample
collection for mRNA, protein analysis, and conditioned medium. For inhibitory
experiments, the hPDL cells were pretreated with 100 nM cycloheximide, CHX (Sigma-
Aldrich-Aldrich, MO, USA) or 1.5 nM ERK inhibitor (ERK activator inhibitor peptide 1; ste-

MEK113) for 1 h prior shear stress stimulation.
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5. Cell viability assay
The Cell Counting Kit-8 (CCK-8; ab228554, Abcam) was used to detect the cell
viability of hPDL cells. After shear stress stimulation, the hPDL cells were incubated
with CCK=-8 solution (10:1000) for 30 min. The 100 uL of secreted soluble formazan in
the culture medium was taken into 96 well plates and measured the absorbance at
460 nm using a microplate reader (Synergy H1, Biotek multi-mode reader, Winooski,
VT), according to the manufacturer’s protocol. The data was calculated as the

percentage of viable cells.

6. Immunofluorescent staining
After shear stress stimulation, the hPDL cells were fixed with 4%
paraformaldehyde and incubated with Rhodamine-phalloidin (1:1000) (Abcam). The
stained cells were then counterstained with DAPI (1:2000) (TOCRIS bioscience, Bristol,
UK). The 50% glycerol was added to the plate to store at 4°C. Immunofluorescent
microscopy and analyses were performed with an apotome microscopy (Axio Observer

Z1 and ZEN pro, ZEISS International, Oberkochen, Germany).

7. Indirect co-culture between T cells and all conditioned medium

The conditioned medium was collected from hPDL cell culture and kept at -
80°C before use. Prior T cell culture experiment, freezed conditioned medium was
thawed and lyophilized with Tabletop Freeze Dryer (Medfuture Biotech, Jinan, China).
Lyophilized conditioned medium was suspended with 10% FBS-RPMI medium and
used for CD4™ T cell culture. Before the start of the experiment, the isolated CD4"™ T
cells were seeded into 24 well plate at a cell number of 10° cells in 10% FBS-RPMI
medium. The CD4" T cells were then activated with 1 pg/mL CD3 (coated on plate for
overnight before) (Immuno Tool), 1 mg/mL CD28 (Biolegend), 50 U/mL IL-2 (Peprotech),
similarly to the co-stimulatory signal from antigen-presenting cells (APCs) for activation

and expansion of T cells [137]. Conditioned medium-treated T cells were collected for
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the investigation of T cell proliferation assay and Treg cell differentiation on day 3 and

day 5 of culture period, respectively.

8. T cell proliferation analysis using resazurin assay

For investigation of T cell proliferation, The activated CD4" T cells were co-
cultured with the conditioned medium for 3 days [48]. The CD4" T cells were incubated
with 7-hydroxy-10-oxidophenoxazin-10-ium-3-one, sodium (Resazurin) (Sigma-Aldrich,
MO, USA) for 2 h. The fluorescence signal of secreted pink resorufin in a culture
medium converted from blue resazurin solution was measured using a microplate
reader at Excitation = 560 nm and Emission = 590 nm, gain = 50. The data were

presented as the percentage of proliferative cells.

9. Regulatory T (Treg) cell development
For Treg cell differentiation, the activated CD4" T cells were treated with
kynurenine (1-100 uM) (Sigma-Aldrich) or cultured with hPDL cell-derived conditioned

medium for 5 days before sample collection for gRT-PCR and flow cytometry analysis.

10. Flow cytometry analysis
For characterization of hPDL cell, the cells were stained with PERCP-conjugated
anti-human CD45, FITC-conjugated anti-human CD73, FITC-conjugated anti-human
CD90, and PE-conjugated anti-human CD105 antibodies (MACS, CA, USA). For the Treg
population, after indirect co-culture, all conditions of T cell culture were stained with
VioBlue-conjugated anti-human CD45, VioGreen-conjugated anti-human CD4, VioBright
515-conjugated anti-human CD25, and PE-conjugated anti-human CD127 antibodies
(MACS, CA, USA). The mouse IgG1 perCP, PE and FITC antibodies (MACS, CA, USA) were
used as an isotype control. The stained cells were further analyzed by a flow
cytometer (FACSC alibur and Cell Quest software BD Bioscience, San Jose, CA).
11. RNA isolation and real-time RT-PCR analysis
All the amounts of RNA were extracted by using the RiboEXTM solution. The
quality of RNA concentration was measured by Nanodrop (Thermo Scientific, USA). The

amount of RNA was converted into complementary DNA (cDNA) using an ImProm-IITM
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Reverse Transcription System (Promega, Madison, WI). FastStart Essential DNA Green
Master kit was used for the real-time polymerase chain reaction process. The reaction
was performed on a Bio-Rad PCR system (CFX Connect Real-Time System, Bio-Rad,
Hercules, CA). Cycling conditions were set at 95°C for 30 sec, followed by 45 cycles of
95°C for 3 sec and 60°C for 30 sec. Relative gene expression was calculated using the
2788 method [138]. The expression value was normalized to the GAPDH expression

value and the control. The oligonucleotide primers used in this study are shown in

Table 1

Table 1 : Primer sequences

Gene name Sequence 5’-3’
(F) CACTGCCAACGTGTCAGTGGTG
GAPDH
(R) GTAGCCCAGGATGCCCTTGAG
(F)GCCATGGGGTGGACTTAAATCAT
cox2
(RICAGGGACTTGAGGAGGGTAGATC
(F) CATCTGCAAATCGTGACTAAG
IDO
(R) GTTGGGTTACATTAACCTTCCTT
(F) TGCTCTTGCAAAACCAAACCA
IL-10
(R) TCGAAGCATGTTAGGCAGGTT
(F) CTAGGCAGCCAACCTAAGCA
IFN-
! (R) CAGGGTCACCTGACACATTC
(F) GATGGTACAGTCTCTGGAGCAGC
FOXP3
(R) GTAGGGTTGGAACACCTGCTGG
(F) AAAGATGGAGAGAGGACTGCG
TGF-81

(R) AGTGCCCAAGGTGCTCAAT

12. Enzyme-link immunosorbent assay (ELISA)
The supernatant and cell lysate, extracted by PIRIPA buffer, were collected

after shear stress stimulation. the concentration of protein in all conditioned medium
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was measured using PGE2, IFN-Y, and TGF-B1 TMB Development Kit (R&D system, USA)

following the manufacturer’s instructions.

13. IDO activity assay

All the conditioned media were collected and prepared with IDO buffer
containing 40 mM ascorbate, 20 UM methylene blue, 200 pg/ml catalase and 800 pM
L-tryptophan solutions (Sigma-Aldrich, MO, USA). In short, the samples were mixed with
IDO buffer in 1:1 ratio for 1 h at 37°C in a humidified 5% CO, atmosphere to convert
tryptophan into kynurenine. To stop the reaction, 30% v/v Trichloroacetic acid (TCA)
(Sigma-Aldrich, MO, USA) was added and incubated at 56°C for 30 min. The sample
was centrifuged at 13 000 g and added with 2% w/v Ehrlich reagent in glacial acetic
acid (Sigma-Aldrich, MO, USA) in 1:1 ratio. For measurement of kynurenine product, the
100 pL conditioned medium was mixed with 50 pL of 30% v/v TCA, then centrifuged
at 8000 g for 5 min. The 75 pL of supernatant was equally mixed with 2% w/v Ehrlich
reagent in glacial acetic acid. All samples were then read at 492 nm using microplate
reader. The recombinant kynurenine (Sigma-Aldrich, MO, USA) was used as a standard

in this experiment.

14. Western blot assay

The protein was extracted protein by PI:RIPA buffer. The BCA assay (Thermo
Scientific) was measured the concentration following manufacture’s instruction. The
primary antibodies, including a monoclonal antibody to anti-rabbit ACTIN (1:5000)
(Abcam), anti-rabbit TGF-B1 (1:1000) (Abcam), anti-mouse ERK1/2 (1:1000) (MERK), or
anti-rabbit phosphorylated ERK1/2 (1:1000) (MERK) antibodies, were incubated with
membrane. The blots were then developed with the biotinylated mouse, or rabbit
secondary antibodies followed by peroxidase-labelled streptavidin (1:5000) (Abcam).
Chemiluminescence and image analyser (GE Healthcare, Pittsburgh, PA.) and image J.

were used to activate and analyzed the blots.
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15. Statistical analysis
The data were presented as mean + standard deviation (SD). Statistical analyses
of significance were evaluated using one way-ANOVA and the Mann-Whitney U test.
The p-value<0.05 were considered significant. The analysis was performed by the
statistical software (GraphPad Prism 8, USA). At least three replicates from different

donors were performed for each experiment.
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CHAPTER V

RESULTS

1. Characterization and potential to multi-differentiation of human periodontal

ligament stem cells

The representative flow analysis results showed that hPDL cells obtained at

passage 3" were positive for mesenchymal stem cell marker CD73, CD90, CD105, and
negative for hematopoietic stem cell marker CD45 (Figure 8A). The average of these
was quantified into figure 1B. The results showed that isolated hPDL cell expression
69.55% CD73, 94.59% CD90, 98.88% CD105, and 0.61% CD45. The hPDL cells became
adipoblast-like cells as shown lipid vacuoles in cytoplasm using Oil red O staining,
compared to growth medium (Figure 8C). The hPDL cell-like osteoblast shown
mineralized nodules staining with Alizarin red (Figure 8D) and Von Kossa staining (Figure

8E), compared to growth medium.
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Figure 8 : Characterization and potential multi-differentiation of hPDL cells
The isolated hPDL cells positively expressed CD73, CD90, CD105, and negatively

expressed CD45 as shown in representative data (A). The average of positive MSC
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marker was shown in quantified graph (B). The hPDL cells shown potential to become

an adipoblast-like cells (C) and osteoblast-like cells (E,D). *p<0.05; compared to control

2. Shear stress activates rearrangement of actin filament

Firstly, the hPDL cells was subjected to different magnitudes of shear stress at
0.5, 5, and 10 dyn/cm? for 3 hours and continuously culture up to 24 hours. The hPDL
cells in normal culture without shear stress were used as the control. the band of
band actin and quantitative b-actin showed that all shear stress group had no effect
on quantification of actin, compared to control (Figure 9A-B). But in presence of shear
stress, thicker bundle of stress fiber was significantly found in magnitude-dependent
manner (Figure 9C). These data suggested that shear stress regulate rearrangement of

F-actin in hPDL cells, but not protein expression.

A
0 0.5 5 10 dyn/cm?

Actin R a— —  —

2.0

1.5

1.0~ T

0.5

Relative B-actin expression

0.0

1 1
control 0.5 5 10
Shear stress (dyn/cm?)



30

2
5 dyn/cm 10 dyn/cm

0.5 dyn/cm

0 dyn/cm

O

Idva uipiojjeyd Y IETN
Figure 9 : The shear stress had effect on distribution of actin filament in hPDL cell.

The representative actin band showed that shear stress had no effect on actin
expression (A) as well as the quantitative actin were not significantly different in all

shear stress and control (B). The immunofluorescence staining was used to morphology
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of F-actin. Under shear stress stimulation, hPDL cell showed stress fiber, as shown in
red for F-actin, or blue for nucleus, in all shear stress when compared to control (C).

The data were compared *p<0.05; compared to control.

3. Shear stress had no effect on cell viability of hPDL cells
To investigate effect of shear stress-induced hPDL cells on viable cells. The
results showed that shear stress-induced hPDL cells showed no difference of cell

viability at 24 hours, compared to 0 hour (Figure 10).
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Figure 10 : The shear stress had no effect of cell viability of hPDL cells.
The relative cell viability determined using CCK-8 assay showed no difference among

groups. The data were compared *p<0.05; compared to 0 hour.

4. Shear stress stimulated the expression of immunosuppressive genes.

To determine whether shear stress stimulates the expression of
immunomodulatory regulators in hPDL cells. The mRNA expression of
immunomodulatory regulators, including /DO, TGF-61, COX2 and IFN-Y was examined
using qRT-PCR. The result showed that shear stress at 5 dyn/cm? significantly increased
the mRNA expression of /DO (Figure 11A) and COX2 (Figure 11D) in the hPDL cells, while

there is no significant difference in mMRNA expression of /FN-Y (Figure 11C) and TGF-81

(Figure 11B) compared to the control.
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Figure 11 : Shear stress induce the mRNA expression of immunosuppressive genes.
The shear stress-induced hPDL cells resulted in increased /DO (A) and COX2 (D) mRNA
expression, while the TGF-81 (B) and IFN-) (C) mRNA expression shown difference in

shear stress-induced hPDL cells compared to control. *p<0.05; compared to control.

4. The expression of immunosuppressive cytokines activated by shear stress
stimulation
To confirm the expression of shear stress-induced immunosuppressive
cytokines in conditioned medium. The activity of IDO and kynurenine products that
were measured in all conditioned medium after shear stress stimulation. The result
showed that the IDO activity, meaning ratio of kynurenine and times, was significantly
increased in shear stress-induced conditioned medium (SS-CM) at 5 and 10 dyn/cm?,
compared to the non-shear stress-induced conditioned medium, as a control (CTL-CM)
(Figure 12A). Subsequently, the amount of kynurenine product in SS-CM at 5 dyn/cm?
was significantly higher than CTL-CM (Figure 12B). Regarding to TGF-81 expression, the
protein expression of active TGF-B1 was determined in a conditioned medium.

Although the secretion of total TGF-B1 was increased in 5 dyn/cm? shear stress, active
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TGF-B1 in SS-CM was increased in all shear stress magnitudes (0.5, 5 and 10 dyn/cmz)'
compared to the CTL-CM (Figure 12C). In contrast, compared to control, shear stress
decreased the active form of TGF-B1 in cell lysates at 5 dyn/cm? yet had no effect on
the latent form of TGF-B1 (Figure 12D-F). Interestingly, the result showed that the
amount of cell-bound IFN-Y in all magnitudes of shear stress was not a significant
difference compared to the control (Figure 12G). In contrast, the amount of secreted
IFN-Y decreased in 0.5 and 10 dyn/cm2 shear stress (Figure 12H). Regarding to the COX2
expression, the result showed no significant difference in the PGE2 product of all
groups of SS-CM (Figure 12I). Our results suggested that the 5 dyn/cm? shear stress

increased kynurenine product and TGF-B1 in conditioned medium, therefore, was

chosen in next experiment.
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Figure 12 : Shear stress increased the immunosuppressive cytokines.

Shear stress at 5 dyn/cm? increased the IDO activity (A) and the amount of kynurenine
(B) in shear stress-derived conditioned medium. shear stress at 5 dyn/cm? enhanced
secretion of total TGF-B1. All shear stress-induced hPDL cells resulted in increased
active TGF-B1 in conditioned medium (C). Additionally, mature TGF-B1 (D,F) was
significantly decreased in shear stress at 5 dyn/cm? but not latent TGF-B1 (D,E). Shear



34

stress had no effect on IFN-Y in cell lysate (G), but secreted IFN-Y (H) was decreased
in shear stress-derived conditioned medium at 5 dyn/cm? The amount of PGE2
showed no difference in shear stress-derived hPDL cell (I). *p<0.05; compared to

control.

5. Shear stress-induced IDO expression via intermediated molecules

To investigate the regulatory mechanism by which shear stress enhances the
amount of kynurenine in shear stress-induced conditioned medium by addition of
cycloheximide (CHX). The result showed that CHX attenuated the mRNA expression of
IDO and the amount of kynurenine, compared to shear stress-induced hPDL cells
(Figure 13A-B). The result implied the involvement of intermediate molecules in the

regulatory mechanism of shear stress-induced /DO mRNA expression in hPDL cells.

6. ERK signalling pathway involving in shear stress-induced IDO

To investigate whether shear stress regulates the IDO-kynurenine, activated, and
secreted TGF-B1 via ERK1/2 activity in hPDL cells. The western blot analysis confirmed
that shear stress induced the phosphorylation of ERK1/2, which were attenuated in
the presence of the ERK inhibitor (Figure 13C-E). The amount of kynurenine activated
by shear stress-induced hPDL cells was also attenuated by addition of ERK inhibitor
(Figure 13F), but not TGF-B1 and its active form (Figure 13G). Therefore, shear stress
enhanced the kynurenine secretion in hPDL cells via the activation of the ERK1/2

signalling pathway.
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Figure 13 : Shear stress induced the expression of immunosuppressors via ERK1/2
signalling pathway.

The expression of IDO mRNA was significantly attenuated in presence of ERK inhibitor
(A), then resulted in decreased kynurenine product in shear stress-induced conditioned
medium (SS-CM) (B). The activity of ERK1/2 signalling pathway was inhibited by addition
of ERK inhibitor (C-E). In presence of ERK inhibitor decreased kynurenine product in
shear stress-derived conditioned medium (F). However, the shear-stress-induced TGF-
B1 activation and secretion was no difference in presence of ERK inhibitor (G). *p<0.05;

compared to control, “p<0.05; compared to CTL-CM.

7. The exogenous of kynurenine has effect on proliferation and differentiation
of T cell
To confirm the influence of kynurenine on proliferative T cell. The activated T
cell form PBMC were treated with vary concentration of kynurenine for 3 days. These
results showed that % of T cell proliferation was increased in activated T cell group,
but was significantly inhibited by addition of 100 pM kynurenine, compared to
activated T cell group (Figure 14A).
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To confirm capacity to induce Treg cell differentiation by detecting FOXP3
MRNA expression. These results indicated that 100 uM kynurenine significantly
upregualated FOXP3 mRNA expression, compared to activated T cell (Figure 14B).
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Figure 14 : The effect of exogenous kynurenine on T cell proliferation and Treg cell
differentiation.

The different concentration of kynurenine were treated into T cells to examine T cell
proliferation and FOXP3 gene marker at day3 and day5, respectively. The highest
concentration (100 pM) of kynurenine inhibited proliferation of T cells (A) and also
increased the expression of FOXP3 mRNA (B). p<0.05; compared to T cell alone group,

°p<0.05; compared to activated T cells group.

8. Inhibitory effect of conditioned medium from shear stress on CD4" T cell
proliferation.

To evaluate the inhibitory effect of SS-CM on the proliferation of CD4™ T cells
isolated from PBMC. These results showed that T cell proliferation was significantly
decreased after being treated with CTL-CM and SS-CM compared to activated T cells.
In addition, the proliferation of T cells was significantly lower in SS-CM than in CTL-CM
(Figure 15A). The image from inverted microscopy showed that activated T cells
remarkedly formed clusters, increased cell size and increased the number of
populations, when compared to T cell alone (Figure 15C). CTL-CM and SS-CM-treated

T cells was decreased the number of population (Figure 15C-D). Our results suggested
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that a conditioned medium derived from hPDL cells inhibited the proliferation of T
cells, and this effect can be enhanced by shear stress stimulation.

A Indirect co-culture

600 *

% of CD4* T cell proliferation

Figure 15 : The effect of shear stress-derived conditioned medium (55-CM) on CD4+
T cell proliferation.

CD4* T cell proliferation were indirectly cocultured with SS-CM. The percentage of T
cell proliferation was decreased after cultured with SS-CM compared to CTL-CM and
non-conditioned medium culture (A). Inverted microscopic imaging showed a small
number of culture naive or non-activated T cells in culture (B). An increased number
of activated CD4+ T cells after activation (C). The number of activated T cells was
attenuated in T cells treated with CTL-CM (D) and SS-CM (E). *p<0.05; compared to T
cell alone group, *p<0.05; compared to activated T cells group, *p<0.05; compared to

CTL-CM group. Scale bar = 100 pM.
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9. Inductive effect of conditioned medium from shear stress on regulatory T
cells
To further investigate whether SS-CM induces the development of regulatory
T (Treg) cells, activated T cells were cultured with SS-CM for 5 days. The results found
that the mRNA expression of FOXP3 significantly increased in SS-CM compared to
activated T cells and CTL-CM (Figure 16A). The mRNA expression of /L-10 in CTL-CM
and SS-CM significantly upregulated compared to activated T cells. However, the
expression of /L-10 mRNA showed no difference between CTL-CM and SS-CM (Figure
16B). The population of CD4*CD25"CD127'" Treg cells, as potent purity markers of the
functional Treg population [139], were investigated in all group. Our study showed that
the percentage of CD4"CD25"CD127'" Treg cells was evaluated in SS-CM-treated T
cells, compared to activated T cells and CTL-CM (Figure 16C, 16D). Therefore, the
results suggested that a conditioned medium derived from shear stress-induced hPDL

cells promotes Treg differentiation.
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Figure 16 : The effect of shear stress-derived conditioned medium on Treg cell
differentiation.

The shear stress-induced conditioned medium (SS-CM) increased the mRNA expression
of FOXP3 (A) and IL-10 (B). Additionally, SS-CM also induced differentiation of Treg cells
(C-D). °p<0.05; compared to T cell alone group, *p<0.05; compared to activated T cells
group, "p<0.05; compared to CTL-CM group. Scale bar = 100 uM.
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CHAPTER VI
Discussion

Our study showed that shear stress activated hPDL cells to induce the
expression of IDO-catabolized kynurenine, and promote TGF-B1 activation and
secretion in conditioned medium. Conditioned medium derived from shear stress-
induced hPDL cells inhibited activated T cell proliferation and promoted Treg cell
population.

For TGF-B1 which is an immunosuppressive molecule that has reported to
induce Treg cell differentiation and inhibit T cell proliferation in MSC and PDL cells
[140, 141], our data showed that the shear stress at 5 dyn/cm2 enhanced the secretion
and the activation of TGF-B1, but TGF-B1 gene expression. These findings confirmed
that shear stress might be one factor in regulating TGF-B1 activation secretion, similarly
in platelets [78].

Kynurenine is a product catalyzed by IDO-tryptophan metabolism. The IDO and
kynurenine are important factors regulating the T cell function [142]. Moreover,
increased kynurenine induced immune cell apoptosis and Treg cell differentiation [59,
61]. Interestingly, our study also showed that shear stress at 5 dyn/cm? activated the
expression and activity of IDO enzyme. Although, the amount of kynurenine detected
in SS-CM was much lower than that of the exogenous kynurenine. these finding implied
that shear stress-induced conditioned medium may contain much more
immunosuppressive molecules than our finding. In another way, a previous study
showed that the activation of aryl hydrocarbon receptor (AHR) on T cells is needed for
kynurenine-induced Treg cell differentiation. Moreover, the AHR can be increased when
treated with TGF-B1, promoting The Treg cell differentiation [143]. Our data suggest
that an increased amount of TGF-B1 in SS-CM may amplify the effect of kynurenine on
immune suppression. However, further study on how shear stress-activated IDO and
TGF-B1 regulate immunosuppressive properties of PDL cells may need to be
emphasized.

Additionally, shear stress-induced /DO mRNA expression and kynurenine

product was inhibited by CHX, the protein synthesis inhibitor, suggesting that the
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involvement of an intermediate activators during shear stress stimulation. Studies
indicate that IFN-Y and PGE2 are potent inducers to activate IDO expression [144, 145],

yet our study showed that shear stress was not increased IFN-Y and COX2-independent

PGE2 in shear stress-induced shear stress, suggesting that shear stress might activate

IFN-Y, or PGE2-independent IDO expression [48]. Whereas it is possible that our shear
stress stimulation might induced IDO expression via IL-1B due to previous study that
showed pulsating shear stress-induced PDL cell express IL-1B expression. Moreover,
TGF-B1 had been shown to induce IDO expression in the dendritic cells via the P(1)3K
signalling pathway, resulting in the positive feedback loop of TGF-B1 and IDO [66, 146].
We speculate that shear stress may also regulate IDO expression of hPDL cells via the
TGF-B1 signalling pathway.

We further investigated the mechanotransducor of hPDL cells after shear stress
stimulation. ERK1/2, as a subset of the MAPK signalling pathway, has been reported to
be involved in shear stress-mediated mechanotransducor [147, 148]. Our study found
that shear stress increased phosphorylation of ERK1/2 expression. The activity of
ERK1/2 has been indicated to result in increased immunosuppressive properties of
dendritic cells via increased TGF-B1 secretion [149]. Our study showed no difference
in TGF-B1 secretion after adding ERK inhibitor, indicating that shear stress induced TGF-
B1 secretion in hPDL cells was not regulated by ERK1/2 activity. Besides, P38 has been
reported to induce IDO expression through the viral stimulation [150]. Here, our study
showed that kynurenine product in SS-CM was attenuated in the presence of an ERK
inhibitor. These data suggested that shear stress enhances kynurenine production in
PDL cells via the ERK1/2 signalling pathway.

Here, our study demonstrated that shear stress potentially enhanced the
immunosuppressive properties of hPDL cells by suppression of T cell proliferation and
enhancement of Treg cell differentiation. In further study, sorting CD3+, or CD14+ cell
was requested to purify CD4+ T cell population. Although, Treg cell features were
investigated by gene expression of specific markers (FOXP3 and IL10) and protein
expression of specific cell surface markers (CD4+CD25hiCD127o/-) [139, 151, 152], flow
cytometry of viable CD4"CD25"CD127'" Treg cells and sublocalization of FOXP3
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protein via western blot can be further analyzed to investigate Treg cell activity [153,
154].

Taken together, our finding illustrated that IDO expression and activity in hPDL
cells via the ERK1/2 signalling pathway was enhanced under shear stress stimulation.
Also, shear stress promoted secreted total and active TGF-B1, thereby suppressing T
cell proliferation and promoting Treg cell differentiation (Figure 17). Our findings
contribute to a better understanding of the immunosuppressive properties of hPDL
cells in response to mechanical stimuli generated during tooth movement. We believe
that the paracrine-mediated immunoregulatory function of hPDL cells may be a
promising cell-free approach for clinical application, especially for allogeneic cell

therapy.
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Figure 17 : Schematic diagram of shear stress enhances immunosuppressive
property of hPDL cells.

The hPDL cells perceived shear stress to activate ERK-induced IDO expression resulting
in increased kynurenine and evaluate total and active TGF-B1 in conditioned medium,

thereby inhibited T cell proliferation and enhance Treg cell differentiation.
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Abbreviation

AHR; Aryl hydrocarbon receptor

BCA,; Bicinchoninic acid

CHX; Cycloheximide

COX2; Cyclooxygenase-2

CTL-CM; Non-shear stress-induced hPDL cell-derived conditioned medium
Dl; Deionised water

ELISA; Enzyme-linked immunosorbent assay

ERK1/2; Extracellular signalling-regulated kinase1/2
FOXP3; Forkhead box P3

GAPDH; Glyceraldehyde-3-Phosphate Dehydrogenase
hPDL; Human periodontal ligament cells

IDO; Indoleamine 2,3dioxygenase

IFN-7Y; Interferon gamma

IL-1B; Interkeukin-1 beta

IL-2; Interleukin-2

IL-10; Interleukin-10

IL-12; Interleukin-12

Kyn; Kynurenine

PBMG; Peripheral blood mononucleated cells

PDL; periodontal ligament cells

P-ERK1/2; Phosphorylated extracellular signalling-regulated kinase 1/2
PGE2; Prostaglandin E2

Pl; Protease inhibitor

P()3K; Phosphoinositide 3-kinase

RIPA; Radioimmunoprecipitation assay

RT; Room temperature



SS-CM; Shear stress-induced hPDL cell-derived conditioned medium
TCA,; Trichloroacetic acid

TLRs; Toll-loke receptor

Treg; Regulatory T cells

TGF-B1; Transforming growth factor-betal
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