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Katrin Lorenz, et al.

The Role of Polymorphisms at the Interleukin-1, Interleukin-4, GATA-3 and Cyclooxygenase-2
Genes in Non-Surgical Periodontal Therapy
Reprinted from: Int. J. Mol. Sci. 2022, 23, 7266, doi:10.3390/ijms23137266 . . . . . . . . . . . . . . 111

v



Ravipha Suwittayarak, Nuttha Klincumhom, Utapin Ngaokrajang,

Worachat Namangkalakul, João N. Ferreira, Prasit Pavasant, et al.

Shear Stress Enhances the Paracrine-Mediated Immunoregulatory Function of Human
Periodontal Ligament Stem Cells via the ERK Signalling Pathway
Reprinted from: Int. J. Mol. Sci. 2022, 23, 7119, doi:10.3390/ijms23137119 . . . . . . . . . . . . . . 129

vi



Preface

The oral cavity is the port of entry to the gastrointestinal and respiratory tracts, characterized

by the juxtaposition of soft and hard tissues. It is continuously subject to challenges by the external

environment, such as foreign antigens or material.

Oral microbial communities are now seen as the fundamental etiological agent in oral diseases

through their interface with host inflammatory responses. Thus, it is essential to understand the

molecular mechanisms and pathogenicity of oral diseases from immunological and microbiological

perspectives. Oral medicine concerns with the diagnosis and management of oral diseases, including

oral mucosal disease, oral cancer, salivary gland disorders, temporomandibular disorders and oral

manifestations of systemic and infectious diseases. This Special Issue aims to outline all areas of

oral medicine in order to depict various oral diseases from immunological and microbiological

perspectives.

Kenichi Kumagai

Editor
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Abstract: Periodontitis is an irreversible inflammatory response that occurs in periodontal tissues.
Given the size and diversity of natural flora in the oral mucosa, host immunity must strike a
balance between pathogen identification and a complicated system of tolerance. The innate immune
system, which includes innate lymphoid cells (ILCs), certainly plays a crucial role in regulating
this homeostasis because pathogens are quickly recognized and responded to. ILCs are a recently
discovered category of tissue-resident lymphocytes that lack adaptive antigen receptors. ILCs are
found in both lymphoid and non-lymphoid organs and are particularly prevalent at mucosal barrier
surfaces, where they control inflammatory response and homeostasis. Recent studies have shown
that ILCs are important players in periodontitis; however, the mechanisms that govern the innate
immune response in periodontitis still require further investigation. This review focuses on the
intricate crosstalk between ILCs and the microenvironment in periodontal tissue homeostasis, with
the purpose of regulating or improving immune responses in periodontitis prevention and therapy.

Keywords: innate immunity; periodontitis (PD); innate lymphoid cells (ILC)

1. Introduction

Periodontitis, a multifactorial disease, is associated with dysbiosis of the oral micro-
biota, aberrant inflammatory immune responses, and genetic predisposition. Microbial
dysbiosis, initial oral-soft-tissue inflammation, and innate and adaptive immunity work
together to protect periodontal tissue throughout the immune response, involving inflam-
mation, regression, and healing. Although the adaptive immune system has been widely
researched in the pathogenesis of periodontitis, the innate immune system in general and
innate lymphoid cells, in particular have, received less attention.

Innate lymphoid cells (ILCs) are a heterogeneous population of newly discovered
lymphoid cells that have recently been identified. They play central roles within mucosal
barrier function, microbiome homeostasis, and control of inflammation in the early defense
stage. ILCs are divided into five distinct ILC subsets, namely helper ILCs (i.e., ILC1s,
ILC2s, ILC3s), natural killer (NK) cells, and lymphoid tissue inducer (LTi) cells, which are
characterized by the production of different cytokines and functions through signature
cytokines and transcription factors involved in their development [1–3]. ILC1s contributes
to protective immune response directed against intracellular bacteria or viruses, as well
as tumors through interferon-γ (IFN) [4]; ILC2s contribute to response to infections with
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extracellular parasites or microbes after being stimulated by allergens through interleukin
(IL)-5, IL-9, and IL-13 [5]; ILC3s act against extracellular microorganisms (i.e., bacteria and
fungi) through IL-22 and IL-17 [3,6]; and LTi cells play a crucial role in lymphoid tissue
development during fetal life, and they may also help repair tissue in secondary lymphoid
organs in adults.

ILCs in different organs and tissues exhibit different immunophenotypes and func-
tions, adapting to particular tissue microenvironments [7]. Research in the past decade has
increased our comprehension of how ILCs affects the tumor and inflammation microen-
vironment. NK-cell-based immunotherapy has produced immune checkpoint inhibitors
(ICIs) for the production of ILCs, and these molecules may regulate ILCs to control their ac-
tivity in tumor microenvironments [8]. Although ILCs in health and chronic inflammatory
diseases have been explored and their role in some chronic diseases, such as allergy and
inflammatory bowel disease (IBD), have been proposed in recent years, the evidence from
animal studies is far from conclusive. This study provides an overview of the phenotypic
and developmental origin of ILC subsets and discusses what has come to be recognized as
the functions of ILCs in periodontal tissue.

2. Innate Lymphoid Cells

Innate lymphoid cells (ILCs) can be divided into helper ILCs and cytotoxic ILCs
(natural killer [NK] cells) based on cytokines and transcription factors [9] (Table 1).There
are three distinct subpopulations of helper ILCs: ILC1s are T-bet-dependent and secrete
interferon-γ (IFN-γ); ILC2s are dependent on GATA3 and secrete type 2 cytokines, such
as interleukin (IL)-5 and IL-13; and ILC3s are dependent on retinoic acid receptor-related
orphan receptor (ROR)-γt and are further classified as lymphoid tissue-induced (LTi)
cells and natural cytotoxicity receptor (NCR)-negative cells or NCR-positive cells [10]. The
diversity of ILC subgroups within groups is extensive, such as ILC1a-d, ILC2a-d, and ILC3a-
e subgroups [11]. Regulatory ILCs (ILCregs), similar to regulatory T-cells (Tregs), were
discovered in the intestine in, addition to these three conventional subgroups, secreting
TGF-β and inhibiting ILC1s and ILC3s in an IL-10-dependent manner [10]. Circulating
ILCs do not appear to fit into this scheme despite their phenotypic similarity to their
tissue-resident counterparts; hence, they are not discussed further in this article [12].

Various organ-specific subpopulations of ILCs are found in multiple non-lymphoid
tissues, including lung, skin, intestine, liver, and adipose tissue [13]. Intraepithelial ILC1s
were enriched in the oral mucosa, and ILC2s were predominantly enriched in oral draining
lymph nodes (dLNs). Compared to the draining mesenteric lymph nodes, ILC populations
are more abundant in the lower GI tract’s mucosal surface [14]. The data reported here
suggest that a similar phenomenon happens in the oral mucosa because the gingivae
have an enrichment of ILCs and a more diverse ILC population than oral dLNs [15]. It is
hypothesized that the increase in the variety and amount of ILCs in gingiva should react to
ongoing microbial disturbance in the mouth to preserve oral homeostasis. In periodontal
inflammatory tissues, the number and frequency of different ILC subpopulations increase,
thereby promoting inflammation [15,16]. However, this phenomenon further validates the
above speculation. The ratio of ILC2s and ILC3s in the gingiva of mice and humans differ
significantly. Human gingiva only has a modest percentage of IL-17+ILC3, and no ILC2
population has been found [16]. The gingiva of mice has roughly similar amounts of ILC1
and ILC2 [15]. This variation may be due to environmental effects brought on by different
microbes in different racial groups or between some non-pathogenic mice and humans.
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Table 1. Characteristics of innate lymphoid cells in mouse and human.

ILC Group Subsets Stimuli Mediators
Phenotype Transcription

Factors
References

Mouse Human

Group 1 ILC1s tumors,
intracellular

microbe
(bacteria, virus,

parasites)

IFN-r,
granzymes,

perforin

CD49a,
NK1.1,
NKp46,
CD122,
CD127,

CD200R,
TRAIL

NKp46,
CD122,
CD127,

CD200R,
TRAIL

T-bet
EOMEShig [17–21]

NK cells

CD49b,
NK1.1,
NKp46,
CD122,
KLRG1

NKp46,
NKp30,
NKp80,

CD56, CD16,
CD122,
CD127,
KLRG1

T-bet
EOMES [20,22–24]

Group 2 ILC2s
extracellular
parasites and

allergens

IL-4, IL-5,
IL-9, IL-13,

AREG

CD127, CD25,
ST2, KLRG1

NKp46,
CD127

GATA3
RORα [25–27]

Group 3
NCR+ILC3s extracellular

microbes
(bacteria, fungi)

IL-22, IL-17,
GM-CSF,
Lympho-

toxin

NKp46,
CD127

NKp46,
NKp44,
CD127,

CCR6, CD56
RORγt
AhR

[9,28,29]

NCR−ILC3s

NKp46,
NKp44,
CD127,

CD56, CCR6

CD127, CCR6 [30,31]

Lti

mesenchymal
organizer cells

(CXCL13,
RANKL)

RANK, Lym-
photoxin,

TNF, IL-17,
IL-22

CD127, CCR6 CD127,
CCR6, CD7 [31,32]

3. The Development of ILCs

Mouse and human ILCs differ significantly in several key aspects, such as surface mark-
ers, phenotype, and several genes, including Id2, NFIL3, Zbtb16, GATA3, and Tox [10,15,33].
The developmental lineage of mouse ILCs is being explored using genetically modified
animal models, but knowledge of human ILC development is very limited. The first rea-
son for this is the lack of comparable genetic and tracing techniques in animal models of
lymphoid development. The second is the variation in how progenitor cells are defined,
lineage identification that is not reliant solely on cytokine production, and other indicators.

Similar to other lymphocytes, mouse ILCs originate from a common lymphoid pro-
genitor (CLP), with ILCs predominantly present in the α4β7-positive portion of the CLP
population (α4β7+ CLP). Downstream of the murine CLPs, two different progenitors have
been discovered, each with limited ILC potential. These include common ILC precursors
(CILPs) and early innate lymphoid progenitor cells (EILPs) [34–36]. It has also been sug-
gested that CILP may serve as an intermediary step of maturation between CLP and EILCP
given the significant decrease in CILPs, along with EILCPs in Tcf7-deficient mice [37].
EILPs have lower levels of Zbtb16, IL-7Rα, and Id2 than CILPs. Integrins α4β7 and CXCR6
are markers for CILPs. CILPs can differentiate into at least two different precursors: NK
progenitors (NKPs), which can give rise to cNK cells; and common helper ILC progenitors
(CHILPs), which can differentiate into all ILC subpopulations [38]. CHILPs express Id2
and CD127 and contain two groups: the group of cells that express PLZF (promyelocytic
leukemia zinc finger), called ILC precursor cells (ILCps), and a population of RORγt+
PLZF− cells, which highly express TOX and not GATA3, called lymphoid tissue inducer
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precursors (LTips) [39]. LTips differentiate into LTi cells, and ILCps can further differentiate
into ILC1s, ILC2s, and ILC3s, depending on the transcription factors T-bet, GATA-3, and
RORγt [40]. Unfortunately, while it is understood that ILCregs do not originate from ILCps
in the intestine tissue, the specific origin of ILCregs from CHILPs remains unknown [10]
(Figure 1).

 
Figure 1. The development of murine innate lymphoid cells (ILCs). CLP: common lymphoid
progenitor; EILP: early innate lymphoid progenitor; CILP: common ILC precursor; CHILP: common
helper ILC progenitor; NKP: natural killer progenitor; ILCp: ILC precursor; LTip: lymphoid tissue
inducer precursor; LT: lymphoid tissue inducer; ILCreg: regulatory ILC.

In human, early tonsillar progenitors (ETPs), which were once referred to as stage
1 and stage 2 NK cell developmental intermediates (NKDIs) and are currently detected
in secondary lymphoid tissues (SLTs), are the earliest ILC progenitors that have been
identified. Specific classifications of ETPs include Lin−CD34+CD10+CD117− ETP1 and
Lin-CD34+CD10−CD117+ ETP2 [33]. The expression of IL-1R1 is variable in ETP2s. IL-1R1+
ETP2s are ILC-restricted, characterized as ID2+RORγt+RAG1, while IL-1R1−ETP2s show
some T-cell and DC potential [41]. IL-1R1+ ETP2s are the earliest committed human CILCP
that has been found so far. Stage 3 NKID has restricted potential and ILC generation,
which has the phenotypic characteristics of a Lin−CD34−CD7+CD127+CD117+CRTH2−
ILC progenitor (ILCp) [42]. The expression of NKp46, CD56, and killer cell lectin-like
receptor subfamily G member 1 (KLRG1) can be used to distinguish between several ILCp
populations with restricted differentiation potential. The ability of CD56-positive ILCps
to differentiate into NK cells, ILC1s, and ILC3s is limited, whereas NKp46-positive ILCps
mostly differentiate into ILC3s, and KLRG1-positive ILC precursors primarily develop into
ILC2s [43,44] (Figure 2).
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Figure 2. The development of human innate lymphoid cells (ILCs). CLP: common lymphoid
progenitor; ETP: early tonsillar progenitors; ILCp: ILC precursor; KLRG: killer cell lectin-like receptor
subfamily G member 1.

4. Plasticity of ILC Subsets

Effective innate immune responses depend heavily on the heterogeneity and plasticity
of ILCs. ILCs interact with epithelial cells, stromal cells, myeloid cells, and adaptive
immune cells in the surrounding environment to modify their activities and phenotypes in
response to environmental cues, known as plasticity. The phenotype of ILCs is relatively
flexible because the local tissue microenvironment in inflamed tissue can differ from that of
healthy tissue. ILC subsets are selectively activated and accumulate, and the equilibrium
between cytokines and chemokines is frequently disturbed. Finally, a subset of ILCs
with a new specialized function forms through a process termed as transdifferentiation.
Transdifferentiation increases the immune system’s effectiveness because it avoids the need
for progenitor cell differentiation.

In 2010, it was discovered, for the first time, that ILCs have plasticity comparable
to T-cells in mice and humans [45–47]. Environmental cues can trigger ILCs to become
increasingly plastic and interconvert their phenotypes, even if the phenotype of ILC subsets
is well defined. ILCs precursors develop from CD34+ myeloid precursors to circulating
naïve ILCs that exist in peripheral blood and undergo further maturation in tissue, known
as tissue-resident ILCs. Before the terminal differentiation of ILC subsets, circulating
naïve ILCs undergo a plasticity phase [48], and both extrinsic and intrinsic divers of ILCs
plasticity have been documented [49].

In inflammation-related diseases, ILCs plasticity is a ubiquitous phenomenon involved
in the regulation of immune response and inflammation. Based on the transcription factor
RORγt, ILC1 differentiated to ILC3 in the presence of IL-2, IL-23, and IL-1β, and this process
was accelerated in the presence of retinoic acid [50]. Furthermore, transdifferentiation is a
reversible process. A middle ILC3-ILC1 cluster with a high directional preference for ILC1s
in human tonsils and intestine was discovered by RNA velocity analysis [51]. Changes
in the epigenetic landscape result in the transition of ILC2 into ILC1 in an IL-1β-receptor
and IL-12-IL-12R pathway-dependent manner. Although their transdifferentiation in oral
mucosal still needs to be explored, this occurrence is generally associated with Crohn’s
disease and chronic obstructive pulmonary disease (COPD) [52–54]. Inflammatory ILC2
cells (iILC2 cells) can transform into ILC3-like cells and develop the capacity to generate
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IL-17, contributing to immunity to both fungi and helminths, during Th17 polarization
circumstances in vitro or Candida albicans infection in vivo [55]. ILC2s exhibit phenotypic
plasticity during the psoriasis inflammatory process. ScRNA-seq validated the dynamic
changes in the status of the original or static ILC2, as well as the metastasis of the effector
ILC2 [56]. In response to TNF-α, IL-1β, and IL-23, ILC2s transform into ILC3-like cells that
produce IL-17. Meanwhile, IL-4 has the power to reverse this event [57]. This process has
also been noted in nasal mucosal, and this transdifferentiation is abrogated by vitamin
D3 and IL-4 [58]. However, further research is required to confirm this process in the oral
mucosa. Notably, there is currently no published research on human ILC2-ILC3 plasticity.
A subset of NCR+ ILC3s suppressed the conversion of RORγt into ILC1-like cells during
oral microbial infection. ILC1-like cells are phenotypically and functionally similar to ILC1s,
although they are not actual ILC1 subpopulations, and are hence referred to as “ex-RORγt
ILCs”. ILC3s convert from RORγt+ ILC3 to ex-RORγt+ ILC3 in chronic inflammatory
situations to adjust to environmental cytokines and preserve tissue homeostasis.

ILCs infiltrate the tumor microenvironment and respond rapidly to inhibit tumor
growth. Transforming growth factor-β (TGF-β) and IFN-γ produced by ILC1s has an
important role in the immune response to tumors. TGF-β signaling triggers the conversion
of ILC3 to ILCreg by scRNA-seq to promote tumor growth [59]. TGF-β signaling also
promotes the conversion of NK cells to intermediate ILC1s (intILC1s) to promote immune
escape and tumorigenesis. NK cells transform into ILC1-like cells in TGF-β-rich tumor
environment [60]. Oral squamous cell carcinoma (SqCC) is a major type of oral cancer.
ILC1 to ILC3 conversion by SqCC tumor cells results in the production of IL-23, which
encourages IL-17-mediated tumor cell proliferation [61].

The plasticity of ILCs is intimately correlated with the development of illness, and
the development of disease can be somewhat managed by regulating cell plasticity. The
immunological microenvironment is altered due to the illness process, although it is yet
known whether the plasticity of ILCs is a cause or an effect of disease onset.

5. ILCs in Periodontal Homeostasis

The modulation of the activation state and quantity of local ILCs, which involves three
main aspects, is what determines the quality and strength of the local immune response in
the oral mucosa, as follows: (1) activation or inhibition of tissue-resident ILCs; (2) plasticity
and differentiation of specific ILC subpopulations; and (3) tissue-specific migration and
regional accumulation of peripheral ILCs [27]. It is significant to highlight that ILCs play
a crucial function in the oral mucosa given that all three aspects of ILCs are pertinent to
immune response. They are a potential therapeutic target for maintaining periodontal
homeostasis because, while they play a protective role in periodontal tissues, they may also
initiate and amplify locally detrimental immune projections (Figure 3).

Under the condition of infection or chronic inflammation, the number of ILCs on
the local oral mucosal surface [62] and draining lymph nodes is significantly increased to
effectively regulate the innate and adaptive immune response of oral microorganisms [63].
This population is partly supplemented by a small amount of circulating precursor cells
and circulating mature ILCs [64], as well as the migration of specific subpopulations of
ILCs from the mucosal surface in the presence of chemokines and homing receptors [14].
However, the mode and mechanism of ILC migration from the gingiva to the oral drainage
lymph nodes remains to be investigated. Although the majority of oral draining lymph
node and gingival populations are CD117− NKp46− ILC subpopulations, it has been shown
that the gingival epithelium and oral draining lymph nodes produce INF-γ and IL-5 ILC
subpopulations in close proportions [15]. This may be related to the potential plasticity and
heterogeneity of ILCs.
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Figure 3. ILC subsets maintain periodontal homeostasis. At steady state, ILC subsets reside within
the basal layers of the oral mucosal epithelium, contacting the basement membrane and slowly
moving across the mucosal epithelium via contacting and squeezing between mucosal epithelial cells.
At inflamed state, they generate cytokines and interact with other immune cells, such as neutrophils
and eosinophils, to control ILCs’ plasticity during homeostasis via a complex network of transcription
factors, resulting in the establishment of an antiviral/inflamed state of the mucosal epithelium.

5.1. ILC1

ILC1s are a heterogeneous mixed-cell population, a class of helper ILC1 (also known
as tissue-resident ILC1), characterized as lin−CD127+CD117−CRTH2−NKp44−, with the
ability to express T-bet and produce TNF-α and IFN-γ. It has been determined that human
gingival tissue is dominated by the ILC1 subgroup [65], with the largest number of ILC1s
in the periodontium and gingiva (approximately 50% of total ILC1s) [66]. In addition, a
small subset of RANKL-expressing ILC1s was also found, which may play an immune
regulatory role in gingivitis and periodontitis lesions [65].

Another classical member of this population is the NK cell, which expresses CD62L,
CCR7, and S1PR, and highly expresses granzyme and perforin. NK cells have a distinct
origin in comparison to ILC1. More in-depth studies utilizing polychromic receptor mice
have revealed that ILC precursors, which were previously believed to be unable to develop
into NK cells, exhibit significant NK cell precursor activity. As a result, the difference
between ILC1s and NK cells is considerably less apparent because certain subsets have been
described that combine ILC1 and NK cell characteristics. NK cells represent innate CD8+

CTL, which interacts directly with periodontopathogenic microorganisms [67], such as
Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, and Fusobacterium nucleatum.
This interaction induces NK cells to form immune synapses, followed by polarization of
their microtubule organizing centers (MTOCs) and secretory lysosomes towards the lysis
synapses [68]. Prior to fusing with the plasma membrane, secretory lysosomes settle and
increase IFN-c and TNF-α levels [69], ultimately leading to periodontal tissue destruction
and alveolar bone resorption. In addition, NK cells have long been demonstrated to be
crucial in the prevention of human and monkey immunodeficiency virus (HIV/SIV) by
preventing viral multiplication and transmission in the oral cavity [70].

Helper ILC1 subpopulations and NK cells contribute to the IFN-γ-mediated proinflam-
matory release of IL-12, IL-15, and IL-18. NK cells share a large degree of similarity in their
properties and functions with helper ILC1s, which also produce IFN-γ. IFN-γ is expressed
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at higher levels in periodontitis than in gingivitis, indicating that it may be implicated in
the pathogenesis of oral mucosal inflammation through the aberrant secretion of IFN-γ,
which induces chemokine production by epithelial cells. In the uninfected oral epithelium,
ILC1s cross the basal epithelium to maintain barrier integrity and homeostasis. Numerous
studies have shown that ILC1s can secrete IFN-γ to induce a local antiviral state during
early phases of viral infection [69,71–73]. First, the source of IFN-γ is determined to clarify
how helper ILC1s, rather than NK cells, play a role in restricting viral propagation using
Rag2−/− IL-2rg−/− animals (lacking all ILC subgroups) or mice treated with NK1.1 (lack
of NK cells and ILC1) [72]. Depletion of ILC1 during VACV infection and IFN-γ-mediated
neutralization of viral load in uninfected tissues provide additional evidence that ILC1-
mediated antiviral effects depend on steady state or early secreted IFN-γ during VACV
infection. IFN-γ-regulating genes (IRGs), including IRF7, were significantly upregulated
in the oral mucosa following viral infection [69,72,73]. Prior to viral infection and near
to the ILC1 area, IRF7 was expressed concentrically in the uninfected mucosa [71]. It has
certainly been demonstrated that ILC1s secrete INF-γ to create a local antiviral state in the
oral mucosa before viral infection in order to stop viral reproduction and transmission after
infection has occurred. In addition, IFN-γ is associated with bone through a complex and
context-dependent mechanism and is thought to regulate osteoclast differentiation and
bone resorption in periodontitis.

5.2. ILC2

The ILC2 subpopulation highly expresses transcription factor GATA3 and is character-
ized as lin−KLRG1+IL-7R+CD117−IL33R+ IL1R2+. Two functionally and phenotypically
unique subpopulations of ILC2 in mice have been identified. Inflammatory ILC2s (iILC2s),
which are exclusively produced by IL-25 activation in an inflammatory state, and natural
ILC2s (nILC2s) are defined as a homeostatic and IL-33-responsive cell [55]. There is still
no published evidence that ILC2 subpopulations exist in humans, and single-cell RNA
sequencing was unable to identify transcriptionally different subpopulations of human
tonsillar ILC2 [74].

ILC2s are distinguished by the expression of transcription factor Bcl11b, which regu-
lates mature ILC2s’ identity and function [75], the IL-33 receptor, prostaglandin D2 receptor
2 (CRTH2), and by varied levels of c-Kit, all of which are important for ILC2s’ location
and function. ILC2s can also be identified by the expression of the killer cell lectin-like
receptor subfamily G member 1 (KLRG1), a co-inhibitory receptor that has previously been
discovered on T and NK cells [76]. KLRG1 is increased in response to IL-25 during infection
and binds to members of the cadherin family [55].

ILC2s participate in several functions, such as lipid metabolism, parasite defense, and
accumulation during type 2 inflammation. A previous study showed that ILC2s had a
significant effect on periodontitis. In a ligation-induced periodontitis mouse model, AMPK
knockdown promoted the release of IL-33 from ILC2s, a novel compensatory mechanism
for suppressing inflammation [62]. ILC2s have been attributed to the regulation of inflam-
matory and immune responses by IL-33 in asthma, allergic dermatitis, and allergic lung
inflammation [77,78]. The synthesis of ILC2s, which secrete substantial levels of IL-5 and IL-
13, can be activated and encouraged by IL-33 derived from epithelial cells. IL-33 promotes
STAT3 translocation into mitochondria via MAPK-induced STAT3 phosphorylation at the
S727 site. This, in turn, controls electron transport chain activity and cellular respiration
and lessens ILC2-mediated inflammation in acute asthmatic lungs [79]. In contrast, IL-33
promotes ILC2 growth and activation, and activated ILC2s recruit adaptive immune cells
through high expression of CCL5 to exert anti-tumor immune effects [80].

5.3. ILC3

ILC3s are the most diverse mimics of RORγt-dependent Th17 cells available, including
LTi cells. They are characterized as lin−CD127+CD117+ and express transcription factors
RORγt and AHR [9]. NKp46, NKG20, and NK1.1 are three RORγt NCRs found in the ILC3
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population. ILC3s are finely separated into NCR+ ILC3 (4%) and NCR− ILC3 (18%) in
periodontal inflammatory tissues [65]. While NCR− ILC3s primarily produce IL-17A, NCR+

ILC3s can produce IL-17A, IL-22, and IFN-γ [81]. NCR+ ILC3s are the exclusive source of IL-
22 in adult tonsils. ILC3s are the primary source of IL-17A in periodontal inflammation and
fungal infection, despite the fact that Th17 cells are the primary source of IL-17A in other
tissues [17]. In addition to these two subpopulations, two other subpopulations of ILC3s
have been identified in human tonsils: HLA-DR+ILC3, which account for approximately
10% of all ILC3s in tonsils; and CD62L+ILC3, which express CD45RA but do not secrete
IL-22 and IL-17, and are therefore presumed to be naïve ILC3s [74,82]. ILC3s are under-
represented in the pool of circulating lymphocytes, as opposed to tissues. In contrast to
mature ILC3s seen in secondary lymphoid organs, the majority of circulating ILC3s exhibit
low amounts of RORγt. Circulating ILC3s are multipotent ILC precursors (ILCPs), which
nonetheless have the capacity to give birth to functionally mature helper ILC subsets and
NK cells.

Lymphoid tissue inducer (LTi) cells are regarded as belonging to a distinct ILC lineage.
When the ILC3 group was first described in 1997 [83], LTi cells were its first members. In the
developing fetus, LTi cells contribute to the organogenesis of secondary lymphoid tissues.
In fact, LTi cells produce IL-22, IL-17A, and IL-17F as a result of RORγt expression and are
involved in the creation of secondary lymphoid organs during embryogenesis [84] and
maturity, as well as in their restoration after infection [85]. LTi cells in the mouse develop
in a manner distinct from helper ILC3 cells. However, it has been challenging to identify a
specific LTi population in humans. In humans, NRP1+ ILC3 generates substantial amounts
of IL-22 and IL-17A [86]. These cells could therefore be a representation of LTi cells in
humans. It is yet uncertain, though, whether these cells develop differently from helper
ILC3s than they do in mice.

The dual role of ILC3s depends on cytokine levels. Intestinal epithelial cells are in-
duced by IL-22 to produce antimicrobial peptides quickly, such as α- and β- defensins,
and IL-22 also enhances epithelial cell renewal to maintain epithelial barrier integrity. IL-
17A and IFN-γ trigger the pathogenesis of periodontitis by inducing TNF-α and RANKL
production to induce periodontal tissue destruction [17]. However, ILC3s reduce the pro-
duction of IFN-γ and IL-17 by decreasing CCR6 expression in response to IL-23 stimulation
while increasing IL-22 production [87], thereby suppressing inflammatory response. In
addition, ILC3s may limit the multiplication of periodontal microorganisms and their toxic
products to avoid entering the systemic immune system and causing systemic diseases,
such as Alzheimer’s disease. It is possible that ILCs encourage endostasis by promoting the
development of isolated lymphoid follicles and epithelial cell foci with the aid of dendritic
cells and Tregs, or by triggering the production of GM-CSF through the flora.

6. Conclusions

The developmental lineage and characterization of ILCs has provided new insights
into immune response in periodontal tissues. This new group of innate immune cells in
periodontal tissues contributes to resistance to pathogen invasion and viral replication, pro-
motes local oral tissue repair and inflammation, regulates periodontal tissue homeostasis,
and maintains the integrity of the oral mucosal barrier. However, further investigation of
the molecular mechanisms that make these processes possible is required.

ILCs can adjust to shifting periodontal tissue circumstances owing to their plasticity,
which may be crucial for fine-tuning responses to various pathologic stimuli. Given that
the majority of canonical ILC subsets are tissue resident under homeostatic conditions, their
plasticity enables an immediate response to alterations in the microenvironment brought on
by pathogens without the requirement for de novo recruitment of ILC subsets. Restoration
of the original ILC subset composition may occur along with the resolution of inflammation.
Future research should pay close attention to the unraveling of metabolic programs and
signaling cascades that control ILC differentiation and plasticity. It may be possible to better
understand the role that ILCs play in maintaining periodontal homeostasis by pursuing
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further research on ILC heterogeneity and plasticity, which may also lead to the discovery
of new biomarkers and therapeutic targets for cutting-edge, individualized treatments.
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Abstract: Atopic dermatitis and abnormalities in tooth development (including hypomineralization,
hypodontia and microdontia) have been observed to co-occur in some patients. A common patho-
genesis pathway that involves genes and protein interactions has been hypothesized. This review
aims to first provide a description of the key gene mutations and signaling pathways associated
with atopic dermatitis and tooth agenesis (i.e., the absence of teeth due to developmental failure)
and identify the possible association between the two diseases. Second, utilizing a list of genes most
commonly associated with the two diseases, we conducted a protein–protein network interaction
analysis using the STRING database and identified a novel association between the Wnt/β-catenin
signaling pathway (major pathway responsible for TA) and desmosomal proteins (component of skin
barrier that affect the pathogenesis of AD). Further investigation into the mechanisms that may drive
their co-occurrence and underlie the development of the two diseases is warranted.

Keywords: atopic dermatitis; tooth agenesis; skin barrier; gene–protein interaction

1. Introduction

Atopic dermatitis (AD), also known as eczema and atopic eczema, is the most common
chronic inflammatory skin disease [1] and is estimated to have the highest disease burden
among all skin diseases [2].

Interestingly, some studies have shown epidemiological commonalities between AD
and dental caries, and dental structural abnormalities such as hypomineralization and
hypodontia (developmentally missing teeth). For example, in the GUSTO birth cohort
study in Singapore, children diagnosed with AD in the first 18 months of life had a
3-times higher risk of developing tooth decay by age 3, despite controlling for several
potential confounders [3]. A similar association was observed in adults in a nationwide
cross-sectional study of 21,606 Korean adults, finding higher odds for having experienced
caries in those with AD compared with those with no AD [4]. Another large population-
based survey of Korean adolescents also showed significantly higher odds of AD among
participants with oral symptoms, including sensitive teeth, toothache, etc. [5].

Due to the shared ectodermal tissue origin of the teeth and skin, an “ectodermal
subclinical development defect” has been suggested, whereby genetic mutations associated
with AD share a common pathogenic pathway with abnormalities in tooth development
and can cause structural defects in the tooth, such as hypo-mineralization of the enamel.
This structural defect in turn increases the tooth’s susceptibility to dental caries and may
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have resulted in the AD-caries associations observed. A longitudinal cohort of 6-year-old
twins, which demonstrated moderate to strong associations between hypo-mineralization
of the second molars (HSPM) and infantile eczema [6], provides further support for the
link between AD and abnormalities in tooth development.

Tooth agenesis (TA) is an extreme case of abnormality in tooth development, where
there is an absence of teeth due to developmental failure, and is one of the most prevalent
dental and craniofacial malformations in humans [7]. TA can be categorized into the
following three groups: hypodontia (less than 6 missing teeth), oligodontia (6 or more
missing teeth) and anodontia (complete absence of dentition).

Non-syndromic TA is TA that is not associated with any other systemic abnormalities
or genetic syndromes. However, as the main cause of tooth agenesis is genetic, TA may
involve other organs or tissues, as the involved networks of signaling molecules and
transcription factors in TA and epithelial–mesenchymal interactions play essential and
extensive roles during embryogenesis [8,9].

A few studies offer direct evidence for the association between AD and hypodontia.
While only allergy (allergic rhinitis and pollinosis) was significantly associated, atopy
(which includes atopic dermatitis) and asthma were also among the top conditions experi-
enced by patients with hypodontia [10]. A 2017 Italian study found that 13/90 (14.4%) of
children with atopic dermatitis had anatomical dental abnormalities, including agenesis
and hypoplasias [11]. Our team also recently reported a significant association between
severe–moderate AD and hypodontia and microdontia [12].

While the published review articles have focused on either AD or TA [13–17], there
is an emerging need for a review that focuses on the overlapping areas and decodes the
potential common signaling pathways and/or genes involved in the development of both
AD and TA.

Therefore, the aim of this review is to provide a description of the key gene mutations
and signaling pathways associated with atopic dermatitis and tooth agenesis, respectively,
identify the possible associations between the two diseases, and to propose exploratory
hypotheses and mechanisms to narrow down the possible shared pathogenic pathways for
future research to interrogate.

2. Genes Associated with Atopic Dermatitis (AD)

The two major pathophysiological pathways in AD are abnormalities of epidermal
structure and function, and cutaneous inflammation due to inappropriate immune re-
sponses to antigens encountered in the skin [18]. Both pathways may influence each other
and cause a systemic T helper type 2 (Th2) inflammatory pathway and a Th17/Th22 cell
response, which may in turn affect epidermal structure and function. From the genetic
point of view, the disease is inherited and multifactorial [19]. In this review, we will focus
on the genes involved in epidermal barrier dysfunction, as both AD and TA are potentially
caused by structural defects during ectodermal tissue development.

2.1. Mutations in Genes Related to Epidermal Barrier

The epidermal barrier is the first line of defense between the host organism and the
environment. As illustrated in Figure 1, the skin barrier resides primarily in the stratum
corneum (SC), which consists of corneocytes surrounded by intercellular lipid lamellae
and attached by corneodesmosomes [20]. The tight junctions attached to lateral walls of
keratinocytes in the upper stratum granulosum (SG) have also been included in the basic
skin barrier structure. Keratin filaments form macrofibrils by cross-linking with the cornified
envelope (CE) of corneocytes. The SC lipid layer is covalently attached to the external surface
of CE proteins, forming the cornified lipid envelope (CLE) [21].
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Figure 1. Defective epidermal barrier in atopic dermatitis (AD). The genes that affect SC may have
an effect on both corneocytes and CE. For example, the filaggrin protein can be found in corneocytes
but it aggregates keratin, affecting the whole SC. Therefore, genes with specific localization of action
are placed in the small boxes, while the others are placed in the larger box of SC.

Stratum corneum (SC): The most significant gene variants associated with AD are the
loss-of-function mutations found in the filaggrin (FLG) gene. An estimated 27.5% of Cau-
casian Americans, 48% of Europeans, 31.4% of Chinese and 20% of Japanese populations
with AD present mutations in the FLG gene [22]. Filaggrin is a protein found in the corneo-
cytes responsible for aggregating keratin in the formation of the stratum corneum [23]. It is
produced from a precursor, pro-filaggrin. Studies have confirmed that FLG null mutations
increase the risk of AD, impairing skin barrier function [24,25]. Homozygous mutations in
the FLG gene are associated with an increased risk of severe AD, with earlier onset, longer
duration, and increased skin infections [26–28]. In addition, filaggrin has a broad range of
immunomodulatory effects [28–31].

Filaggrin-2 (FLG-2) is a filaggrin-like protein, and is part of the corneocyte enve-
lope [32]. The expression of the FLG2 protein is reported to be decreased in patients with
AD [33]. A link between polymorphisms in the FLG2 gene and more persistent AD in
African American populations has been found [34]. However, a recent study in Brazil
found no correlation between AD patients and polymorphisms in the FLG2 gene [35].

OVOL1 (ovo-like transcriptional repressor) is an upstream transcription factor that
regulates FLG expression. FLG, OVOL1 and IL13 are reported to be the three genes most
significantly associated with AD among the 31 susceptible gene loci reported in a meta-
analysis of genome-wide association studies [36].

Other gene mutations that result in epidermal barrier dysfunction include genes that
encode SC proteases such as KLK7, and genes that encode protease inhibitors SPINK5 and
LEKTI. Kallikreins are a family of 15 trypsin- or chymotrypsin-like secreted serine pro-
teases (KLK1-KLK15). The expression of KLK5-8, KLK10, KLK13 and KLK14 is significantly
increased in AD patients [37], and the elevation of KLK7 is predominant in the SC [37].
A 4-bp insertion in the 3’-untranslated region of the KLK7 gene was found to have a
significant association with AD [38].

The multidomain serine protease inhibitor Kazal-type 5 (SPINK5), otherwise known
as the lympho-epithelial Kazal-type-related inhibitor (LEKTI), plays a role in keratinocyte
differentiation during skin and hair morphogenesis, and the protective barrier function of
skin by inhibiting the activity of KLKs in the epidermis [39,40]. Loss of KLK regulation
through SPINK5 mutation could cause excessive KLK activity, resulting in permeable bar-
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rier defects [40,41]. AD has been associated with SPINK5 mutations in certain populations,
specifically eastern Asians [40,42–46].

Cornified envelope (CE): The corneocyte envelope (CE) serves as a scaffold for lipids
to attach and provides a supportive force to the corneocytes. The envelope is formed
from structural proteins, including involucrin, loricrin, and the small proline-rich (SPRR)
proteins [47]. An extra 24-bp defect in the central domain and additional in-frame deletions
and insertions of the SPRR3 gene have been associated with AD [48]. Levels of FLG, FLG2,
and SPRR3 mRNAs and proteins were also found to be reduced in AD skin [49].

Corneodesmosomes and tight junctions: Mutations within genes that express cor-
neodesmosomal proteins (desmogleins and desmocollins) and tight junction proteins
(claudins and ocludins) also contribute to the progression of AD [43]. Desmoglein-1
(DSG1), Claudin-1 (CLDN1) and Claudin-23 (CLDN23) have been reported to cause down-
regulation in AD [50]. CLDN1 haplo-type-tagging single nucleotide polymorphisms reveal
linkage to AD in two North American populations [51]. The risk of eczema herpeticum in
AD subjects is also associated with variants in the CLDN1 gene [51]. DSG3-/- mice appear
to have traumatized skin that displays a distinct separation of desmosomes under electron
microscopy [52]. Mice lacking desmocollin 1 (DSC1) have a fragile and flaky epidermis
with acanthosis in the stratum granulosum [53].

2.2. Gene Polymorphisms in Inflammation and Immunity

Genetic variants associated with these immunological events contribute to the aber-
rant inflammatory and immune response in AD. Mutations in pattern-recognition re-
ceptors (PRRs) have been observed to be related to AD; these include polymorphisms
in toll-like receptors (TLRs)—TLR2, TLR4, TLR6, TLR9—and gene polymorphisms in
nucleotide-binding oligomerization domain-like receptors (NLRs)—CARD4, CARD12,
CARD15, NALP1, NALP12, and NOD1; several SNPs of the human β-defensin 1 (DEFB1)
gene have also been found in AD patients [19]. Mutations in IL-1 family cytokines and
receptors genes that induce systemic Th2-type inflammatory responses, e.g., the suscepti-
bility loci 2q12, which contain the receptors of the IL-1 family cytokines (IL1RL1, IL18R1,
and IL18RAP) and the IL-18 gene play key roles in innate immunity and contribute to
the pathogenesis of AD. Mutations in genes implicated in the vitamin D metabolism and
synthesis of its receptors (CYP27A1, CYP2R1 and VDR) have been reported to be associated
with AD. Mutations in interleukin genes produced by keratinocytes, including IL-25, TSLP,
IL-33 and IL-7RA, were found in the epidermis in lesions of AD exposed to stress, e.g., UV
or mechanical trauma. The adaptive immune response in AD is associated with the in-
creased expression of the Th2 cytokines (IL-4, IL-5, IL-13, and IL-31) and the Th22 cytokine
IL-22 during the acute phase of AD [54,55]. Several distinct polymorphisms of IL-4, IL-5,
IL-13, IL-4 receptor alpha (IL-4RA), IL-5 receptor alpha (IL-5RA), and IL-13 receptor alpha
(IL-13RA) have been found to influence the susceptibility to AD in different populations.
Genetic variants in IL-12 and IL-12R [54,55], IFNG and IFNGR1, as well as interferon
regulatory factor (IRF)-2, were significantly associated with AD and eczema herpeticum
(EH) [56,57]. Other cytokine and receptor variants were also identified in AD, including
IL-2, IL-6, IL-9, and IL-10 [19]. Correlations between AD and genetic polymorphisms of
FcεRIα—the alpha-chain of high-affinity IgE receptors—have also been observed [19].

3. Genes Associated with Tooth Agenesis (TA)

Tooth development is a series of genetically regulated processes with successive and
reciprocal interactions of the epithelium and mesenchyme (Figure 2). Four major signaling
pathways (Fgf, Wnt, Bmp and Shh) and numerous transcription factors are key to tooth
development. Disturbances at any stage or alterations in any pathway may lead to tooth
agenesis [58].
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Figure 2. Schematic representation of tooth development stages. (Modified from the work of Nanci
A. in 2013. Development of the tooth and its supporting tissues [59]) Main groups of signaling
pathways and genes associated with tooth agenesis (TA). Gene mutations in Wnt pathway (orange
box), TGF–β/BMP pathway (blue box), EDA/EDAR/κB pathway (green box) and SPARC family
(purple box) affecting the initiation stage of tooth development results in tooth agenesis.

3.1. Paired Box Gene 9 (PAX9)

PAX9 is the most prevalent gene for non-syndromic TA [60]. It encodes a member
of the paired box family of transcription factors and is expressed in the mesenchyme to
induce odontogenic signals and initiate dental development [61]. PAX9 is important for
organogenesis, as it induces the activation of Wnt and TGF-β/BMP signaling pathways [62].
Mutations in PAX9 often lead to the absence of second molars [61,63,64], and are associated
with a high risk of maxillary lateral incisor agenesis [65]. Second premolars were also
sometimes affected [7,66].

3.2. Muscle Segment Homeobox 1 (MSX1)

MSX1, a member of the homeobox genes, encodes for a protein that acts as a tran-
scriptional repressor during embryogenesis and is critical for the development of teeth [67].
The Wnt/β-catenin signaling may increase MSX1 expression which subsequently activates
the TGF-β/BMP cascade for odontogenesis [68]. Mutations in MSX1 have been associated
with severe forms of hypodontia, oligodontia with cleft lip, and non-syndromic TA, usu-
ally missing mandibular central incisors, upper lateral incisors, second premolars, and
third molars [61,69–71]. Regulation of BMP4 expression can also be affected through the
synergistic interaction between MSX1 and PAX9 [72].

3.3. Axis Inhibitor 2 (AXIN2)

AXIN2 encodes an intracellular inhibitor of Wnt/β-catenin signaling and has been
associated with lower incisor agenesis [73,74]. AXIN2 missense mutants were found
to enhance β-catenin degradation and reduced Wnt activation, whereas the truncated
mutants seemed to heighten the activation of Wnt/β-catenin [75]. A nonsense mutation
in the AXIN2 gene was reported as etiologic for familial TA and predisposes patients
to colorectal cancer [76]. AXIN2 is highly expressed in the enamel knot and underlying
mesenchyme during tooth formation in mice [76].

3.4. Ectodysplasin A (EDA) and Relevant Genes

Ectodysplasin A, a protein of the tumor necrosis factor family, plays an important role
during the development of ectodermal organs and teeth by activating the IKBKG-NF-κB
signaling pathway. Mutations in EDA and EDA receptor genes have been reported to affect
sporadic hypodontia in families [77]. Most of the mutations in EDA are identified to cause
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X-linked hypohidrotic ectodermal dysplasia (HED) [78]. In addition, some of these EDA
mutations have also been associated with missing maxillary lateral incisor cases [64].

Most mutations in EDAR and EDARADD are associated with ectodermal dysplasia,
with a few associated with non-syndromic TA. Several mutations of IKBKG will lead to
incontinentia pigmenti and ectodermal dysplasia (HGMD); therefore, NF-κB activity is
likely to be affected by these mutations in the aforementioned genes [60].

In addition, single nucleotide polymorphisms in the EDAR gene have also been
associated with other dental malformations. For example, the presence/absence of the
V370A allele of the EDAR gene has been correlated with modern human shovel-shaped
incisors [79]. The 1540C allele of EDAR was also found to be strongly associated with the
presence of incisor shoveling and hair thickness [80].

3.5. Other Genes Related to Wnt Signaling Pathway

Recently, the genetic link between the Wnt pathway and TA was highlighted once
again through whole exome and Sanger sequencing, with the observation of many mu-
tations in genes that encode for Wnt ligands and its receptors [60]. The reported genetic
mutations include genes that encode for Wnt ligands such as WNT10A and WNT10B, and
associated receptors such as LRP6. For individuals with non-syndromic TA, WNT10A is
one of the most commonly mutated genes [60]. It is expressed in the dental epithelium at
the dental lamina and bud stage and in the enamel knot during the cap stage [81]. Muta-
tions in WNT10A account for more than half of the isolated hypodontia and oligodontia
cases [81,82] and have been identified with odonto-onycho-dermal dysplasia [83–85].

Wnt10B, a structurally related protein, is also expressed in the dental epithelium during
the early bud and cap stages of tooth development. Similar to Wnt10A, genetic mutations in
Wnt10B have been found in dental anomalies, such as TA and oligodontia [86,87]. Impaired
odontoblastic differentiation and vasculogenesis of dental stem cells can result from these
Wnt10B mutants, as they are unable to activate Wnt signaling pathways [87].

LRP6 is important for cell differentiation and proliferation, as it encodes a protein of
the Wnt-Fzd-LRP5-LRP6 complex, which triggers the Wnt/β-catenin signaling cascade.
LRP6 mutants are unable to activate β-catenin, therefore preventing the activation of Wnt
signaling [87]. These LRP6 mutations have been reported in those with non-syndromic
TA [88].

Other genes implicated in isolated TA or oligodontia accompanied with ectodermal
dysplasia include mutations in DKK1 and associated KREMEN1; while mutations in
ANTXR1 were also implicated with syndromic TA [89–91]. DKK1, Dickkopf Wnt signaling
pathway inhibitor 1, is involved in the regulation of embryonic and vascular development
when it binds to the transmembrane receptor, KREMEN1, and co-receptor, LRP6, to inhibit
Wnt/β-catenin signaling. Through its interaction with LRP6, ANTXR1 plays an important
role in modulating Wnt signaling and stabilizing β-catenin [60].

3.6. Other Genes Related to TGF-β/BMP Signaling Pathway

The implicated TGF-β/BMP-associated genes include GREM2—for mutations as-
sociated with TA, taurodontism, short tooth roots, and microdontia—and LTBP3—for
mutations associated with inherited dental anomalies and isolated oligodontia [92–94].
GREM2 is involved in the regulation of embryonic morphogenesis, specifically TGF-β
signaling in tooth development, as it encodes for a BMP antagonist protein [91]. LTBP3
encodes for a protein that regulates the assembly, secretion, and targeting activity of the
TGF-β molecules, through the formation of a complex [93,94].

3.7. SMOC2 Gene

Secreted protein acidic and rich in cysteine (SPARC)-related modular calcium binding
2 (SMOC2) is an early dental developmental gene in human beings, supported by its high
expression in areas such as the oral ectoderm and dental epithelium [95]. This gene encodes
a member of the SPARC family protein, which promotes matrix assembly and stimulates
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endothelial cell proliferation and migration, as well as angiogenic activity [96]. Dental
anomalies such as dental dysplasia, severe oligodontia and extreme microdontia have been
reported with SMOC2 gene mutations [97].

4. Protein–Protein Interaction Network Functional Enrichment Analysis in AD and TA

From the above review of the gene mutations associated with epidermal barrier defects
in AD and TA, no direct overlap of the genes involved was observed. Nevertheless, it is
possible that there are shared biological pathways or processes, or indirect interactions
through intermediary molecules between the two diseases. Recent research has shown that
protein–protein interactions (PPI) are crucial for most biological activities, and examining
the protein interaction networks can help to identify key proteins that may be involved in
both diseases or that act as “hubs” linking multiple pathways. For example, PPIs between
Parkinson’s disease and periodontitis have been found to indicate new candidate molecular
mechanisms [98]. Therefore, we aim to conduct a protein interaction analysis between AD
and TA to explore new potential targets for research purposes.

4.1. Methods

The protein–protein interaction networks for TA and AD were investigated using
version 11.5 of the STRING (Search Tool for the Retrieval of Interacting Genes/Proteins)
database (https://string-db.org/, accessed on 15 November 2022), together with asso-
ciation and analysis methods. The STRING database contains known and predicted
protein–protein interactions, stemming from computational prediction, knowledge transfer
between organisms, and interactions aggregated from other (primary) databases. In gen-
eral, PPIs in STRING are derived from the following five main domains: Genomic Context
Predictions, High-throughput Lab Experiments, (Conserved) Co-Expression, Automated
Textmining and Previous Knowledge in Databases (https://cn.string-db.org/cgi/about?
footer_active_subpage=content, accessed on 15 November 2022). Apart from in-house
predictions and homology transfers, STRING also relies on many resources maintained
elsewhere (https://cn.string-db.org/cgi/credits?footer_active_subpage=datasources, ac-
cessed on 15 November 2022). The methodological details of the STRING database and
network analysis have been reported in a recent paper [99].

The lists of proteins associated with AD and TA as summarized above and in
Figures 1 and 2 were input and a “high confidence” cutoff of 0.7 was set, as is the case in
previously published studies [98,100,101]. A PPI network was then generated [102], as
shown in Figure 3.

4.2. Results

In the resulting protein–protein interaction network map, proteins are presented as
nodes, which are connected by color-coded lines representing potential protein–protein as-
sociations. We identified potential protein–protein interactions (PPIs) between the proteins
known to be associated with TA and AD. Catenin beta-1 (CTNNB1) presents interactions
with TA-associated genes, including AXIN2, WNT10A, WNT10B and LRP6, as a key down-
stream component of the canonical Wnt signaling pathway. Importantly, there is evidence
that indicates functional links between CTNNB1 and desmosomal proteins (DSC1 and
DSG3), which play an important role in the maintenance of skin barrier function, and
thus affect the pathogenesis of AD (Figure 3). There are “experimentally determined”
interactions (denoted by a pink line) between CTNNB1 and DSC1, and other interactions
derived from “text-mining”, meaning “co-mentioned in PubMed abstracts” (denoted by
a light green line) and co-expression of genes (denoted by a black line). Furthermore,
between CTNNB1 and DSG3, there are known “experimentally determined” interactions
and “text-mining” interactions.
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Figure 3. Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) analysis reveals
protein interaction networks between tooth agenesis and atopic dermatitis proteins. The color-coded
nodes presented proteins, while color-coded lines represent protein–protein associations. Light blue
lines represent associations in curated databases; pink lines represent experimentally determined
associations derived from experimental/biochemical data; light green lines represent text-mining
associations meaning “co-mentioned in PubMed abstracts”; black lines represent co-expression of
genes in homo sapiens or other organisms; light purple lines represent putative homologs. There
were no predicted interactions (green, red and blue lines) in the results.

5. Discussion and Limitations

While the Wnt/b-catenin pathway to junctional/desmosomal proteins interaction
may have been previously determined experimentally (as illustrated by the purple/pink
connection line), this interaction has not been proposed to be involved in the mechanistic
pathways through which AD and TA co-occur. The identification of the interaction of these
proteins that are associated with the known gene mutations for these two diseases is the
novel result of this database search.

The β-catenin protein encoded by the CTNNB1 gene is part of a complex of proteins
that constitute adherens junctions (AJs). AJs are necessary for the creation and maintenance
of epithelial cell layers by regulating cell growth and adhesion between cells. Meanwhile,
β-catenin is an integral part of the canonical Wnt signaling pathway.

Tooth development is a dynamic process that goes through the bud, cap and bell
stages, root development and tooth eruption [103]. The Wnt/β-catenin signaling path-
way is involved in embryonic development in many aspects and is active at all stages
in various regions of tooth-forming, playing a key role in odontogenesis [104]. The ma-
chinery of the Wnt pathway includes extracellular secreted glycoproteins (19 Wnt ligands
at the human level), seven transmembrane-spanning receptors (Frizzled and LRP5/6),
cytoplasmic proteins (DVL, APC, AXIN, GSK3β and β-catenin, etc.), nuclear transcription
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factors (TCF/LEF), and several related molecules (MSX1, DKK1, KREMEN1, and AN-
TXR1) [60]. The Wnt and Wnt-associated pathways are demonstrated to play a major role
in the molecular pathogenesis of the non-syndromic TA [60].

Research on the relationship between desmosomal components and β-catenin sig-
naling has been carried out. It was shown that DSC3 regulated β-catenin in suprabasal
keratinocytes by inducing β-catenin stabilization and transgene-mediated DSC3a and
DSC3b expression in differentiating keratinocytes enhances β-catenin signaling [105]. The
abnormal expression of DSC3, DSG3, and β-catenin was found in oral carcinomas and
that the reduced or absent expression of β-catenin had a positive correlation with reduced
or absent expression of DSC3 in 24 patients with lymph node metastasis [106]. Silencing
DSG3 was reported to inhibit the activation of the Wnt/β-catenin signaling pathway in
mice with chronic rhinosinusitis [107]. Additionally, Sawa et al. found that human dental
pulp fibroblasts did not express desmoplakin (DPK, cytoplasmic membrane-associated
protein in the epithelium) until they were cultured in the differentiation medium, whereas
odontoblasts expressed vimentin-binding DPK-1 [108].

The canonical Wnt/β-catenin pathway is a fundamental mechanism that accounts for
various biological activities, including cell proliferation, differentiation and development.
Distinct from the non-canonical Wnt pathways that are independent of β-catenin, the
canonical Wnt/β-catenin pathway has β-catenin as its typical characteristic [109]. In the in-
active state, the β-catenin protein is degraded by a destruction complex composed of AXIN,
glycogen synthase kinase 3β (GSK3β) and adenomatous polyposis coli (APC) [109]. Upon
Wnt ligand receptor/coreceptor (LRP5/6) binding, this complex becomes inactivated, lead-
ing to cytoplasmic accumulation and subsequent nuclear translocation of β-catenin [110].
In the nucleus, β-catenin stimulates the transcription of target genes in cooperation with
T-cell-factor/lymphoid enhancer-binding factors to regulate the expression of downstream
target genes [111]. The effects of the Wnt/β-catenin inhibitor ICG-001 in an AD-like murine
model generated by repeated topical application of the hapten oxazolone (Ox) were ex-
amined, and ICG-001 was found to attenuate epidermal permeability barrier function in
Ox-AD mice [111]. A longitudinal birth cohort study that involved 1699 children in Korea
found that children with the AD phenotype in early life were closely related to the devel-
opment of asthma only in the cases of accompanying food allergy (FA) [112]. Ingenuity
pathway analysis (IPA) of the colonocyte transcriptome revealed that the differentiation
of FA with AD was best described by the genes in ‘Wnt/β-catenin Signaling’, specifically
AXIN1, CCND1, FZD2, and WNT6, indicating that this mechanism might be regulated by
Wnt signaling [112]. This pathway also has a strong link with TA.

In summary, PAX9 and MSX1 are the most prevalent genes for non-syndromic TA.
Mutated genes that encode the components in the canonical Wnt/β-catenin pathway and
Wnt-associated genes account for the highest genetic risk for isolated TA compared to
mutated genes involved in several other pathways. TGF-β/BMP and EDA/EDAR/NF-κB
signaling pathways also contribute to TA. Skin epithelial function and immune responses
are the two major biologic pathways responsible for AD and they interactionally affect
each other. Genetic mutations that cause structural defects in the epidermal barrier include
genes that encode epidermal barrier structural proteins, stratum corneum proteases and
protease inhibitors.

We identified protein interactions between desmosomal proteins and β-catenin. Desmo-
somes and tight junctions are essential components of the skin barrier, affecting the patho-
genesis of AD. β-catenin is a key component of the Wnt/β-catenin signaling pathway,
which is the major pathway responsible for TA. While experimental studies have shown
that the DSG and DSC levels have a positive correlation with β-catenin expression and
affect the Wnt signaling pathway, this protein interaction has not been previously proposed
as one of the mechanistic pathways through which AD and TA co-occur. The specific
mechanism by which these two diseases interact through this pathway remains unclear
and more evidence is needed, for example, the GWAS risk of disease and EQTL analysis.
Nevertheless, our findings help to narrow down the possible shared pathogenic pathways
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for future research to interrogate in this novel field, and help support the hypothesis
that shared genetic mutations in the epidermal structure could increase the risk of tooth
agenesis, thus linking structural defects in the skin barrier and tooth formation. Further
studies may explore the mechanisms of gene variation in desmosomes and adherens in
epithelial membranes, and their interactions with the Wnt signaling pathway linked to TA,
in particular in the context of patients with TA and AD.
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Abstract: Cross-reactivity of metal allergies can make metal allergy treatment complicated because
the background of immune response in cross-reactions remains unknown. In clinical settings, cross-
reactivity among several metals has been suspected. However, the precise mechanism of immune
response in cross-reactivity is unclear. Two sensitizations with nickel, palladium, and chromium plus
lipopolysaccharide solution into the postauricular skin were followed by a single nickel, palladium,
and chromium challenge of the oral mucosa to generate the intraoral metal contact allergy mouse
model. Results showed that the infiltrating T cells in nickel-sensitized, palladium- or chromium-
challenged mice expressed CD8+ cells, cytotoxic granules, and inflammation-related cytokines. Thus,
nickel ear sensitization can cause cross-reactive intraoral metal allergy.

Keywords: metal allergy; nickel; palladium; chromium; cross-reactivity; allergic contact mucositis;
metal-specific T cells

1. Introduction

Metal allergy is a delayed-type hypersensitivity reaction in which T cell-dependent
macrophage activation and inflammation cause tissue injury [1]. Unlike immediate hy-
persensitivity reactions, cellular hypersensitivity reactions, such as delayed-type hyper-
sensitivity, are mediated by antigen-specific effector T cells. The liquefaction of metal
materials causes metal hypersensitivity or allergic reactions that mediate antigen-specific T
cell sensitization.

Previous studies aimed to evaluate antigen-specific immune mechanisms by devel-
oping mouse models of palladium (Pd), nickel (Ni), chromium (Cr), and titanium (Ti)
allergies by sensitizing the skin with chloride and lipopolysaccharide (LPS) solutions and
by challenging it with the injection of these metal solutions into the footpads and oral
mucosa [2–6].

Previous data showed a heterogeneous group of patients with different manifestations
of oral contact allergy to dental metals [7]. Generally, Pd-ACD is almost observed together
with Ni-ACD [8,9]. Antibodies against one antigen may bind with other structurally
similar antigens. Such binding to similar epitopes is referred to as cross-reaction [1]. This
phenomenon may be mainly attributed to cross-reactivity between Pd and Ni. However,
the precise mechanism is not completely understood [10–13]. Therefore, a novel mouse
model of cross-reactive metal allergy in the footpad skin was established, and immune
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response was investigated [14]. However, the mucosal immune system has a different
immune response than the skin immune response because it encounters antigens more
frequently and more extensively [15,16].

Ni is the most common metal causing contact dermatitis [17]. It is found in several
personal products, such as ear piercing, jewelry, belt buckles, metal fasteners on clothing,
and eyeglass frames [18]. Among them, ear piercing is a sensitizer for developing Ni
allergies [19]. However, whether allergies to other metals are involved is unknown.

Adverse reactions to metal ions, such as cheilitis, perioral dermatitis, burning mouth
syndrome, lichenoid reaction, orofacial granulomatosis, pustulosis palmaris et plantaris,
rheumatoid arthritis, and systemic lupus erythematosus, can cause serious issues due to
incompatibility reactions to metal-containing biomaterials [20–23]. Nevertheless, the precise
mechanism of cross-reactivity among metal allergens in the mucosa remains unknown.
To elucidate the immune response of cross-reactive Ni allergy, the current study aimed to
establish a novel mouse model of Ni ear sensitization and characterize intraoral-infiltrating
T cells during the elicitation phase in terms of phenotypic T cell markers and cytokine
expressions.

2. Results

2.1. Oral Mucosa Swelling in a Metal Allergy Cross-Reaction Mouse Model

All experimental protocols are depicted in the Materials and Methods section (Table 1).
In all groups, the peak of buccal mucosa swelling was observed at 1 day after challenge. At
7 days after challenge, buccal mucosa swelling was significantly higher in the Ni-Pd and Ni-
Cr groups than that in the control group. Meanwhile, swelling did not significantly differ
between Pd-Ni and Cr-Ni mice and control mice. Buccal mucosa swelling was significantly
higher in sensitization of Ni-induced allergic mice compared with sensitization of Pd-
induced allergic mice (Figure 1). Additionally, visually significant swelling was observed in
the buccal area of mice with Ni-Pd and Ni-Cr allergic contact mucositis (ACM) compared
with control mice at day seven after the first challenge (Figure 2).

Table 1. Experimental groups of the metal allergy cross-reaction mouse model.

Groups
ACM

Sensitization
Metal Salts

Challenge for Elicitation
Metal Salts

Ni *-Pd ** NiCl2 PdCl2
Ni-Cr *** NiCl2 CrCl2

Pd-Ni PdCl2 NiCl2
Cr-Ni CrCl2 NiCl2

* Nickel; ** Palladium; *** Chromium.

2.2. Histological and Immunohistochemical Analyses of CD3 and F4/80 in the Oral Mucosa of
Mice with Cross-Reactive Metal-Induced Allergy

To validate whether antigen-presenting cells (APCs) and T cells infiltrated into the site
of inflamed skin, we analyzed the oral mucosa of metal-induced ACM and control mice at
1 and 7 days after the challenge. Hematoxylin and eosin (H&E) staining showed epithelial
acanthosis and epidermal spongiosis and liquefaction degeneration of the epithelial basal
layer infiltrated with dense mononuclear cells in the epithelial basal layer and upper dermis
of ACM mice (Figure 3 Day1-C, Day7-B,C). Immunohistochemical staining showed that
CD3-positive T cells existed in the epithelial basal layer and upper dermis of ACM mice
(Figure 3 Day1-F,G, Day7-F,G). Immunohistochemical staining revealed that F4/80-positive
cells predominantly existed in the epithelial basal layer and upper dermis of ACM mice
(Figure 3 Day1-J,K, Day7-J–L). In the Pd-Ni groups, F4/80 was present only after 7 days. In
contrast, inflammatory reactions (H&E, CD3-positive T cells, F4/80-positive cells) were not
observed in the oral mucosa of the control mice (Figure 3).
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Figure 1. Oral mucosa swelling in mice with cross-reactive metal-induced allergy. In all groups,
swelling was measured 1, 3, and 7 days after the first challenge. Furthermore, sensitization to Ni-,
Pd-, and Cr-induced allergies was evaluated 7 days after the first challenge. Bars and error bars
indicate the mean + standard deviation (SD). Statistical significance was evaluated using the Kruskal–
Wallis test, followed by Dunn’s multiple comparison tests. ** p value of <0.01 was considered very
significant, and *** p value of <0.001 was considered extremely significant.

Figure 2. Swelling of the buccal mucosa of mice before challenge (A), and 7 days after the first
challenge (B–F) were shown. Comparison of buccal mucosal swelling 7 days after the first challenge
in control mice (B) and cross-reactive metal-induced allergic mice (C–F).

2.3. Expression Levels of T Cell Markers, Related Cytokines, and APC-Related Markers in the Oral
Mucosa of Mice with Cross-Reactive Metal-Induced Allergy

We investigated the expression levels of T cell markers, related cytokines, and APC-
related markers via quantitative polymerase chain reaction (qPCR). Messenger RNA
(mRNA) expression levels of CD4 and CD8 in the left and right buccal mucosa were
assessed at 1 and 7 days after the challenge. To validate whether T cells infiltrated into
the inflamed oral mucosa in ACM mice, we performed qPCR analysis of CD4 and CD8
expressions. Metal-induced ACM mice had significantly higher CD8 levels than control
mice 1 and 7 days after the challenge. The CD8 levels of Pd-Ni group and Ni-sensitized
mice (Ni-Pd, Ni-Cr) were significantly higher than control mice at 1 day after challenge,
and Ni mice (Ni-Pd, Ni-Cr) were significantly higher than control mice even at 7 days after
challenge (Figure 4).
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Figure 3. Histopathology and immunohistochemical analyses of accumulated T cells and antigen-
presenting cells (APCs) in mice with cross-reactive metal induced allergy. Histopathology and
immunohistochemical analyses of monoclonal antibody (mAb) that binds to a surface molecule
on CD3-positive T cells and mature macrophages and dendritic cells (F4/80-positive cells) in buc-
cal mucosa tissues. Frozen oral mucosa tissue sections were stained with hematoxylin and eosin
(H&E) (A–D) and anti-CD3 (E–H) and anti-F4/80 (I–L) antibodies 1 and 7 days after the challenge.
Representative examples of CD3-positive T cells are indicated by arrows. Scale bar = 40 μm.

Figure 4. mRNA expression of T cell phenotypes in the oral mucosa of mice with cross-reactive
metal-induced allergy. The mRNA expression of CD4 and CD8 in the buccal mucosa tissue was
assessed 1 and 7 days after the first challenge. GAPDH gene expression was used as an internal
control. Bars and error bars indicate the mean + standard deviation (SD). Statistical significance was
tested using the unpaired Mann–Whitney test. ** p value of <0.01 was considered very significant.

Further, we examined the expression levels of Th1 cytokines (tumor necrosis fac-
tor [TNF]-α and interferon [IFN]-γ), Th2 cytokines (IL-4 and IL-5), cytotoxic granules
(granzyme A and B), transcription factors of regulatory T cells (Foxp3), CD1d-restricted
T cells (CD-1d), and MHC-related protein 1 (MR1) in the left and right buccal mucosa at
7 days after challenge (Figure 5). The levels of IFN-γ, IL-4 and granzyme B levels were
significantly higher in sensitization of Ni mice (Ni-Pd, Ni-Cr) than control mice at 7 days
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after challenge (Figure 5A–C). The levels of TNF-α, granzyme A, CD-1d, and MR1 levels
were significantly higher in Pd-Ni groups and sensitization of Ni mice (Ni-Pd, Ni-Cr) than
control mice at 7 days after challenge (Figure 5A,B,D).

Figure 5. mRNA expression of T cell-related cytokines, cytotoxic granules, and T cell-related markers
genes in the oral mucosa of cross-reactive metal-induced allergic mice. mRNA expression of (A) T
helper type (Th) 1 cytokines (tumor necrosis factor(TNF)-α, Interferon(IFN)-γ), (B) cytotoxic granules
(granzyme A and B), (C) T helper type (Th) 2 cytokines (IL-4 and IL-5), (D) transcription factors of
regulatory T cells, CD1d-restricted T cells, and MHC-related protein 1 in the buccal mucosa tissue
were assessed 7 days after the first challenge. GAPDH gene expression was used as an internal
control. Bars and error bars indicate the mean + standard deviation (SD). Statistical significance was
tested using the unpaired Mann–Whitney test. * p value of <0.05 was considered significant, and
** p value of <0.01 was considered very significant.

3. Discussion

Delayed type hypersensitivity generally occurs when the swelling takes 24 to 48 h
after challenge, and onset of the pathology may take three to five days [24]. Clinically, the
patch test is evaluated until 1 week later. In this study, in all groups, the peak of buccal
mucosa swelling was observed at 1 day after challenge. Moreover, allergic reactions were
most observed at 7 days after challenge. Infiltrating T cells in the Ni-sensitized, Pd- and
Cr-challenged mice expressed the most CD8+ cells 7 days after the challenge. However,
infiltrating T cells in Pd- and Cr-sensitized, Ni-challenged mice did not express CD8+. Ni-
sensitized mice had significantly higher expression levels of almost all immune response-
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related genes. Cr-sensitized, Ni-challenged mice almost did not show significant differences
in buccal mucosal swelling or in the expression levels of immune response-related genes.
Thus, we suggested that the sensitization of Ni caused significant cross-reactivity with
Pd and Cr. In our previous study, the oral mucosal allergic mouse model sensitized
and challenged with nickel had the highest CD8 expression at day one of elicitation for
challenge [5]. It suggests that allergic reactions may differ depending on the metal exposed
to challenge, even when sensitized to Ni. Cross-reactivity in allergic contact dermatitis
occurs due to the similar structure of antigens. Thus, cross-reactivity is found among several
foreign substances, such as food [25], antibiotics [26], antifungals [27], anti-inflammatory
analgesics [28], and steroids [29]. In metals, cross-reactions between Ni and Pd are the
main reactions. A previous study has shown that only Ni and Pd cross-reacted in ear
skin [30]. Ni and Pd have physiochemical similarities, and they belong to the same group
in the periodic table. This fact considers that cross-reactivity relates near to the periodic
table of the chemical elements (PSE) [31]. Identical structures form the same complexes
and cause similar modifications, and they may be recognized by the same T cells [31].
Franziska et al. reported up to 80% Pd co-sensitization with Ni [32]. However, in the oral
cavity, during Ni sensitization, immune responses were observed even during Cr challenge
for elicitation. This fact may be correlated with differences in the immune mechanisms
of the skin and oral cavity. The skin and mucous membranes have different immune
responses. Contact dermatitis is a disease that can be cured by identifying the causative
allergen and discontinuing contact. However, when the cause of the disease is not clear
and appropriate protective measures cannot be taken, it is often intractable and difficult to
treat. Symptomatic treatment of contact dermatitis without identifying the cause is not a
desirable option, with consideration of the risk of side effects due to the continuous use
of topical steroids and the unnecessary expenditure of medical expenses. Treatment is
mainly recommended with the removal of the causative metal and treatment with steroids
or antihistamines.

In clinical settings, the treatments of metal allergy include allergen avoidance and
use of antihistamine drugs and corticosteroids. However, it is challenging to determine
removal because it is difficult to identify the substances causing cross-reactions [33]. The
use of corticosteroids is effective in immune system diseases. However, it also has side
effects. A previous study reported that antihistamines inhibited immune responses in
metal allergies compared with corticosteroids [34]. However, treatment of the metal allergy
intraorally are only the removal of the causative agent and topical application steroid. In
addition, in rare cases, the topical steroid ointment itself can cause allergies [35]. Allergic
reactions to topical medications can be caused not only by the drug but also by the base
or preservative. Whether the allergy is caused by a single metal or a cross-reaction is
challenging to determine due to the presence of multiple metals in a small area in the
oral cavity. In such cases, it is difficult to investigate cross-reactivity. However, steroids
should not be continually used if the cause is unknown. Testing methods for metal allergies
include blood tests, lymphocyte transformation tests [36], oral challenge tests [37], hair
mineral analyses [38], and principal component analyses [39]. Among these tests, the
patch tests are the most generic test [40]. They have long been used to identify allergenic
substances. Identifying allergens via patch testing can help treat refractory and recurrent
allergic dermatitis. In patients with a history of metal allergy, patch testing is recommended
prior to the use of metals with treatment [41]. The problem is that judgments about how
to implement, judge, discuss, and guide patients’ lives based on patch test results require
some practice because of the bias of the users. In addition, whether the patients have a
history of immunologically relevant co-exposures is not known, and this is an issue with
analyzing cross-reactivity in patch tests. Hence, the timing of patch testing is not similar,
and analyzing the causality of cross-reactivity is challenging. Furthermore, some patients,
including those on steroids, those who need to shave, and pregnant women, should not
undergo the test. Due to the abovementioned reasons, everyone cannot be tested. However,
there is still no more reliable and useful test method than the patch test in identifying the
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cause of the problem. Therefore, it is important to elucidate the background of immune
response in metal allergy to obtain a better diagnosis.

Ni causes an allergic reaction correlated with the number of ear piercings [19]. How-
ever, the correlation between piercing and mouth allergies in Ni is unclear. It is known
that contact hypersensitivity reactions to divalent cations such as Ni have been observed.
These divalent cations can alter the conformation or the peptide binding of MHC class II
molecules and, thus, provoke a T cell response [24]. Additionally, it is well-known that LPS
is required for the development of metal allergy in mice [42]. To determine whether the
challenge of metal allergy is hapten-specific, there have been reports of metal solution plus
LPS sensitized mice challenged with metal solution or 1-fluoro-2,4-dinitrobenzene (DNFB)
solution to induce allergic reactions [43]. Sensitized, metal ion-challenged mice showed
allergic reactions, while sensitized, DNFB-challenged mice did not. DNFB-sensitized,
DNFB-challenged mice exhibited an ear swelling response. However, DNFB-sensitized,
Pd-challenged mice did not. Moreover, no allergic reactions were observed when unsensi-
tized, metal solution alone sensitized, and LPS alone sensitized mice were challenged with
injections of the same amount of metal. The results are known that metal allergy is hapten-
specific and that a metal-specific immunological response develops in mice. Therefore,
they also showed that LPS is essential for the metal allergy response. In our previous study,
we used this information as the basis for an ear-sensitized mouse and challenged the oral
cavity to generate a Ni allergic mouse model [5]. Results showed that mice presented with
Ni allergy in the oral cavity. Therefore, we suggested that metals outside the oral cavity
can be the main cause of allergies, and secondary allergic reactions may occur in the oral
cavity. Thereby, in this study as well, we used LPS plus metal solution for all experimental
groups in sensitization.

In the case of Ni allergy, NK T cells are involved in both the skin and oral cavity and are
believed to be involved in allergic reactions [2,5]. Our study has previously suggested that
natural killer (NK) T cells may be correlated with cross-reactivity in metal allergy [44]. The
ability of invariant natural killer T (iNKT) cells to recognize different glycolipid constituents
from microorganisms presented by CD1d molecules places them in an innate category.
Meanwhile, their possession of a fully rearranged T cell receptor, despite its relatively
limited repertoire, makes them adaptive [24]. Therefore, iNKT cells can be involved in
innate and acquired immunity. iNKT cells acquire a defined effector program during
their development in the thymus [24]. They exhibit a memory-cell phenotype when they
leave the thymus and migrate to peripheral lymphoid tissues and mucosal surfaces [24].
Hence, NK T cells may act as a bridge between innate and adaptive immunity. The T cell
population called mucosal-associated invariant T cells (MAIT cells) are recognized vitamin
B9 metabolites presented by the MR1 MHC class Ib molecule, suggesting that the MAIT cells
also have a ‘transitional’ role between innate and adaptive immunity [24,45]. Since allergy
to Pd alone is rare, cross-reactivity is known to be involved in Pd allergy [46]. Lymphocyte
transformation studies showed simultaneous patch test reactivity to palladium and nickel,
suggesting cross-reactivity [47]. However, during Pd sensitization and Ni elicitation, there
was no allergic reaction. The involvement of T cells was observed. In contrast, there were
significant differences in gene expression levels of CD1d and MRI in Pd and Cr induced
by Ni sensitization and Ni induced by Pd sensitization compared with controls. This
study suggested a possible involvement of NK T cells and MAIT cells in the challenge
of Pd and Cr by Ni sensitization and Ni challenge by Pd sensitization in the oral cavity.
Therefore, in the case of Pd sensitization, innate immune-derived T cells may be involved
in the development of allergy. As described in the Materials and Methods, in this mouse
model, sensitization was achieved via injection into the ears and elicitation via injection
into the oral cavity. Therefore, cross-reactivity between Ni and Pd in the oral cavity may be
caused by Ni sensitization in the skin. Haptens can induce an early response via innate
immune mechanisms [48]. Therefore, suppression of products that may cause Ni ionization
may inhibit allergic reactions. Successful avoidance of this sensitization can reduce the
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development of allergies with complex pathologies, including cross-reactivity. In fact, Ni
regulation could reduce Ni allergies. However, its use is not regulated in several countries.

This study showed cross-reactivity between Ni and other metals. This suggests that
Ni suppression may inhibit allergic reactions to other metals in which Ni is an inflamer.

We consider that oral metal allergies can be controlled by properly regulating the use
of metals outside the oral cavity. Therefore, a patch test even before treatment with other
metals may be effective in people who are constantly exposed to Ni. In addition, since the
degree of sensitization by metals varies depending on individual susceptibility, it may be
important to regulate the Ni content of piercings and other products in several countries.
Recently, it has been suggested that even artificial joint implants used in orthopedic surgery
on human subjects be patch tested beforehand and substituted with zirconia or other
alternatives, since nickel can be allergenic [49]. More genetic information on cross-reactive
T cells will further elucidate metal allergy and facilitate safety in dermatology and dental
treatments. This new mouse model is useful for the diagnosis of intraoral metal contact
allergy, and the development of new treatments to metal-specific T cells in the oral mucosa.

These results suggest that metal allergy immune response in the oral mucosa differs
from the skin. Ni exposure is believed to cause metal allergy [50]. Thus, immunological
information in the cross-reactivity of metal allergy could be important for selecting dental
materials to prevent incompatibility reactions.

4. Materials and Methods

4.1. Animals

Four-week-old female BALB/cAJcl mice (n = 56) were purchased from CLEA Japan
(CLEA Japan, Tokyo, Japan) and housed under standard conditions. During the study
period, all mice remained in good health, and they were assigned randomly to various
groups. The mice were acclimated for at least 7 days before experimental use. They were
kept in standard conditions (plastic and aluminum cages with a lid made of stainless-steel
wire at our conventional animal facility that maintained the temperature at approximately
23 ◦C ± 1 ◦C and humidity at 30–70% with a 12 h day/night cycle). Food and water were
available ad libitum.

4.2. Reagents

PdCl2 (>99% pure), NiCl2 (>99% pure), and CrCl2(>99% pure) were purchased from
Wako Pure Chemical Industries ((FUJIFILM Wako Pure Chemical Co., Ltd., Osaka, Japan).
Lipopolysaccharide (LPS) from Escherichia coli (O55:B5) prepared via phenol-water extrac-
tion was purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA). PdCl2, NiCl2, CrCl2,
and LPS were dissolved in sterile saline (Otsuka Normal Saline, Otsuka Pharmaceutical
Factory, Inc., Tokushima, Japan).

4.3. Anesthetic Agents

The following anesthetics were prepared: medetomidine hydrochloride (Nippon
Zenyaku Kogyo Co., Ltd., Fukushima, Japan), midazolam (Sandoz, Tokyo, Japan), and
butorphanol tartrate (Meiji Seika Pharma Co., Ltd., Tokyo, Japan). These anesthetic agents
were kept at room temperature (RT).

Medetomidine hydrochloride was prepared at a dose of 0.3 mg/kg, midazolam at a
dose of 4 mg/kg, and butorphanol tartrate at a dose of 5 mg/kg. The concentration ratio of
the three types of mixed anesthetic agents was determined based on a previous study [51].
Therefore, 0.75 mL of medetomidine hydrochloride was mixed with 2 mL of midazolam
and 2.50 mL of butorphanol tartrate and was adjusted to a volume of 19.75 mL with sterile
saline. All agents were diluted in sterile saline and stored at 4 ◦C in the dark. The three
types of mixed anesthetic agents were administered to all mice at a volume of 0.01 mL/g of
body weight.
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4.4. Experimental Protocol of the Metal Allergy Cross-Reaction Mouse Model

The protocols were used based on previous protocols for the induction of metal allergy
in the oral mucosa [5]. Each experimental group of mice was separated into six sets, each
comprising randomly chosen mice (Table 1). All experiments were carried out in another
room after transfer from the animal holding room.

Sensitization: In total, 125 μL of 10 mm PdCl2, NiCl2, and CrCl2 and 10 μg/mL of LPS
in sterile saline were injected twice at an interval of 7 days via the intradermal route into
the left and right postauricular skin of mice (250 μL each). Seven days after the second
sensitization, the mice were challenged for the first time.

Challenge for elicitation: At day 7 after the second sensitization, the ACM mice were
challenged for elicitation with 25 μL of 10 mm PdCl2, NiCl2, and CrCl2 without LPS in
sterile saline into the left and right buccal mucosa via submucosal injection under anesthesia
with the three types of mixed anesthetic agents. The mice with metal allergy cross-reactions
were classified into four groups: sensitization to NiCl2 with LPS and challenged with PdCl2
(Ni-Pd) group (n = 5), CrCl2 (Ni-Cr) group (n = 5), sensitization to CrCl2 with LPS and
challenged with NiCl2 (Cr-Ni) group (n = 5), and sensitization to PdCl2 with LPS and
challenged with NiCl2 (Pd-Ni) group (n = 5). Sensitization and challenge for elicitation
used different metal solutions for each. Mice sensitized with NiCl2 plus LPS and then
challenged with sterile saline were used as a control.

4.5. Measurement of Oral Mucosa Swelling

Buccal mucosa swelling was measured before challenge and at 24 h, 72 h, and 1 week
after the first challenge using a Peacock dial thickness gage (Ozaki MFG Co., Ltd., Tokyo,
Japan). The difference in oral mucosa thickness before and after challenge was recorded.
All procedures were performed by the same experimenter.

4.6. Immunohistochemistry

Buccal mucosa specimens were obtained from mice with metal allergy cross-reaction
ACM for histology and immunohistochemical analyses. Tissue samples were immersed in
4% paraformaldehyde–lysine–periodate overnight at 4 ◦C. After washing with phosphate-
buffered saline (PBS) for 10 min, fixed tissues were penetrated by soaking in 5% su-
crose/PBS for 1 h, 15% sucrose/PBS for 3 h, and then 30% sucrose/PBS overnight at
4 ◦C. Tissue samples were embedded in Tissue Mount (Chiba Medical, Saitama, Japan)
and snap-frozen into a mixture of acetone and dry ice. Frozen sections were sliced into
6-μm-thick cryosections and air dried on poly-L-lysine-coated glass slides. For histological
analyses, the cryosections were stained with H&E. Antigen retrieval was performed for
immunohistochemical analyses. Cryosections were stained with anti-mouse F4/80 (1:1000;
Cl-A3-1, Abcam, Cambridge, UK) and anti-CD3 (1:500; SP7, Abcam, Cambridge, UK) mon-
oclonal antibodies (mAbs). Non-specific binding of mAbs was blocked via the incubation
of sections in PBS containing 5% normal goat and rabbit serum, 0.025% Triton X-100 (FUJI-
FILM Wako Pure Chemical, Osaka, Japan), and 5% bovine serum albumin (Sigma, Aldrich
St. Louis, MO, USA) for 30 min at RT. The sections were incubated with primary mAbs for
1 h at RT. After washing three times with PBS for 5 min, intrinsic peroxidase was quenched
using 3% hydrogen peroxide (H2O2) in methanol. After soaking the sections in distilled
water, they were washed twice and then incubated with a secondary antibody (biotinylated
goat anti-hamster IgG or biotinylated rabbit anti-rat IgG) for 1 h at RT. After soaking the
sections in distilled water, they were washed twice. Then, sections were incubated with a
secondary antibody (biotinylated goat anti-hamster IgG antibody or biotinylated rabbit
anti-rat IgG antibody) for 1 h at RT. After washing three times, the sections were incubated
with Vectastain ABC Reagent (Vector Laboratories, Burlingame, CA, USA) for 30 min at RT,
followed by 3,3-diaminobenzidine staining (0.06% diaminobenzidine and 0.03% H2O2 in
0.1 M Tris-HCl, pH 7.6; Wako Pure Chemicals Co., Ltd., Osaka, Japan). The tissue sections
were counterstained with hematoxylin to visualize the cell of nuclei.
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4.7. RNA Extraction and cDNA Synthesis

Fresh buccal mucosa tissue specimens were obtained from each mouse and immedi-
ately soaked in RNAlater RNA Stabilization Reagent (Qiagen, Hilden, Germany). Total
RNA from the buccal mucosa tissue was extracted using the RNeasy Lipid Tissue Mini
Kit (Qiagen) according to the manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized from DNA-free RNA using the PrimeScript™ RT reagent Kit (Takara Bio,
Tokyo, Japan) according to the manufacturer’s instructions.

4.8. Quantitative Polymerase Chain Reaction

The expression levels of immune response-related genes, including T cell-related CD
antigens, cytokines, cytotoxic granules, transcription factors of regulatory T cells, CD1d-
restricted T cells, and MHC-related protein 1 were evaluated via quantitative polymerase
chain reaction (qPCR) using the Bio-Rad CFX96 System (Bio-Rad, Hercules, CA, USA).
Specific primers for GAPDH, CD4, CD8, IFN-γ, TNF-α, IL-4, IL-5, Foxp3, CD1d, MR1, and
granzymes A and B have been described in previous studies [52,53]. Freshly isolated total
RNA from the buccal mucosa tissue of mice was converted to cDNA using PrimeScript RT
Reagent Kit (Takara Bio) according to the manufacturer’s instructions. The PCR comprised
5 μL of SsoFast™ EvaGreen® Supermix (Bio-Rad), 3.5 μL of RNase/DNase-free water,
0.5 μL of 5-μM primer mix, and 1 μL of cDNA, with a final volume of 10 μL. The cycling
conditions were as follows: 30 s at 95 ◦C, followed by 45 cycles of 1 s at 95 ◦C and 5 s
at 60 ◦C. At the end of each cycle, melting curve analysis was performed from 65 ◦C to
95 ◦C to confirm the homogeneity of PCR products. All assays were repeated three times,
and the mean values were calculated at the gene expression levels. Five 10-fold serial
dilutions of each standard transcript were used to determine the absolute quantification,
specification, and amplification efficiency of each primer set. Standard transcripts were
generated by the in vitro transcription of the corresponding PCR product in a plasmid. The
nucleotide sequences were confirmed via DNA sequencing using the CEQ8000 Genetic
Analysis System (Beckman Coulter, Fullerton, CA, USA). Their quality and concentration
were validated using the Agilent DNA 7500 Kit in an Agilent 2100 Bioanalyzer (Agilent,
Santa Clara, CA, USA). The expression of the GAPDH gene was used as an internal control.
The expression levels of each target gene were normalized to GAPDH expression.

4.9. Statistical Analysis

Differences between the mean values of each experimental group were analyzed using
the Kruskal–Wallis test, followed by Dunn’s multiple comparison tests and the Mann–
Whitney U-test using GraphPad Prism 7 software for Windows (GraphPad Software, Inc.,
San Diego, CA, USA). p value of <0.05 was considered significant; p value of <0.01, highly
significant; and p value of <0.001, extremely significant.

5. Conclusions

The Ni-sensitized group showed significant differences in buccal mucosal swelling,
and the expression of CD8, cytotoxic granules, and inflammation-related cytokines com-
pared with the control and Pd-sensitized groups. Ni sensitization and Pd and Cr challenge
can cause cross-reactivity in intraoral metal allergy.
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Abstract: Osteoimmunology mediators are critical to balance osteoblastogenesis and osteoclasto-
genesis to maintain bone homeostasis. A lot of the osteoimmunology mediators are regulated by
interleukin-20 (IL-20). However, little is known about the role of IL-20 in bone remodeling. Here, we
showed that IL-20 expression was correlated with osteoclast (OC) activity in remodeled alveolar bone
during orthodontic tooth movement (OTM). Ovariectomize (OVX) in rats promoted OC activity and
enhanced IL-20 expression, while blocking OC inhibited IL-20 expression in osteoclasts. In vitro, IL-20
treatment promoted survival, inhibited apoptosis of the preosteoclast at the early stages of osteoclast
differentiation, and boosted the formation of osteoclasts and their bone resorption function at the late
stages. More importantly, anti-IL-20 antibody treatment blocked IL-20-induced osteoclastogenesis
and the subsequent bone resorption function. Mechanistically, we showed that IL-20 synergistically
acts with RANKL to activate the NF-κB signaling pathway to promote the expression of c-Fos and
NFATc1 to promote osteoclastogenesis. Moreover, we found that local injection of IL-20 or anti-IL-20
antibody enhanced osteoclast activity and accelerated OTM in rats, while blocking IL-20 reversed
this phenomenon. This study revealed a previously unknown role of IL-20 in regulating alveolar
bone remodeling and implies the application of IL-20 to accelerated OTM.

Keywords: interleukin-20; osteoimmunology; osteoclast differentiation; signaling pathways;
orthodontic tooth movement

1. Introduction

Osteoimmunology is an emerging and interdisciplinary concept encompassing the
interplay between the skeletal and immune systems in the bone turnover mechanism under
physiology and pathology conditions [1]. The balance of bone remodeling is maintained
with various cells, including osteocytes, osteoblasts, osteoclasts macrophages, T cells, and
B cells [2–4], which derive from the same bone marrow micromilieu and share plenty of
cytokines, receptors, transcription factors, and signaling pathways. An imbalance of bone
and the immune system contributes to plenty of bone loss diseases, such as osteoporosis,
periodontitis, and bone cracking in orthodontic tooth movement (OTM) [5–7]. Therefore,
there is a need to find new alternative osteoclast-targeting agents for the treatment of bone
loss diseases.

Several bone-affecting inflammatory cytokines such as TNF, IL-1, IL-6, IL-17, IL-22,
IL-23 and IL-33, secreted by immune cells, synergistically act with RANKL and disrupt
the balance of bone resorption and bone formation, leading to bone homeostasis disorders
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in bone loss diseases [7–10]. Interestingly, most of the above-mentioned cytokines are
regulated by IL-20, one of the IL-20 subfamily cytokines that belongs to the IL-10 large
family [11–21]. IL-20 is mainly produced by activated macrophages and skin cells [22,23].
Previous researchers have focused on the ability of IL-20 to act as a proinflammatory,
chemotactic, and angiogenic cytokine in skin inflammation diseases [24], RA [16], liver
fibrosis [14] and ischemic diseases [25] by activating its heterodimeric receptors (either
IL-20RA/IL-20RB or IL-22RA1/IL-20RB). Recently, clinical trials and animal experiments
have found elevated serum IL-20 levels in rheumatoid arthritis [16,26–28], osteoporosis [29],
and cancer-related osteolytic diseases [30]. However, whether IL-20 contributes to bone loss
diseases and whether IL-20 can serve as a potential target for bone remodeling is unclear.

OTM is involved in the complex biomechanical responses of periodontal tissue [31].
Mechanical force acts on the periodontal cells to produce a series of cytokines, including
prostaglandins, IL-1, IL-6, and IL-17 [32,33], which initiate osteoclast procedures. Meanwhile,
the receptor activator of nuclear factor (RANK)/RANK ligand (RANKL)/osteoprotegerin
(OPG) and tumor necrosis factor (TNF)-α superfamily are increased in the periodontium.
Thus, there is predominant clinical value and paramount scientific importance in identifying
alternative osteoimmunology mediators targeting osteoclasts and treatments for bone-loss
diseases. Our previous studies found that IL-20 was involved in osteoclastogenesis through
the OPG/RANKL/RANK axis and the Notch pathway in vitro [34,35]. However, little is
known about the role of IL-20 in orthodontic tooth movement and the specific downstream
molecular mechanism of IL-20 in RANKL-induced osteoclastogenesis.

In this study, we explored the roles of IL-20 in regulating osteoclast fate in vitro
and in vivo. We found that IL-20 promoted osteoclastogenesis through NF-κB-mediated
signaling pathways. Moreover, blocking IL-20 decreased alveolar bone remodeling and
orthodontic tooth movement, which indicated that IL-20 is a promising direction for the
targeted regulation of osteoclastogenesis.

2. Results

2.1. Osteoclasts and IL-20 Were Synchronously Activated in OTM

To explore the relationship between IL-20 and osteoclasts during alveolar bone remodeling,
we constructed the rat OTM model (Figures 1A and S1A). After mechanical force application for
16 days, the tooth movement distance increased to 0.18 mm. As shown by TRAP staining and
immunohistology staining, the number of IL-20-positive cells and TRAP-positive osteoclasts
simultaneously increased (Figures 1A–D and S1D). To confirm whether IL-20 was expressed
by the osteoclast, we used double immunofluorescent staining to show that IL-20 was colo-
calized with osteoclast markers RANK and TRAP (Figures 1C,E,F and S1B,D,E). To further
confirm whether IL-20 was synchronously activated with the osteoclast, we constructed the rat
ovariectomize (OVX) model and applicated mechanical force. Compared to the Force group,
the OVX + Force group increased tooth movement distance to 0.33 mm, accompanying an
increased number of IL-20-positive cells colocalized with TRAP and RANK-positive osteo-
clasts (Figures 1A–F and S1B,D,E). Additionally, immunofluorescence staining showed that
IL-20+ and CD11b+ double-positive cells were observed in the alveolar bone of OTM mice, and
OVX + Force treatment enhanced the numbers of IL-20 and CD11b-positive cells, suggesting
that macrophages expressed IL-20 and participated in osteoclast activation (Figure S1C). In ad-
dition, compared to the OVX group, mechanical force enhanced the distance of tooth movement
and simultaneously increased the number of IL-20-positive cells and TRAP-positive osteoclasts
(Figure 1G–J). Moreover, risedronate, an anti-osteoporosis drug, decreased the distance of tooth
movement in OVX rats and simultaneously decreased the number of IL-20-positive cells and
TRAP-positive osteoclasts (Figure 1G–J). Synchronously, immunofluorescence showed that IL-20
colocalized with osteoclast markers TRAP and RANK was inhibited (Figures 1K and S1B,F,G).
Taken together, these results suggested that IL-20 was synchronously activated with osteoclasts
in OTM, and may play a key role in osteoclastogenesis.
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Figure 1. IL-20 accelerated OVX-induced bone loss in orthodontic tooth movement by promoting
osteoclastogenesis. (A) Scheme illustrating the establishment of orthodontic tooth movement. (B) The
distance of orthodontic tooth movement in the Control group, Force group, and OVX + Force group
on day 16. (C) TRAP and Immunohistochemical staining showed that TRAP and IL-20 -positive
cells and in the Control group, Force group, and OVX + Force group. Green triangles showed TRAP-
positive osteoclasts. Red triangles showed IL-20-positive cells. T: tooth, PL: periodontal ligament,
AB: alveolar bone. (D) The quantification of TRAP-positive osteoclasts in the Control group, Force
group, and OVX + Force group. (E) Immunohistochemical staining and semiquantification of IL-20 in
the Control group, Force group, and OVX + Force group. (F) Double-labelled immunofluorescence
staining showed that, in the context of orthodontic force, the expression levels of IL-20 and osteoclast
marker protein TRAP increased in the first molar periodontal ligament. (G) The distance of orthodon-
tic tooth movement in the OVX group, OVX + Force group, and OVX + Force + risedronate group
on day 16. (H) TRAP and immunohistochemical staining showed that TRAP and IL-20 -positive
cells and in the OVX group, OVX + Force group, and OVX + Force + risedronate group. (I) The
quantification of TRAP-positive osteoclasts in the OVX group, ovariectomy + Force group, and
Ovariectomy + Force + risedronate group. (J) Immunohistochemical staining and semiquantification
of IL-20 in the OVX group, OVX + Force group, and OVX + Force + risedronate group. (K) Im-
munofluorescence staining showed that the expression levels of IL-20 and osteoclast marker protein
TRAP increased in the first molar periodontal ligament. * p < 0.05 vs. the control group. n = 6.

2.2. IL-20 Promoted Preosteoclast Proliferation by MAPK Pathways

To identify whether IL-20 was expressed and to identify its function in osteoclast
differentiation, the BMMs were induced into preosteoclasts and stained using cellular
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immunochemistry and immunofluorescence staining. Here, the immunofluorescence stain-
ing results revealed that different concentrations of M-CSF promoted IL-20 expression
in preosteoclasts, and the cellular fluorescence intensity of IL-20 was highest after treat-
ment with 30 ng/mL M-CSF (Figure 2A,B). Moreover, the qRT-PCR results showed that
M-CSF differentially regulated the expression of IL-20 and its receptors IL-20RA, IL-20RB,
and IL-22RA1 in preosteoclasts (Figure 2C–F). Additionally, we found that the expression
of IL-20 in BMMs time-dependently increased with the treatment of 30 ng/mL M-CSF
(Figure S2F). What is more, the cellular immunochemistry further confirmed that IL-20 and
its receptors were expressed in preosteoclasts (Figure S2A). To explore the effect of IL-20
on preosteoclasts, we added different concentrations of IL-20 and detected preosteoclast
function with CCK8 and flow cytometry. We found that IL-20 promoted the proliferation of
preosteoclasts in a dose-dependent manner, and simultaneously suppressed preosteoclasts
apoptosis (Figures 2G and S2B–E). Western blotting suggested that IL-20 could perform a
function by activating MAPK pathways, including ERK, p38, and JNK pathways. More-
over, blocking IL-20 with an anti-IL-20 antibody could partly inhibit the above-mentioned
pathways’ activation (Figure 2H). In conclusion, IL-20 was expressed in MCF-induced
preosteoclasts and promoted its function by the MAPK pathway.

2.3. IL-20 Had No Effect on Osteoclasts Differentiation and Functions at the Early Stage of
Osteoclast Differentiation

To prove the possibility of an interaction between IL-20 and osteoclastogenesis at the
early stage of osteoclast differentiation from BMMs to preosteoclasts, we cultured BMMs
with M-CSF (30 ng/mL) and IL-20 or anti-IL-20 antibody for 3 days and then changed
to osteoclast medium without IL-20 for 6 days (Figure 3A). The TRAP staining and bone
resorption experiments results revealed that there was no significant difference in TRAP-
positive osteoclasts and bone resorption function compared to that of the respective control
groups (Figure 3B,C). To further explore whether RANKL was essential for IL-20 regulation
of osteoclastogenesis, we treated preosteoclasts with IL-20 without RANKL. The results of
TRAP staining showed that IL-20 alone could not stimulate the formation of TRAP-positive
cells (Figure 3D), which suggested that IL-20 was incapable of independently inducing
osteoclastogenesis. Therefore, IL-20 had no effect on RANKL-induced osteoclast formation
at the early stage of osteoclast differentiation.

2.4. IL-20 Promoted Osteoclasts Differentiation and Functions at the Late Stage of
Osteoclast Differentiation

To identify the role of IL-20 in osteoclastogenesis at the late stage of differentiation,
preosteoclasts were cultured in an osteoclast medium containing IL-20. After 6 days, the
number and size of mature osteoclasts were determined by TRAP staining (Figure 4A).
Compared with the control group, IL-20 promoted osteoclastogenesis in both numbers of
TRAP+ cells and size with the increase in RANKL concentration, while IL-20-block using
anti-IL-20 antibody could eliminate the promotion effects, even in a high concentration of
RANKL (Figure 4B). Resorption assays showed the same pattern as TRAP staining and
exhibited an increased bone resorption area and pits which were blocked with anti-IL-20
antibody (Figure 4C). Therefore, IL-20 promoted RANKL-induced osteoclast differentiation
and bone resorption function.
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Figure 2. IL-20 promoted preosteoclast viability via MAPK pathway at the early stage of osteoclast
differentiation. Cell viability was examined in M-CSF-induced preosteoclasts by a CCK8 assay.
(A,B) The expression of IL-20 in M-CSF-induced preosteoclasts was determined by cellular im-
munofluorescence staining on day 2. (C–F) The mRNA expression levels of IL-20, IL-20RA, IL-20RB,
and IL-22RA1 in preosteoclasts were evaluated by qRT-PCR after 2 days of M-CSF treatment. (G) Cell
viability detection in preosteoclasts treated with a gradient of concentrations of IL-20 on days 1, 3,
5, and 7. (H) Preosteoclasts were treated with 2 ng/mL IL-20 or anti-IL-20 antibody. The levels of
phosphorylation of proteins in the IL-20-mediated signaling pathway, including p38, phos-pho-p38,
ERK, phospho-ERK, JNK, and phospho-JNK, were analyzed using Western blotting. IL-20-block
group meant that cells were treated with IL-20 and anti-IL-20 antibody. * p < 0.05 vs. the 0 ng/mL
IL-20 group. ns p > 0.05 vs. the 0 ng/mL IL-20 group. n = 6.

2.5. IL-20 Promoted Osteoclast Differentiation through the NF-κB Pathway

To determine the molecular mechanism of IL-20 in osteoclastogenesis, immunoflu-
orescence staining, and Western blotting, assays were performed. We found that IL-20
or RANKL alone promoted the expression of p-P65 and its translocation to the nucleus
(Figure 5A,B). Furthermore, a combination treatment of IL-20 and RANKL could further
enhance RANKL-induced activation of p-P65 (Figure 5A,B). Therefore, the results sug-
gested that IL-20 was involved in osteoclast differentiation by a synergistic reaction with
RANKL. In addition, TPCA-1, a NF-κB pathway inhibitor, notably suppressed the acti-
vation of p-NF-κB in preosteoclasts (Figure 5A,B). As the time of IL-20 treatment went
by, Western blotting demonstrated that IL-20 promoted the phosphorylation of NF-κB
cascade pathway, including IKKα/β, IκBα and NF-κB pathway (Figure 5C). To test the
activation of the upstream and downstream pathways of the OPG/RANKL/RANK axis,
Western blotting was performed and showed that downstream pathways TRAF6, c-FOS,
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and NFATc1 were activated at different times of IL-20 treatment. However, in upstream
pathways, RANK showed no significant change (Figure 5D). However, TPCA-1 could
partly block the activation of these pathways (Figure S3A,B). Similarly, after 6 days of
IL-20 treatment, osteoclast-related proteins such as TRAP, Cathepsin K, TRAF6, c-FOS, and
NFATc1 in RANKL-induced osteoclasts were verified and all upregulated by IL-20, and
suppressed by TPCA-1 (Figures 5E and S3C). To further confirm the results, qPCR has
been used to examine the expression of osteoclastic genes with a gradient concentration
of RANKL, and results indicated that IL-20 promoted osteoclastic gene expression via the
NF-κB signaling pathway, including TRAP, Cathepsin K, MMP9, MT1-MMP, c-Fos, and
NFATc1 (Figure 5F–K). Taken together, IL-20 may promote osteoclast differentiation and
function by the NF-κB pathway.

 
Figure 3. IL-20 had no effect on osteoclast formation at the early stage of osteoclast differentiation.
(A) Scheme illustrating bone marrow-derived macrophages were cultured in osteoclast medium
containing M-CSF and IL-20 or anti-IL-20 antibody at the early stage of osteoclast differentiation,
and then induced with the presence of 10, 30, or 60 ng/mL RANKL. The control group included
M-CSF-induced preosteoclasts induced with 10, 30, or 60 ng/mL RANKL. (B) TRAP staining was
performed, and the number and size of TRAP-positive osteoclasts with more than three nuclei were
quantified on day 6. IL-20-block group meant that cells were treated with IL-20 or anti-IL-20 antibody.
(C) A bone resorption pit assay was performed to detect osteoclast function, and bone resorption
pits were counted, and the area and number of bone resorption were quantified on day 6. IL-20-
block group meant that cells were treated with IL-20 and anti-IL-20 antibody. (D) M-CSF-induced
preosteoclasts were cultured in osteoclast medium containing different concentrations of IL-20 or
anti-IL-20 antibody without RANKL. n = 6.
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Figure 4. IL-20 promoted RANKL-induced osteoclast differentiation and bone resorption function.
(A) Scheme illustrating M-CSF-induced preosteoclasts were cultured in osteoclast medium containing
IL-20 or anti-IL-20 antibody at the late stage of osteoclast differentiation in the presence of 10, 30, or
60 ng/mL RANKL. (B) TRAP staining was performed, and the number and size of TRAP-positive
osteoclasts with more than three nuclei were quantified at the late stage of differentiation on day 6.
The control group included M-CSF-induced preosteoclasts induced with 10, 30, or 60 ng/mL RANKL.
IL-20-block group meant that cells were treated with IL-20 and anti-IL-20 antibody. (C) A resorption
pit assay was performed to detect osteoclast function, and resorption pits were counted at the late
stage of differentiation on day 6, and the area and number of bone resorption were quantified at the
stage of differentiation. IL-20-block group meant that cells were treated with IL-20 and anti-IL-20
antibody. * p < 0.05 vs. the control group. n = 6.

2.6. Exogenous Injection of IL-20 Accelerated Tooth Movement in OTM

To demonstrate the potential clinical effects of IL-20, we locally infused IL-20 or anti-
IL-20 antibody after the application of orthodontic force. HE staining verified the success of
the rat model (Figure S4A). Micro CT manifested that local injection of IL-20 could increase
the distance of OTM to 0.21 mm compared to the OTM group (Figure 6A,B). As shown by
TRAP staining, local injection of IL-20 increased the number of TRAP-positive osteoclasts
(Figure 6C,D). Additionally, immunofluorescent staining showed that IL-20 treatment
increased the number of RANK-positive osteoclasts (Figure 6E,F). Moreover, local injection
of anti-IL-20 antibody decreased the distance of OTM, TRAP-positive osteoclasts, and
RANK-positive osteoclasts (Figure 6A–F). Monocyte chemoattractant protein-1 (MCP-1) is
one of the key chemokines that regulates infiltration of monocytes/macrophages [36]. A
previous study showed that IL-20 controlled T cell infiltration by regulating the expression
of MCP-1 in mouse psoriasis models [19]. Thus, we investigated whether IL-20 affects
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MCP-1 expression and CD11b-positive macrophage infiltration in mice alveolar bone
during OTM. Immunofluorescence staining showed that both MCP-1 staining, and CD11b-
positive macrophages were observed in the alveolar bone of OTM mice, and IL-20 treatment
enhanced the numbers of MCP-1 and CD11b-positive cells (Figure 6G,H). Moreover, local
injection of anti-IL-20 antibody repressed IL-20 induced MCP-1 and CD11b expression
in OTM mice (Figures 6G,H and S4B). These results indicated that IL-20 may promote
macrophage infiltration via upregulation of MCP-1. The results suggested that IL-20 could
accelerate orthodontic tooth movement by activating osteoclasts (Figure S5).

Figure 5. IL-20 promoted the expression of osteoclast-specific genes and proteins via NF-κB pathway
during RANKL-induced osteoclast differentiation. Preosteoclasts were stimulated with IL-20 or
NF-κB pathway inhibitor TPCA-1. (A,B) IL-20 promoted phospho-P65 nuclear translocation and
was blocked by TPCA-1 in preosteoclasts after 1 h treatment, with or without RANKL. (C) The
levels of phosphorylation for proteins in the NF-κB pathway, including the IKKα/β, IκB-α, and P65
proteins in preosteoclasts were detected using Western blotting. (D) The levels of activated proteins
in preosteoclasts, including the RANK, TRAF6, c-Fos, and NFATc1 proteins without RANKL were
detected using Western blotting. (E) The protein expression levels of TRAP, Cathepsin K, RANK,
TRAF6, c-Fos and NFATc1 in osteoclasts were examined using Western blotting after 6 days of IL-20
treatment. (F–K) The mRNA expression levels of TRAP, Cathepsin K, MMP9, MT1-MMP, c-Fos, and
NFATc1 in osteoclasts were detected by qRT-PCR after 6 days of IL-20 treatment. * p < 0.05 vs. the
0 ng/mL IL-20 group. n = 6.
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Figure 6. Therapeutic effect of IL-20 on orthodontic tooth movement. (A,B) Micro-CT showed the
distance of orthodontic tooth movement between first and second molars treated with local infusion
of IL-20 or an-ti-IL-20 antibody, seven days after the application of orthodontic force. OTM + IL-
20-block group meant that rats were locally infused with anti-IL-20 antibody. (C,D) TRAP staining
and the quantification of TRAP-positive osteoclasts in the OTM group, OTM + IL-20 group, and
OTM + anti-IL-20 antibody group. Green triangles showed TRAP-positive osteoclasts. OTM + IL-20-
block group meant that rats were locally infused with anti-IL-20 antibody. (E,F) Immunofluorescence
staining showed that the expression levels of osteoclast marker protein RANK in the first molar
periodontal ligament after the application of orthodontic force. OTM + IL-20-block group meant
that rats were locally infused with anti-IL-20 antibody. (G,H) Immunofluorescence staining showed
that the expression levels of MCP-1 and CD11b in the first molar periodontal ligament after the
application of orthodontic force. * p < 0.05 vs. the control group. n = 6.

3. Discussion

In this study, we discovered for the first time that IL-20 is involved in orthodontic tooth
movement and may promote osteoclastogenesis, leading to accelerated orthodontic tooth
movement in ovariectomy-induced rats. What is more, IL-20 and its receptors targeted
M-CSF-induced preosteoclasts, and IL-20 promoted preosteoclast survival and inhibited
apoptosis by MAPK pathways. Moreover, IL-20 promoted the osteoclast formation and
bone resorption function induced by different concentrations of RANKL at the late stages of
osteogenic differentiation, but had no effect at the early stages. Anti-IL-20 antibody notably
blocked IL-20-induced osteoclastogenesis at the late stages. With respect to the molecular
mechanisms, IL-20 activated the NF-κB signaling pathways and p-P65 translocation to
the nucleus in the presence or absence of RANKL, and subsequently activated c-Fos and
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NFATc1. Finally, IL-20 promoted the expression of osteoclast-specific genes and proteins,
including TRAP, CK, MMP9, MT1-MMP, c-Fos, NFATc1, and RANK.

It is well known that the survival factor M-CSF regulates the proliferation and apop-
tosis of BMMs and induces their differentiation into preosteoclasts through its receptor
c-Fms [37,38]. In the bone marrow, osteoclasts are derived from granulocyte–macrophage
progenitors (CFU-GM) of hematopoietic origin, and gene mutation of M-CSF completely
inhibits both macrophage and osteoclast differentiation and formation [39,40]. However,
Liu et al. reported that IL-20 specifically enhanced the proliferation, cell cycling, and colony
formation of multipotential progenitors (CFU-GEMM) [41]. In addition, recent research has
shown that IL-20, a potent angiogenic, chemotactic, and proinflammatory molecule, targets
endothelial cells and epithelial cells and regulates their proliferation and apoptosis through
related signaling pathways and genes, such as MAPK, JAK/STAT3, caspase 9 [42,43]. In
our experiment, we found that IL-20 and its receptors were secreted by M-CSF-induced pre-
osteoclasts in an autocrine manner, and that IL-20 promoted the proliferation and inhibited
apoptosis of M-CSF-induced preosteoclasts in a dose-dependent manner. These findings
suggested that IL-20 promoted the proliferation and inhibited apoptosis of M-CSF-induced
preosteoclasts at the early stages of osteoclast differentiation.

In addition to M-CSF, RANKL has been shown to be at the forefront of osteoim-
munology as another factor that is both necessary and sufficient for mature osteoclast
formation, and it controls the level of bone resorption by binding to its specific receptor
RANK [7,44–47]. RANKL is secreted not only by bone mesenchymal stem cells (BMSCs)
or osteoblasts to sustain osteoclastogenesis by direct cell contact in vitro [48,49], but also
by activated immune T cells that are involved in pathological bone loss [50,51]. RANKL–
RANK binding subsequently activates the key transcription factors c-Fos and NFATc1, and
finally leads to the expression of osteoclast marker molecules, such as TRAP, CK, MMP9,
and MT1-MMP, that degrade the bone collagen and mineral matrix [52]. Previous studies
showed that certain proinflammatory cytokines, such as TNF, IL-1, IL-6, and IL-22, were
also involved in pathologic bone loss via synergistic action with RANKL [8,10,53]. In this
study, we showed that IL-20 promoted the expression of RANK in response to RANKL and
further contributed to the differential expression of c-Fos, NFATc1, TRAP, CK, MMP9, and
MT1-MMP, which differentially regulated RANKL-induced osteoclast formation and bone
resorption pits in vitro. Thus, we speculated that IL-20 was a downstream regulator of the
OPG/RANKL/RANK axis, which mediated osteoclastogenesis by targeting preosteoclasts.

RANKL binding to its receptor RANK leads to the recruitment of the main adaptor
molecule TRAF6, which activates downstream signaling pathways, including MAPK (p38,
ERK, JNK), AKT and NF-κB. These pathways control osteoclast survival, apoptosis, and
differentiation, and the functions of bone degradation and resorption [52]. Activation of p38
leads the transcriptional regulator mi/Mitf to enter the nucleus, where it regulates the gene
expression of TRAP and CK [54]. The JNK pathway promotes formation of the activator
protein-1 (AP1), which includes c-Fos and c-Jun, by activation of c-Jun phosphorylation [55].
In addition to M-CSF, RANKL can also activate the ERK and AKT pathways, which regulate
the survival and proliferation of preosteoclasts and cytoskeletal rearrangement and motility
in mature osteoclasts [52,56]. The NF-κB pathway is activated by the degradation of IκB
proteins, which is induced by IκB kinase (IKK). Both the P65 and c-Fos transcription
factors of the activator protein-1 (AP1) component are crucial for the activation of NFATc1,
which controls the expression of osteoclast-specific genes, as mentioned above. In this
study, we further found that IL-20 activated the phosphorylation of IKKα/β, IκB-α, P65,
p38, ERK, and JNK by activating TRAF6 without RANKL, which ultimately resulted
in the activation of c-Fos and NFATc1. Collectively, these results indicated that IL-20
activated TRAF6-mediated downstream NF-κB signaling pathways, and differentially
induced preosteoclast differentiation into mature osteoclasts to perform bone resorption
by synergistic action with RANKL, showing that NF-κB activation was not sufficient but
indispensable for osteoclastogenesis.
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Several proinflammatory cytokines are involved in osteoporosis. Neutralizing them
with specific blocking molecules, including soluble receptors and antibodies, represents a
significant therapeutic strategy for preventing bone loss in osteoporotic conditions [57–60].
Previous studies showed that the level of IL-20 was increased in osteoporotic patients
and OVX-induced osteoporotic patients [29]. Moreover, soluble IL-20RA receptor blocked
IL-20-induced osteoclast formation and inhibited the pathophysiology of bone loss in
collagen-induced arthritis (CIA) [16]. In this study, we found that anti-IL-20 antibody
inhibited IL-20-induced osteoclastogenesis at the late stages. Moreover, we found that IL-20
promoted osteoclastogenesis, leading to accelerated orthodontic tooth movement in OVX-
induced rats. Risedronate, as a clinical drug to target osteoporosis, partly decreased the level
of IL-20 and inhibited IL-20-induced osteoclast formation. Additionally, in our previous
study, we found that risedronate inhibited orthodontic tooth movement by regulating
the OPG/RANKL/RANK axis in ovariectomized rats [61]. Fortunately, specific IL-20
antibody can inhibit osteoclastogenesis and promote osteoblastogenesis. Moreover, IL-20
affected bone formation and downregulated osteoblastogenesis on osteoblasts; whereas,
IL-20 antibody increased bone formation during fracture healing [62]. Our previous studies
found that IL-20 differentially regulated the expression of OPG and RANKL in BMSCs
and inhibited the osteogenic differentiation of MC3T3-E1 cells via the GSK3β/β-catenin
signaling pathway [34,63]. It has the therapeutic potential to decrease osteoporotic bone
loss and increase bone mineral density [29,62]. These findings suggested that blocking
IL-20 might be a promising direction for targeted regulation in bone loss diseases.

Overall, this study elucidates the downstream mechanism of IL-20 in different stages
of osteoclast differentiation and function in vitro, and the detailed function of how IL-20
participates in bone remodeling by regulating osteoclast differentiation and the osteoim-
mune microenvironment in vivo. Therefore, targeting IL-20 maybe a promising direction
for the treatment of bone remolding-related diseases. Inhibition of IL-20 may repress
osteoclast activity to ameliorate bone loss, such as in osteoporosis. On the other hand,
IL-20 local injection may activate osteoclasts to accelerate the tooth movement process for
orthodontic patients.

4. Materials and Methods

4.1. Animals

All Sprague-Dawley rats were purchased from the Animal Experimental Center of
Guangzhou University of Chinese Medicine. The diet, housing conditions, and maintenance
of rats were in accordance with the Institutional Animal Care and Use Committee (IACUC)
of Sun Yat-sen University. All conducted experiments were approved by the Animal Ethical
and Welfare Committee of Sun Yat-sen University (SYSU-IACUC-2018-000099, Guangzhou,
China), which was approved on 10/25/2019. The rats were randomly divided into 7 groups
(n = 6 in each group): group 1 (sham), group 2 (sham + Force), group 3 (ovariectomy),
group 4 (ovariectomy + Force), group 5 (ovariectomy + risedronate + Force), group 6
(IL-20 + Force), and group 7 (anti-IL-20 + Force).

4.2. The Rat Model of Orthodontic Tooth Movement and Ovariectomy

The female rats were anesthetized for the bilateral ovariectomy operation. Briefly,
we anesthetized the rats, removed the hair, disinfected the site, made 1 cm back incisions
to remove the ovaries, and closed the incisions. After 1 week of postoperative recovery,
15 μg/kg risedronate was injected intraperitoneally in group 4 every 3 days for 3 weeks,
while the other groups were given an equal volume of saline or drug.

Four weeks after ovariectomy, the rat models of orthodontic tooth movement were
established as described in our published articles [61]. Under general anesthesia, we placed
an orthodontic device consisting of nickel–titanium coiled springs and stainless steel (Xinya,
Hang Zhou, China) between the incisors and the first molars on the maxilla, which caused
the first molars to move medially. After self-etching using a dental etching agent (Heraeus
Kulzer GmbH, Hanau, Germany), orthodontic devices were bonded with a chemically
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cured resin (3M Unitek, Sao Paulo, MN, USA) to provide 50 g orthodontic forces. On day
16, we measured the distance of orthodontic tooth movement and sacrificed the rats to
collect the bilateral maxillary for the subsequent analysis.

4.3. Immunohistochemistry and TRAP Staining In Vivo

For immunohistochemistry, the maxillaries containing the molars were treated as
described. Briefly, the decalcified samples were embedded for cutting, deparaffinized,
and rehydrated, and endogenous peroxidase activity was blocked. Then, the slides
were blocked, incubated with the primary and secondary antibodies, and stained with
the chromogenic agent DAB and Meyer’s hematoxylin. For TRAP staining, we stained
TRAP+ multinucleated osteoclasts with a TRAP staining kit (#G1050-50T, Servicebio, Wuhan,
China), and counterstained the nucleus with hematoxylin.

4.4. Osteoclastogenesis Assays In Vitro

Osteoclasts were generated by the methods previously described [64,65]. Primary rat
bone marrow macrophages (BMMs) from the whole bone marrow were isolated from the
femur and tibia cavities of 4-week-old Sprague-Dawley rats. Rats were sacrificed after
anesthesia; then, we flushed the bone marrow cavity with α-MEM, and purified it with RBC
lysis buffer (CWBIO, Beijing, China) to collect the cell pellet. The cells were resuspended in
3 mL of α-MEM culture medium and incubated at 37 ◦C in a 5% CO2 incubator overnight.
Then, we transferred the supernatant to a 15 mL centrifuge tube to collect the unattached
cells (BMMs) the next morning. At the early stage of osteoclastogenesis, we treated BMMs
with 30 ng/mL M-CSF (#400-28, Peprotech, Rocky Hill, NJ, USA) at 37 ◦C in a 5% CO2
incubator for 2–3 days to generate preosteoclasts, with or without IL-20 (#80422-RNAE, Sino
Biological Inc., Beijing, China) or anti-IL-20 antibody (#80187/80453-R08H, Sino Biological
Inc., Beijing, China). At the late stage of osteoclastogenesis, RANKL (#9366-TN-025, R&D
Systems, Minneapolis, MN, USA) was added to the osteoclast medium containing IL-20 or
anti-IL-20 antibody. The medium was replaced every 2 days until the formation of mature
multinuclear osteoclasts was observed.

4.5. TRAP Staining In Vitro

According to the manufacturer’s protocol, TRAP staining was used to assess ma-
ture osteoclasts with an Acid Phosphatase Leukocyte (TRAP) Kit (#CS0740, Sigma, MO,
USA) in vitro. After 6 days of osteoclastogenic differentiation, we counted TRAP-positive
multinucleated cells with three or more nuclei as mature osteoclasts under an inverted
fluorescence microscope (Zeiss, Jena, Germany). Six microscopic images were randomly
taken at 50× magnification from three samples, and the average number was counted.

4.6. Resorption Pit Assay

A resorption pit assay was performed to detect the resorption function of osteoclasts.
We cultured M-CSF-induced preosteoclasts in an Osteo Assay Surface multiple-well plate
(Corning, New York, NY, USA), which was coated with an inorganic crystalline material on
the surface. Briefly, mature osteoclasts were stripped with sodium hypochlorite, washed
with distilled water and air-dried so that resorption pits could be easily observed with an
inverted fluorescence microscope (Zeiss, Jena, Germany).

4.7. Cellular Immunochemistry and Immunofluorescence Staining

For cellular immunochemistry and immunofluorescence staining, preosteoclasts were
cultured with 1 × 10ˆ6 cells/well in 6-well plate containing glass slips and 5 × 10ˆ5

cells/well in a laser confocal dish in an aseptic environment, respectively. When the
cells covered 70–80% of the surface of the coverslips, we fixed the coverslips with 4%
paraformaldehyde, permeabilized the cells with 0.2–0.25% Triton X-100, and blocked the
cells with 3% BSA. Then, we incubated the cells with primary and secondary antibodies
(anti-rabbit). Subsequently, we stained preosteoclasts with the chromogenic agent DAB
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and counterstained the cell nucleus with Meyer’s hematoxylin for immunocytochemistry
or DAPI for immunocytofluorescence. Finally, glass coverslips were mounted with neu-
tral balsam or antifluorescence quenching agent. An LSM780 confocal microscope (Zeiss,
Germany) or an inverted fluorescence micro-scope (Zeiss, Germany) was used to capture
cell images.

4.8. Cell Viability and Cytotoxicity Assay

Cell viability and proliferation were investigated using the Cell Counting Kit-8 (#CK04,
CCK-8, Kumamoto, Dojindo, Japan). Briefly, we treated M-CSF-induced preosteoclasts
with a gradient of concentrations of IL-20 (0–20 ng/mL) in 96-well plates (4000 cells/well).
The medium was changed every 2 days. Then, we washed cells with PBS and added
100 μL of FBS-free DMEM containing 10 μL of WST-8 solution per well, and the cells were
incubated for 1 h without light for the indicated times. Finally, we detected the absorbance
at 450 nm using a microplate reader (Tecan SUNRISE microplate reader, Shanghai, Tecan,
Männedorf, Switzerland).

4.9. Flow Cytometry Detection of Cell Apoptosis

Cell apoptosis was detected with an Annexin V-APC/7-AAD apoptosis kit (#AT105,
MultiSciences Bio-tech, Hangzhou, China) by flow cytometry. Preosteoclasts were treated
with various concentrations of IL-20 (0–20 ng/mL). According to the manufacturer’s proto-
col, we obtained the cells via trypsinization, washed the cells with PBS, and stained the
cells with an apoptosis kit. After careful analysis with a Cytoflex flow cytometer (Beckman,
Brea, CA, USA), four cell populations with apoptotic staining were distinguished as early
apoptotic cells (APC+ 7-AAD-), late apoptotic cells (APC+ 7-AAD+), and viable cells (APC-
7-AAD-).

4.10. qRT-PCR Analysis

Briefly, we extracted total mRNA from 2 × 106 cells/well in 6-well plate using an
RNA-Quick Purification Kit (#ES-RN001, ES Science, Shanghai, China). PrimeScriptTM
RT Master Mix (#RR047, Perfect Real Time) (Takara, Osaka, Japan) was used to obtain
cDNA. The primers used for this study were commercially synthesized by Takara, and
their sequences are listed in Table 1. Then, we quantified gene transcript levels with SYBR®

Premix Ex Taq™ (Tli RNaseH Plus) (Takara, Japan) in a QuantStudio 5 or 7 Flex Real-Time
PCR System (Applied Biosystems™, Foster City, CA, USA) and analyzed the results using
the 2−��CT method.

4.11. Western Blotting Analysis

After the treatment of IL-20, anti-IL-20 antibody, or TPCA-1 (MCE, Monmouth Junc-
tion, NJ, USA), we obtained protein from the samples with cold RIPA containing 1%
protease inhibitor cocktail and 1% phosphatase inhibitors. Then, we detected the total
concentration of sample proteins with a BCA Protein Assay Kit (CWBIO, Beijing, China).
For Western blotting, we added 50 μg of sample protein per lane and then transferred the
sample protein to a PVDF membrane. Subsequently, we blocked the membranes with TBST
containing 5% BSA and incubated them with primary and secondary antibodies. Primary
antibodies were specific for IKKα/β (#11930/8943, Cell Signaling Technology Inc., Beverly,
MA, USA), phospho-IKKα/β (#2697, Cell Signaling Technology Inc., Beverly, MA, USA),
IκBα (#4814, Cell Signaling Technology Inc., Beverly, MA, USA), phospho-IκBα (#2859,
Cell Signaling Technology Inc., Beverly, MA, USA), P65 (#8242, Cell Signaling Technology
Inc., Beverly, MA, USA), phospho-P65 (#3033, Cell Signaling Technology Inc., Beverly, MA,
USA), p38 (#8690, Cell Signaling Technology Inc., Beverly, MA, USA), phos-pho-p38 (#4511,
Cell Signaling Technology Inc., Beverly, MA, USA), JNK (#9252, Cell Signaling Technology
Inc., Beverly, MA, USA), phospho-JNK, ERK (#4695, Cell Signaling Technology Inc., Bev-
erly, MA, USA), phospho-ERK (#4370, Cell Signaling Technology Inc., Beverly, MA, USA),
and c-Fos (#2250, Cell Signaling Technology Inc., Beverly, MA, USA); TRAP (#ab191406,
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Abcam, Cambridge, MA, USA), Cathepsin K (CK, #ab300569, Abcam, Cambridge, MA,
USA), NFATc1 (#ab253477, Abcam, Cambridge, MA, USA), and TRAF6 (#ab33915, Abcam,
Cambridge, MA, USA); and RANK (#sc-374360, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The secondary antibodies were HRP Affinipure goat anti-rabbit IgG and HRP
Affinipure goat anti-mouse IgG (#EM35111-01, EMAR, Beijing, China).

Table 1. Primers sequences used for real-time PCR.

Gene
Forward Primer Sequence (5′-3′) (Tm)
Reverse Primer Sequence (5′-3′) (Tm)

Product Size

IL-20 ACTGCAAACCTACAGGCGATACAA (64.1 ◦C)
AGAACCTCACTAGATGGCGGAGA (63.7 ◦C) 163 bp

IL-20RA

IL-20RB

GGGTCTACACGGAGTCGAAGTCA (64.9 ◦C)
ACGCTCATAGTCCGAGGTCTCAA (64.5 ◦C)
AGCACTTGATGGGTTAACAGCC (61.1 ◦C)
AAAACAGAGACACAGCCCTCC (60.2 ◦C)

139 bp

72 bp

IL-22RA1 CCTACACGTGCCGAGTGAAGA (63.6 ◦C)
AAAGCTCAGGACACGCTGGA (63.4 ◦C) 176 bp

Cathepsin K CGGCTATATGACCACTGCCTTC (63.0 ◦C)
TTTGCCGTGGCGTTATACATACA (64.3 ◦C) 114 bp

TRAP TGGCAATGTCTCGGCACAA (64.9 ◦C)
AGCATCACGGTGTCCAGCATAA (65.0 ◦C) 138 bp

MT1-MMP GAGAACTTCGTGTTGCCTGATGAC (64.5 ◦C)
TTTCTGGGCTTATCTGGGACAGAG (64.9 ◦C) 134 bp

MMP9 CATGCGCTGGGCTTAGATCA (64.6 ◦C)
GAGGCCTTGGGTCAGGTTTAGAG (64.5 ◦C) 148 bp

NFATc1 CAAGTCTCACCACAGGGCTCACTA (64.0 ◦C)
TCAGCCGTCCCAATGAACAG (62.2 ◦C) 144 bp

c-Fos CGTCTTCCTTTGTCTTCACCTACC (64.8 ◦C)
TTGCTGCTGCTGCCCTTT (63.7 ◦C) 81 bp

GAPDH GGCACAGTCAAGGCTGAGAATG (64.4 ◦C)
ATGGTGGTGAAGACGCCAGTA (62.8 ◦C) 143 bp

4.12. Statistical Analysis

All results in this study are presented as the mean ± standard deviation, with values
from at least 3 or 6 independent experiments in vitro or in vivo, respectively. Using Stu-
dent’s t-test or one-way ANOVA with Tukey’s post hoc analysis, statistically significant
differences with values of p < 0.05 were determined by GraphPad Prism 7.04 software.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms24043810/s1.
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Abstract: Palladium (Pd) is a component of several alloy types that are widely used in our environ-
ment, including several dental alloy types that cause adverse reactions such as hypersensitivity in
the oral mucosa. However, the pathological mechanism of intraoral Pd allergies remains unclear
because its animal model in the oral mucosa has not been established. In this study, we established a
novel murine model of Pd–induced allergies in the oral mucosa, and explored the immune response
of cytokine profiles and T cell diversity in terms of the T cell receptor. The Pd–induced allergy
mouse was generated by two sensitizations with PdCl2, plus a lipopolysaccharide solution into the
postauricular skin followed by a single Pd challenge of the buccal mucosa. Significant swelling and
pathological features were histologically evident at five days after the challenge, and CD4–positive T
cells producing high levels of T helper 2 type cytokines had accumulated in the allergic oral mucosa.
Characterization of the T cell receptor repertoire in Palladium allergic mice indicated that Pd–specific
T cell populations were limited in V and J genes but were diverse at the clonal level. Our model
demonstrated that a Pd–specific T cell population with Th2 type response tendencies may be involved
in the Pd–induced intraoral metal contact allergy.

Keywords: palladium allergy; contact dermatitis; allergic contact mucositis; metal allergy

1. Introduction

Metals are ubiquitous in our environment, and often cause allergic contact dermatitis
(ACD), which is an inflammatory disease categorized as a delayed–type hypersensitivity
(DTH) reaction [1]. Epidemiological studies reported palladium (Pd) as the hapten with
the highest prevalence in ACD pathogenesis after nickel (Ni) [2,3]. Pd has a close chemical
resemblance with Ni and platinum (Pt), and its main applications include the crown and
bridgework in dentistry and is sometimes used in jewelry. Pd allergy incidents have
recently increased in patients with dermatitis and dental disorders [4].

Most dental appliances to restore or replace decayed teeth are partially composed
of alloys that may contain a large variety of metals. Corrosion is an inevitable chemical
reaction between the oral environment and dental alloys that may lead to substantial and
clinically relevant ion release and in turn, result in adverse reactions, such as hypersensi-
tivity and ACD. A strong relationship was found between the exposure to dental alloys
and ACD; thus, dental crowns seem to play a key role [5,6]. However, the relationship
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between hypersensitivity to metals and objective oral abnormalities is unclear. Most likely,
the ability of various metals to trigger the innate immune system and the tolerant character
of the oral mucosa (OM) play a key role.

The DTH immune response in the OM differs from that in the skin mainly due to
differences in the accumulation of local antigen–presenting cells and T cells [7,8]. Previous
studies reported that DTH reactions in the oral mucosa have the hallmarks of skin DTH
reactions with T cells and macrophages [9]. The involvement of pathogenic T cells in the
development of a metal allergy in the oral environment has not yet been explored using
animal models, although metal allergies have long been known to be T cell–dependent
and the metal ions caused by the corrosion from dental alloys are known to function as
haptens. We recently generated the novel murine model of Ni–induced allergic contact
mucosa (ACM) and have analyzed antigen–specific immune responses [10]. However, the
conformation and toxicity of Ni and Pd were different, and the mechanism of the specific
immune response to Pd in the OM remained unknown.

Recent advances in next–generation sequencing (NGS) have enabled massive sequenc-
ing and long–read sequencing, and the development of NGS–compatible bioinformatics
software has enabled NGS–based T cell receptor (TCR) repertoire analysis, which is a
quantitative and comprehensive analysis of a large–scale repertoire [11–13].

In the present study, we generated a novel murine model of Pd–induced allergies in the
OM to explore how accumulated antigen–specific T cells at the site of allergic inflammation
contribute to Pd allergy development in the OM.

2. Results

2.1. Pd–Induced Allergic BALB/cAJcl Mice Develop Swelling in the OM

The swelling of the buccal area of the OM of ACM mice reached a maximum on day 2
after the challenge (Figure 1A). Significant redness and swelling are evident in the buccal
area of ACM mice compared with the control and ICM mice on day 2 after the challenge
(Figure 1B). Conversely, OM buccal area swelling in irritant contact mucositis (ICM) and
control mice reached a maximum on day 1 after the challenge. The difference in buccal
mucosal swelling was significantly higher in ACM mice compared with ICM mice on days
2, 3, and 5 after the challenge. The most differences in OM buccal area swelling between
ACM and ICM were observed in day 2 after the challenge. We focused our analysis on day
2, when ACM had the largest OM swelling and the most significant difference between
ACM and ICM, and day 5, when ACM had significantly larger OM swelling than ICM and
the largest CD3 mRNA expression levels in OM.

2.2. Histopathological and Immunohistochemical (IHC) Analyses of F4/80 and CD3 in the OM of
Pd–Induced Allergic BALB/cAJcl Mice

We examined the histopathological and IHC analyses in the OM of control and
Pd–induced ACM and ICM mice on days 2 and 5 after the challenge to verify whether
macrophages and T cells infiltrated into the inflamed OM. Hematoxylin and eosin (HE)
staining showed the dense infiltration of inflammatory cells in the epithelial basal layer
and upper dermis, as well as swelling of the OM epithelium and epidermal spongiosis in
ACM mice on day 5 after the challenge, but not in ICM and control mice (Figure 2A,C,E).
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Figure 1. Swelling of the OM in Pd–induced allergic mice. (A) OM buccal area swelling from day 1
to day 7 after the challenge was measured in Pd–induced ACM and ICM and control mice (n = 10).
Each point and error bars indicate the mean values and standard deviations. Statistical significance
was tested through the Kruskal–Wallis test followed by Steel–Dwass’s multiple comparison tests
(* p < 0.05, ** p < 0.01). (B) Macroscopic findings of the oral mucosa in Pd–induced allergic mice.

Next, we performed an IHC analysis of F4/80 and CD3 in the OM of control and
Pd–induced ICM and ACM mice to verify whether macrophages and T cells had infiltrated
into the inflamed OM of ACM mice (Figure 2F–O). IHC staining showed considerable
F4/80+ macrophage infiltration into the dermis of ICM and ACM mice on day 2 after
the challenge compared with control mice (Figure 2F,G,I). Moreover, the F4/80 staining
intensity was stronger in ACM than in ICM mice. In contrast, F4/80+ cells were lost on
day 5 after the challenge, both in ACM and ICM mice. IHC analyses of CD3+ T cells were
observed in the epithelial basal layer and upper dermis in the ACM mice, and they were
continued between day 2 and day 5 after the challenge (Figure 2N,O). Conversely, CD3+ T
cells were slightly observed in ICM mice (Figure 2L,M).
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Figure 2. Histopathological and IHC analyses of F4/80 and CD3 in the OM of Pd–induced allergic
mice. Representative photomicrographs of OM sections from control and Pd–induced ICM and ACM
mice from days 2 and 5 after the challenge, stained with HE (A–E), F4/80 (F–J), and CD3 (K–O). Scale
bar = 5 μm.

2.3. mRNA Expression Levels of T Cell Markers in the OM of Pd–Induced Allergic
BALB/cAJcl Mice

We performed a quantitative polymerase chain reaction (qPCR) analysis in CD3, CD4,
and CD8 expressions to verify whether mRNA expression levels of T cells infiltrated into
the inflamed OM. The CD3 expression ratio was significantly increased in control ACM
mice compared to ICM mice on days 2 and 5 after the challenge (Figure 3). Furthermore,
the ratio of CD3 expression in ACM tended to increase from day 2 to day 5. A similar
expression trend to CD3 was observed for CD4, which was significantly increased in ACM
mice compared to ICM mice. Conversely, no differences were found in the CD8 expression
ratio between ACM and ICM mice.

Figure 3. mRNA expression levels of T cell phenotypes in the OM of Pd–induced allergic mice. The
mRNA expression levels of CD3, CD4, and CD8 were assessed in the OM of ICM (gray bars) and
ACM (black bars) mice (n = 5) on days 2 and 5 after the challenge. GAPDH gene expression was used
as an internal control. Each sample was divided by the average of the control sample to calculate the
expression ratio (n = 5). Bars and error bars indicate the mean plus standard deviation. Statistical
significance was tested by the Mann–Whitney U test (* p < 0.05, ** p < 0.01).

61



Int. J. Mol. Sci. 2023, 24, 3137

2.4. mRNA Expression Levels of T Cell–Related Cytokines in the OM of Pd–Induced Allergic
BALB/cAJcl Mice

We compared the expression levels of Th1–related cytokines (interleukin (IL)–2, in-
terferons (IFN)–γ, and tumor necrosis factors (TNF)–α), and Th2–related cytokines (IL–4
and IL–10), in the OM of Pd–induced ICM and ACM mice to examine inflammation in
allergic OM (Figure 4). The expression level of Th2–type cytokines was higher in ACM
mice compared with ICM mice from day 2 to day 5 after the challenge. A large difference
in the expression levels of ACM and ICM mice was observed, especially in IL–4, and the
difference in IL–10 between ACM and ICM mice appears to be larger on day 5 than on
day 2 after the challenge. Conversely, the expression levels of TH1–related cytokines were
closely similar between ICM and ACM mice, except for IL–2 on day 2 after the challenge.

Figure 4. mRNA expression levels of Th1– and Th2–type cytokines in the mucosa of Pd–induced
allergic mice. The mRNA expression levels of Th1–type cytokines (IL–2, IFNγ, and TNFα) and Th2
type cytokines (IL–4 and IL–10) were assessed in the OM of ICM (gray bars) and ACM (black bars)
mice (n = 5) on days 2 and 5 after the challenge. Each sample was divided by GAPDH gene expression
as an internal control. Bars and error bars indicate the mean plus standard deviation. Statistical
significance was tested by the Mann–Whitney U test (* p < 0.05, ** p < 0.01).

2.5. TRV–TRJ Combination and Diversity of TCR Repertoire in the OM and Cervical Lymph
Nodes (Ly) of Pd–Induced ICM and ACM Mice on Day 5 after the Challenge

We analyzed the TRV and TRJ expression levels in the inflamed OM and Ly by a
NGS–based TCR repertoire analysis to determine the TCR repertoire of T cells in a Pd
allergy that had infiltrated into the OM and Ly of ICM and ACM mice on day 5 after the
challenge. A representative TRV–TRJ combination three–dimensional graph of the TRA and
TRB repertoire in OM revealed the dominance of certain TRV and TRJ gene combinations
as well as the extent of the diversity of TCR usage (Figure 5A). Hence, more TRV–TRJ
combinations of TRA and TRB repertoire were detected in ACM OM than in ICM OM
mice. Next, we investigated the diversity of repertoire in TRA and TRB using the Shannon
index in ACM and ICM samples (Figure 5B). The Shannon index was significantly higher
in ACM OM than in ICM OM mice. Furthermore, ACM Ly showed a trend toward a higher
Shannon index than ICM Ly mice.
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Figure 5. TCR repertoire analysis of the TRA and TRB in ICM and ACM mice. The NGS–based TCR
repertoire analysis was performed on the OM and Ly of ICM and ACM mice on day 5 following
the challenge. (A) Combining TRAV or TRBV on the X–axis and TRAJ or TRBJ on the Z–axis, with
the frequency (percentage) of each clone on the Y–axis, 3D images depict the TCR repertoire (n = 3,
average). (B) Shannon Diversity Index is shown in the ACM and ICM, OM and Ly, and TRA and
TRB (n = 3). Statistical significance was tested by the Mann–Whitney U test (* p < 0.05).

2.6. Commonality of TCR Repertoire in the OM and Ly of Pd–Induced ICM and ACM Mice on
Day 5 after the Challenge

We compared the top 20 in the ACM OM mice to other samples to assess the common-
ality of unique reads obtained from the repertoire analysis in TRA and TRB (Figure 6A,B).
The top reads comprising the ACM OM mice shared many with ACM Ly (green shading)
and some with ICM Ly, but not with ICM OM. The TRA sequences (TRAV11D, TRAJ18, and
CVVGDRGSALGRLHF) of iNKT cell (orange shading) were detected in all samples, and
the frequency was lower in ACM OM (0.02%) than in ICM OM (1.12%) mice (Figure 6B).
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Figure 6. Commonality of unique reads obtained from the repertoire analysis in TRA and TRB. (A,B)
The %frequency of unique reads in the top 20 in ACM OM mice and their commonality in other
samples. The %frequency is the average of the frequency of presence for in–frame reads for each of
the three independent samples. The green shading is unique reads shared by ACM OM and ACM
Ly mice. (A,B) Orange shading included iNKT cell sequences as detected in all samples. (A) iNKT
cell sequence and %frequency of presence in each sample. The %frequency is the average of the
frequency of presence for in–frame reads for each of the three independent samples.

2.7. Evaluation of TRV and TRJ Gene Skew in Common Reads of ACM OM and ACM
Ly Repertoire

The commonality was assessed for all unique reads in the ACM OM mice for further
investigation (Figure 7A,B). Of the 12,608 TRA unique reads of ACM OM mice, 829 reads
with ACM Ly, 494 reads with ICM Ly, and 19 reads with ICM OM mice were shared. Of the
15,917 TRB unique reads of ACM OM mice, 630 reads with ACM Ly, 186 reads with ICM
Ly, and 16 reads with ICM OM mice were shared.

The number of unique reads present in ACM OM to those that were increased in ACM
Ly mice over ICM were 683 and 550 for TRA and TRB, respectively. Furthermore, the reads
were limited to 524 and 529 in TRA and TRB, respectively, of the unique reads held by
ACM Oms mice, when narrowed down to those that were present only in ACM Ly mice
(blue box line).

The frequency counts of TRA and TRB, and TRV and TRJ gene usage were tabulated
for the number of unique reads in the two narrowed–down patterns (ACM Ly over ICM, or
only in ACM Ly) (Figure 7C–F). The genes in TRAV were distributed in 63 of 112 genes
with a mean of 10.8 or 8.3 read counts, and the genes in TRAJ were distributed in 41 of
51 genes with a mean of 16.7 or 12.8 read counts. The genes in TRBV were distributed in 20
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of 23 genes with a mean of 27.0 or 26.5 read counts, and the genes in TRBJ were distributed
in 12 of 13 genes with a mean of 45.8 or 44.1 read counts. Genes detected at high frequency
counts (mean + 2SD, beyond the green or blue line) were TRAV7D–2, TRAV14–1, TRAJ18,
TRBV5, and TRBJ2–7.

Figure 7. Common read counts of ACM OM and ACM Ly repertoire. (A,B) The number of unique
reads common to the ACM OM mice and other samples is shown in the Venn diagram (n = 3, total).
The green shading is unique reads present in ACM OM to those that were increased in ACM Ly mice
over ICM. Blue box lines are unique reads present in ACM OM to those that were present only in
ACM Ly mice. (C–F) The common unique reads between ACM OM and Ly mice were counted for
TRAV, TRAJ, TRBV, and TRBJ genes, respectively. The green bars are unique reads present in ACM
OM to those that were increased in ACM Ly mice over ICM. The blue bars are unique reads present
in ACM OM to those that were present only in ACM Ly mice. The green line is the mean + 2SD of
green bars. The blue line is the mean + 2SD of blue bars.

3. Discussion

In the present study, we established a novel murine model for Pd–induced allergies in
the OM in which CD3+ T cells infiltrated the inflamed area. Previous studies have reported
a Pd–allergic model mouse in the footpad skin or auricle regions [14,15]. However, the
pathological mechanism of the intraoral Pd allergy remains unclear because an animal
model of Pd allergies in the OM has not been established. This is the first report to clarify
Pd–specific immune responses in the OM using a murine model of intraoral Pd allergies.

OM swelling of ACM and ICM mice revealed that OM swelling could be caused by
nonspecific stimulation to external stimuli only, as shown by the swelling on day 1 without
significant difference. However, on day 2, the OM buccal swelling in ICM mice significantly
decreased, with the largest significant difference between ACM and ICM mice. Thereafter,
significant differences between ACM and ICM mice were observed until day 5, but not
on day 7. These findings suggest that inflammation other than nonspecific stimulation to
external stimuli is induced in ACM mice [16].
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Therefore, we confirmed the histopathological and IHC analyses in ACM and ICM
mice from days 2 and 5 after the challenge and control mice. HE staining revealed the
dense infiltration of inflammatory cells in the epithelial basal layer and upper dermis,
as well as swelling of the OM epithelium and epidermal spongiosis in ACM mice on
day 5 after the challenge that was more markedly than others. Spongiform edema in the
epithelium and swelling of the epithelium are characteristics of delayed allergy [17,18].
Marked infiltration of F4/80+ macrophages and CD3+ T cells were found in ACM mice
on day 2 after the challenge, and CD3+ T cells increased on day 5 from day 2 after the
challenge. This innate works in both ACM and ICM mice on day 2 by invading the PdCl2
solution in vivo. Additionally, on day 2, ACM mice admitted CD3 and F4/80 macrophages
more remarkably than ICM mice, suggesting that adaptive immunity works in ACM mice.
CD3+ T cell infiltration, mucosal epithelial thickening, and supratentorial edema increased
from day 2 to day 5 in ACM mice. Our results suggested that allergic inflammation in the
OM was initiated by the response of macrophages to Pd, followed by T cell infiltration into
the inflamed oral mucosa after antigen presentation by macrophages. This suggested that
the ACM mice induced a metal allergy, which was stronger on day 5.

Four categories exist within type IV hypersensitivities, including type IVa, which is a
CD4+ T helper (Th) 1 lymphocyte–mediated reaction with macrophage activation; type
IVb, which is CD4+ Th2 lymphocyte–mediated with eosinophilic involvement; type IVc,
which is cytotoxic CD8+ T lymphocyte–mediated with perforin–granzyme B involvement
in apoptosis; and type IVd, which is T cell–driven neutrophilic inflammation [13,19]. A
previous study suggested that a metal allergy is associated with either CD4 or CD8 T
cell activation depending on the antigen processing pathway involvement [20,21]. The
established Pd–induced allergic mouse model in the present study indicated predominant
CD4+ T cell infiltration and Th2–type cytokine production in the OM. These results suggest
that the established mouse model recapitulates the pathology corresponding to a type IVb
delayed allergy.

Diversity was increased in the repertoire analysis of ACM mice compared to ICM
mice, suggesting that allergic responses locally induce a variety of T cells and that the
affiliated lymph nodes may be the source of these cells. The presence of common unique
reads in ACM OM and Ly mice provides evidence for the involvement of the affiliated
lymph nodes in the induction of locally generated specific T cells. Conversely, the reason
for the partial sharing of ICM Ly unique reads in ACM OM mice may be due to the residual
acute–phase clones observed in the early inflammation and dragged by the allergic reaction.
Additionally, these unique reads are not detected in ICM OM mice, suggesting that they
are lost locally in non–allergic reactions at the time of day 5 after the challenge. The unique
reads shared by ACM OM and ACM Ly mice were diverse but biased toward specific TRVs
or TRJs, suggesting that specific T cell induction in Pd allergies exists in a wide range.

iNKT cells are characterized by the expression of an invariant TRA encoded by TRAV11
(Vα14)–TRAJ18 (Jα18) in mice and TRAV10 (Vα24)–TRAJ18 (Jα18) in humans [22,23].
Previously, we identified iNKT cells in the lymphocytic infiltrates at a high frequency
during the elicitation phase in Ni, Cr, and Ti allergies [24–26]. Additionally, iNKT cells
and TRAV6–6–TRAJ57 bearing T cells have been implicated in the immune response to
a Ni–induced OM metal contact allergy [10]. Interestingly, the reduced TRA sequence
of iNKT cells in ACM OM mice indicates that they were pressured by these Pd allergy–
specific clone populations and may not have a major role, unlike Ni–induced intraoral
metal contact allergies.

In conclusion, we have established a model of an intraoral Pd–induced metal allergy,
and revealed that Pd–specific T cell populations are limited to V or J gene usage. The
application of the direct cloning of TCR genes from local sites of inflammation in this
model will be a powerful tool for advancing our understanding of T cell–mediated immune
disease in metal allergies, as well as providing new insights into antigen recognition by
Pd–specific TCR in the OM.
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4. Materials and Methods

4.1. Animals

BALB/cAJcl mice (4–week–old females) were purchased from CLEA Japan (CLEA
Japan, Tokyo, Japan). All mice were in good health throughout the study and were given
1 week to acclimate to their surroundings before the study began. At the beginning of
the experiment, 5–week–old BALB/cAJcl mice were used. All mice were kept in plastic
cages (with a lid made of stainless–steel wire) with food and water available ad libitum.
They were kept in our conventional animal facility with a temperature of 19–23 ◦C, a
humidity of 30–70%, and a 12–h day/night cycle. All surgeries were performed using
three different types of mixed anesthetics, and every effort was made to minimize animal
suffering. Three different types of mixed anesthetic agents were used to sacrifice all mice
by cervical dislocation to ensure death and prevent pain caused by tissue harvesting.

4.2. Reagents

PdCl2 (purity of >95%) was purchased from FUJIFILM Wako Pure Chemical Co.,
Ltd. (FUJIFILM Wako Pure Chemical Co., Ltd., Osaka, Japan). Lipopolysaccharide (LPS)
from Escherichia coli (O55:B5) prepared by phenol–water extraction was purchased from
Sigma–Aldrich (Sigma–Aldrich, St. Louis, MO, USA). The dissolution used PdCl2 plus LPS
in sterile saline (Otsuka Normal Saline, Otsuka Pharmaceutical Factory, Inc., Tokushima,
Japan).

4.3. Anesthetic Agents

The anesthetic was created by combining three medications. Medetomidine hydrochlo-
ride was purchased from Nippon Zenyaku Kogyo Co., Ltd. (Nippon Zenyaku Kogyo Co.,
Ltd., Fukushima, Japan), midazolam from Sandoz (Sandoz, Tokyo, Japan), and butorphanol
tartrate from Meiji Seika Pharma Co., Ltd. (Meiji Seika Pharma Co., Ltd., Tokyo, Japan).
These drugs were kept at room temperature (RT). We combined doses of 0.3 mg/kg of
medetomidine hydrochloride, 4 mg/kg of midazolam, and 5 mg/kg of butorphanol tartrate.
A previous study determined the concentration ratio of the three types of mixed anesthetic
agents [27]. Typically, 25 mL of anesthetic agent is prepared by combining 0.75 mL of
medetomidine hydrochloride, 2 mL of midazolam, 2.50 mL of butorphanol tartrate, and
19.75 mL of sterile saline. All agents were diluted in sterile saline and stored in the dark
at 4 ◦C and sterile saline at 4 ◦C. The mice were administered a volume of 0.01 mL/g of
body weight of the anesthetic mixture. Every mouse was intraperitoneally injected with
the mixture of the three types of anesthetic agents.

4.4. Experimental Protocol of the Mouse Model of Pd–Induced Intraoral Metal Contact Allergy

An experimental protocol for the induction of the metal allergy in the OM was de-
veloped based on a previous protocol for metal allergy induction in footpad skin [10,15].
Mice were separated into three groups: ACM mice (n = 15), ICM mice (n = 15), and control
mice (n = 15), with each group consisting of randomly chosen mice. All experiments were
conducted in another room upon transfer from the animal holding area.

Sensitization. Mice were intradermally injected with 125 μL of 10 mM of PdCl2 and
10 μg/mL of LPS in sterile saline twice with a 7–day interval between injections. ACM was
applied to the left and right postauricular skin of mice. Mice were first challenged 7 days
after the second sensitization.

Challenge for elicitation. In the preliminary experiments, the concentrations of PdCl2
in 5 μM, 10 μM, and 30 μM were tested. In the 30 μM, almost all mice died. Based on
the difference in cheek swelling and CD3 expression levels in the concentration of the
5 μM and 10 μM, the 10 μM were selected as the indicated concentration. The immune
response was elicited using 25 μL of 10 mM of PdCl2 without LPS in sterile saline. ACM
mice were challenged by submucosal injection in the left and right buccal regions of the
OM. Submucosal injections were used to challenge non–sensitized ICM mice in the left and
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right buccal areas of the OM. Mice sensitized with PdCl2 plus LPS and then challenged
with sterile saline were used as a control.

4.5. Measurement of OM Swelling

Swelling of the buccal area was measured before the challenge and at 1, 2, 3, 5, and
7 days after the first challenge using a Peacock Dial Thickness Gauge (Ozaki MFG Co.,
Ltd., Tokyo, Japan). All procedures on mice under anesthesia were performed by the
same person.

4.6. Histological and IHC Analysis

Buccal OM samples were obtained from control mice and Pd–induced ICM and ACM
mice for histological and IHC analyses. Furthermore, tissue samples were immersed in 4%
paraformaldehyde–lysine–periodate for 48 h at 4 ◦C. Following a 10–min PBS wash, fixed
tissues were soaked in 5% sucrose/PBS for 1 h at 4 ◦C, 15% sucrose/PBS for 3 h at 4 ◦C, and
finally, 30% sucrose/PBS overnight at 4 ◦C. Tissue samples were snap–frozen by immersion
in a mixture of acetone and dry ice in Tissue Mount (Chiba Medical, Saitama, Japan).
Frozen sections were cut into 6–μm thick cryosections and air–dried on poly–L–lysine–
coated glass slides. The HE stain was applied to cryosections for histological analysis.
Cryosections were stained with anti–mouse F4/80 (1:1000; Cl–A3–1, Abcam, Cambridge,
UK) and anti–mouse CD3 (1:500; SP7, Abcam, Cambridge, UK) monoclonal antibodies for
IHC analysis. Mouse macrophage populations were detected in many buccal OM tissues
using the F4/80 monoclonal antibody. The sections were incubated at RT for 30 min in
PBS containing 5% normal goat rabbit serum, 0.025% Triton X–100 (FUJIFILM Wako Pure
Chemical, Osaka, Japan), and 5% bovine serum albumin (Sigma–Aldrich St. Louis, MO,
USA). Sections were incubated with primary mAbs for 1 h at RT. Intrinsic peroxidase was
inhibited with 3% H2O2 in methanol after three 5 min washes with PBS. Tissue sections
were washed twice and incubated for 1 h at RT with a secondary antibody (biotinylated goat
anti–hamster immunoglobulin G or biotinylated rabbit anti–rat immunoglobulin G) after
soaking in distilled water. The sections were treated with Vectastain ABC Reagent (Vector
Laboratories, Burlingame, CA, USA) for 30 min at RT, followed by 3,3–diaminobenzidine
staining (0.06% diaminobenzidine and 0.03% H2O2 in 0.1 M Tris–HCl, pH 7.6; FUJIFILM
Wako Pure Chemical Co., Ltd., Osaka, Japan). Tissue sections were counterstained with
hematoxylin to visualize cell nuclei.

4.7. RNA Extraction and cDNA Synthesis

Fresh OM specimens were obtained from each mouse and immediately soaked in
RNAlater RNA Stabilization Reagent (Invitrogen, Carlsbad, CA, USA). Total RNA from
the OM was extracted using the RNeasy Lipid Tissue Mini Kit (Qiagen) following the
manufacturer’s instructions. Complementary DNA (cDNA) was synthesized from DNA–
free RNA using the PrimeScript RT reagent Kit (Takara Bio, Tokyo, Japan) following the
manufacturer’s instructions.

4.8. qPCR

The expression levels of immune response–related genes, including T cell–related
CD antigens, cytokines, cytotoxic granule, and transcription factors of regulatory T cells,
were measured by qPCR using the Bio–Rad CFX96 system (Bio–Rad, Hercules, CA, USA).
Specific primers for GAPDH, CD3, CD4, CD8, IFNγ, TNFα, IL–2, IL–4, and IL–10 were
described [11,28]. Freshly isolated total RNA from the OM and submandibular lymph
node specimens were converted to cDNA. The PCR consisted of 5 μL of SsoFast EvaGreen
Supermix (Bio–Rad), 3.5 μL of RNase/DNase–free water, 0.5 μL of 5 μM of primer mix, and
1 μL of cDNA in a final volume of 10 μL. Cycling conditions were as follows: 30 s at 95 ◦C
followed by 50 cycles of 1 s at 95 ◦C and 5 s at 60 ◦C. A melting curve analysis was performed
from 70 ◦C to 90 ◦C at the end of each program to confirm the homogeneity of the PCR
products. All assays were repeated three times, and mean values were used to calculate
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gene expression levels. Five 10–fold serial dilutions of each standard transcript were
used to determine the absolute quantification, specification, and amplification efficiency of
each primer set. Standard transcripts were generated by the in vitro transcription of the
corresponding PCR product in a plasmid. The nucleotide sequences were confirmed by
DNA sequencing using the CEQ8000 Genetic Analysis System (Beckman Coulter, Fullerton,
CA, USA). An Agilent DNA 7500 Kit in an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
CA, USA) was used to validate their quality and concentration. GAPDH gene expression
was used as an internal control.

4.9. TCR Repertoire Analysis

Total RNA was extracted from the OM and Ly of ICM and ACM mice on day 5 after the
challenge and the OM of ACM mice on days 2 and 7 after the challenge. NGS was used to
perform a TCR repertoire analysis developed by Repertoire Genesis Inc. (Repertoire Genesis
Inc., Osaka, Japan [13]). An unbiased adapter–ligation PCR was executed according to the
previous report [29]. Superscript III reverse transcriptase was utilized to convert total RNA
to cDNA (Invitrogen). Afterward, double–stranded (ds) cDNA was synthesized, and an
adapter was ligated to the 5′ end of the ds–cDNA before it was cut with the SphI restriction
enzyme. PCR was performed with a P20EA adapter primer and a TCR α–chain constant
region–specific primer (mCA1) for TCRα. The second PCR was conducted using the same
PCR conditions and primers, including mCA2 and P20EA. Primers were utilized for TCRβ,
mCB1, and mCB2 in the first and second PCR, respectively. Index (barcode) sequences
were amplified using a Nextera XT Index Kit v2 setA (Illumina, San Diego, CA, USA) after
Tag PCR amplification. The sequencing was performed using the paired–end Illumina
MiSeq platform (2 × 300 base pairs [bp]). Subsequently, data processing, data assignment,
and data aggregation were performed automatically using the originally created repertoire
analysis software by Repertoire Genesis Inc. TCR (TRA and TRB) sequences were mapped
to a reference sequence dataset from the international ImMunoGeneTics information system
(IMGT) database (http://www.imgt.org, accessed on 1 November 2022) [30]. Nucleotide
sequences of CDR3 regions ranged from a conserved cysteine at position 104 (Cys104) to a
conserved phenylalanine at position 118 (Phe118), and the following glycine (Gly119) was
translated into an amino acid sequence. A unique sequence read was defined as a sequence
read with no identity in TRAV, TRAJ, and the deduced amino acid sequence of CDR3. The
copy number of identical unique sequence reads in each sample was automatically counted
and then ranked by copy number using software for repertoire analysis. The percentage
occurrence frequencies of sequence reads containing TRAV and TRAJ, as well as genes,
were calculated.

4.10. Statistical Analysis

Statistically significant differences between the mean values of each experimental
group were analyzed using the Kruskal–Wallis test followed by Steel–Dwass’ multiple
comparison tests and Mann–Whitney U test. All analyses were performed with EZR
(Saitama Medical Center, Jichi Medical University, Saitama, Japan) [31], which is a graphical
user interface for R (The R Foundation for Statistical Computing, Vienna, Austria). A p–
value of <0.05 was considered significant, and a p–value of <0.01 was considered highly
significant.
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Abstract: The element chromium (Cr) is a component of several types of alloys found in the en-
vironment, or utilized in dentistry, that may cause intraoral metal contact allergy. However, the
pathological mechanism of intraoral Cr allergy remains unclear because there is no established animal
model of Cr allergy in the oral mucosa. In this study, we established a novel murine model of
Cr-induced intraoral metal contact allergy and elucidated the immune response in terms of cytokine
profiles and T-cell receptor repertoire. Two sensitizations with Cr plus lipopolysaccharide solution
into the postauricular skin were followed by a single Cr challenge of the oral mucosa to generate
the intraoral metal contact allergy model. Histological examination revealed that CD3+ T-cells had
infiltrated the allergic oral mucosa one day after exposure to the allergen. The increase in T-cell
markers and cytokines in allergic oral mucosa was also confirmed via quantitative PCR analysis. We
detected Cr-specific T-cells bearing TRAV12D-1-TRAJ22 and natural killer (NK) T-cells in the oral
mucosa and lymph nodes. Our model demonstrated that Cr-specific T-cells and potent NKT-cell
activation may be involved in the immune responses of Cr-induced intraoral metal contact allergy.

Keywords: chromium allergy; contact dermatitis; allergic contact mucositis; metal allergy

1. Introduction

Metal allergy is categorized as a delayed-type hypersensitivity (DTH) reaction trig-
gered by antigenic protein with haptens that exert antigenicity. It can be caused by metal
ions released by jewelry, footwear, preservatives, and cosmetics [1]. In addition to nickel
(Ni), cobalt (Co), palladium (Pd), zinc (Zn), and chromium (Cr) have been reported to
cause allergic contact dermatitis [2–5]. Cr hypersensitivity is one of the most prevalent
occupational metal skin diseases in cement workers [6]. Occupational allergic contact der-
matitis was the most frequently occurring allergy in construction workers (45%), and the
most frequent allergen was chromium (Cr) in cement [6,7]. In addition, the production of a
chronic generalized eczematoid reaction has been reported as a causal intraoral Cr-allergic
contact dermatitis [8]. Recently, Cr has been widely used in dental restorations such as im-
plants, crown prostheses, and dentures. However, the pathological mechanism of intraoral
Cr allergy remains unknown because there is no established animal model of Cr allergy
in the oral mucosa. According to previous studies of murine models of DTH in the oral
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mucosa, various chemicals, such as oxazolone (4-ethoxymethylene-2-phenyloxazol-5-one)
and 2,4-dinitro-1-fluorobenzene, induce allergic contact mucositis (ACM) with the local
accumulation of antigen-presenting cells and T-cells [9].

Typically, metal allergy is associated with acquired immunity, which facilitates the
migration of metal-specific T-cells to the site of allergic inflammation. T-cells recognize
antigens on antigen-presenting cells through surface-expressed T-cell receptors (TCRs),
heterodimers composed of an α- and β-chain (TRA and TRB) that determine the high
specificity of T-cells [10]. In previous studies, the cells in the peripheral blood and skin
of patients with metal allergy had limited TCR repertoires [11]. Several novel murine
models of Ni, Pd, Cr, and titanium (Ti)-induced allergic contact dermatitis (ACD) have
been generated using footpad skin, and these have aided in the characterization of antigen-
specific immune responses in terms of TCR usage [12–15]. These models enabled us to
identify the accumulation of metal-specific T-cells in inflamed skin and to demonstrate that
the restricted usage of TCR genes in metal allergy is a result of the prolonged exposure of
the host immune system to putative metal-associated antigens. The analysis of the TCR
repertoire enables the identification of antigen-specific T-cells [16]. Recent advances in
next-generation sequencing (NGS) have permitted the quantitative analyses of the TCR
repertoire using large amounts of TCR sequencing data [17,18].

In the present study, we established a novel murine model of Cr-induced allergy in the
oral mucosa to examine how the accumulation of T-cells at the site of allergic inflammation
contributes to the development of Cr allergy in the oral mucosa and how TCR gene usage
is regulated.

2. Results

2.1. Oral Mucosa Swelling in Cr-Induced Allergic Mice

At Day 1 post-challenge, maximal swelling in the buccal area of the oral mucosa
occurred in all mice (Figure 1). At Day 7 post-challenge, the swelling of the oral mucosa was
significantly greater in the ACM mice than in the control mice, but it was not significantly
different in irritant contact mucositis (ICM) mice. From Days 1 to 12 post-challenge, oral
mucosa swelling in the ACM mice was greater than in the control mice.

Figure 1. Swelling of the oral mucosa in Cr-induced allergic mice. The oral mucosa of all mice
reached maximal swelling at Day 1 post-challenge. The oral mucosa swelled significantly more in
the ACM mice from Days 1 to 12 post-challenge compared with the control mice. The bars and
error bars represent the mean plus the standard deviation. The Kruskal–Wallis test was used to
determine statistical significance, followed by Dunn’s multiple comparison tests (* p < 0.05, ** p < 0.01,
*** p < 0.001).
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2.2. Histological and Immunohistochemical Analyses of F4/80 and CD3 in the Oral Mucosa of Cr-
Induced Allergic Mice

To determine whether macrophages and T-cells infiltrated the inflamed oral mucosa,
histological and immunohistochemical (IHC) analyses were performed on the oral mucosa
of the control, ICM, and ACM mice at Days 1 and 7 post-challenge. Hematoxylin and
eosin (HE) staining revealed dense infiltration of inflammatory cells in the basal epithelial
layer and upper dermis, in addition to a swelling of the oral mucosa, in the ACM and
ICM mice, but not in the control mice (Figure 2A–E). Inflammatory cells accumulated in
the epithelium and upper dermis of the ACM mice (Figure 2D). The partial separation
of epidermal keratinocytes produced spongiotic dermatitis (Figure 2D). In the ICM mice,
the inflammatory response in the oral mucosa was reduced (Figure 2B,C). In contrast,
inflammation of the oral mucosa persisted for Day 7 post-challenge in the ACM mice
(Figure 2E). We performed the IHC staining of CD3 and F4/80 in the oral mucosa of
the control, ICM, and ACM mice to determine whether T-cells and macrophages had
infiltrated the inflamed oral mucosa of the ACM mice (Figure 2F–O). Significant CD3+
T-cell infiltration occurred into the basal epithelial layer and upper dermis of the ACM
mice by Day 1 post-challenge compared with the control and ICM mice (Figure 2F,G,I).
The ACM mice retained CD3+ T-cells in the basal epithelial layer and upper dermis Day
7 post-challenge (Figure 2J). There was little infiltration of CD3+ T-cells into the basal
epithelial layer and upper dermis of the control and ICM mice (Figure 2F–H). At Day
1 post-challenge, F4/80+ macrophages were predominant in the layer and upper dermis of
the ACM mice (Figure 2N), but not in the control and ICM mice (Figure 2K,L,M,O).

2.3. mRNA Expression of T-Cell Markers in the Oral Mucosa of Cr-Induced Allergic Mice

We performed quantitative polymerase chain reaction (qPCR) of CD3, CD4, and CD8
to verify the infiltration of T-cells into the inflamed oral mucosa and determine their relative
mRNA expression. CD3 expression in the ACM mice was significantly higher than in the
control and ICM mice at Days 1 and 7 post-challenge (Figure 3). At Day 1 post-challenge,
the CD8/CD4 ratio was significantly higher in the ACM mice than in the control and ICM
mice (Figure 3).

2.4. Relative mRNA Expression of T-Cell-Related Cytokines in the Oral Mucosa of Cr-Induced
Allergic Mice

Subsequently, using qPCR analysis, the mRNA expression of inflammatory markers
was analyzed to examine inflammation in the allergic oral mucosa. We compared the
expression levels of a proinflammatory cytokine (IL-1β), a Th1-related gene (IFN-γ), a
Th2-related gene (IL-4), and the serine protease(granzyme B) in the oral mucosa of the
control, ICM, and ACM mice using qPCR (Figure 4). At Days 1 and 7 post-challenge, IL-1β
and granzyme B expression levels were significantly higher in the ACM mice than in the
control and ICM mice. IFN-γ, in contrast to IL-4, was significantly higher in the ACM mice
relative to the ICM mice with similar expression maintained on Days 1 and 7.

2.5. TCR Repertoire Usage in the Oral Mucosa and Cervical Lymph Nodes of the ICM and ACM Mice

We performed an NGS-based TCR repertoire analysis to determine the diversity of
T-cells that had infiltrated the oral mucosa and cervical lymph nodes of the ICM and ACM
mice at Day 1 post-challenge. A 3D representation of the TRA repertoire revealed the
dominance of particular combinations of TRAV and TRAJ genes, as well as the breadth
of TCR usage diversity (Figure 5). The 3D images of the TRA repertoire revealed a low
level of expression accompanied by a broad distribution of TRAV and TRAJ. The usage of
TRAV11d-TRAJ18 was considerably higher in the oral mucosa and cervical lymph nodes of
the ICM and ACM mice († in Figure 5).
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Figure 2. Histological and IHC analyses of CD3 and F4/80 in the oral mucosa of the control, ICM,
and ACM mice. Histological and IHC analyses of CD3+ and F4/80+ T-cells in the oral mucosa at
Days 1 and 7 post-challenge. At Day 1 post-challenge, the ACM mice exhibited abundant infiltration
of mononuclear cells, swelling of the mucosal epithelium, and epidermal spongiosis (D), and IHC
analyses revealed the presence of CD3+ T-cells in the epithelium of the ACM mice (I). Sections were
stained with HE (A–E), CD3 (F–J), and F4/80 (K–O). Scale bar = 10 μm.

Figure 3. Cont.
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Figure 3. mRNA expression of T-cell phenotypes in the oral mucosa of Cr-induced allergic mice. At
Days 1 and 7 post-challenge, the mRNA expression of CD3, CD4, CD8, and the CD8/CD4 ratio in the
oral mucosa was evaluated (n = 8). The expression of the GAPDH gene served as an internal control.
The mean and standard deviation are represented by bars and error bars. Kruskal–Wallis and Dunn’s
multiple comparison tests were used to determine statistical significance (* p < 0.05, ** p < 0.01).

Figure 4. mRNA expression of T-cell-related cytokines in control, ICM, and ACM mice. At Days
1 and 7 post-challenge, the mRNA expression levels of IL-1β, IFN-γ, IL-4, and granzyme B in the oral
mucosa (n = 8) were evaluated. The expression of the GAPDH gene served as an internal control. The
mean and standard deviation are represented by bars and error bars, respectively. Kruskal–Wallis and
Dunn’s multiple comparison tests were used to determine the statistical significance of differences
(* p < 0.05, ** p < 0.01, N.S. = not significant).
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Figure 5. TCR repertoire in the oral mucosa and cervical lymph nodes of the ICM and ACM mice.
NGS-based TCR repertoire analysis was performed on the oral mucosa and cervical lymph nodes of
the ICM and ACM mice at Day 1 post-challenge (n = 6). Additionally, at Day 1 post-challenge, 3D
images of the TCR repertoire depict the skewing of T-cells infiltrating the oral mucosa and cervical
lymph nodes of the ICM and ACM mice. Combining TRAV on the X-axis and TRAJ on the Z-axis,
with the frequency (percentage) of each clone on the Y-axis, the 3D images depict the TCR repertoire.
†: TRAs bearing TRAV11d-TRAJ18. OM: oral mucosa. LY: lymph nodes of the cervical region.

Next, we analyzed the CDR3 amino acid sequences shared by the ICM and the ACM
mice (Figure 6). Notably, the proportion of T-cells bearing TCR TRAV11d-TRAJ18 (CVVG-
DRGSALGRLHF) was highest in the oral mucosa and cervical lymph nodes (Figure 6,
green shading) compared with other T-cells. In mice, invariant natural killer T (iNKT)
cells express a TRA encoded by the gene segments TRAV11d-TRAJ18 [19]. T-cells bear-
ing TRAV12D-1-TRAJ22 (Figure 6, yellow shading) with common CDR3 amino acid se-
quences (CALSEKSSGSWQLIF) were detected frequently in the oral mucosa and cervi-
cal lymph nodes of the ACM mice but in only a few cervical lymph nodes of the ICM
mice. Furthermore, to identify changes in the T-cell diversity at Days 1, 3, and 7 post-
challenge, we examined the TCR repertoire of T-cells in Cr allergy that had infiltrated
the oral mucosa of the ACM mice at Days 3 and 7 post-challenge (Figure S1). The fre-
quency ranking of TRA clonotypes for the top 30 read percentages indicated a high pro-
portion of iNKT-cells in the oral mucosa of the ACM mice at Days 3 and 7 post-challenge
(Figure S1, green shading). T-cells bearing TRAV1-TRAJ33 with common CDR3 amino acid
sequences (CAVRDSNYQLIW) were detected in the oral mucosa of the ACM mice between
Days 3 and 7 post-challenge (Figure S1, blue shading). Mucosal-associated invariant T
(MAIT) cells in mice express a TRA encoded by the TRAV1-TRAJ33 gene segments [19].
Next, we examined the common CDR3 amino acid sequences in the TRB repertoire in the
ACM mice (Figure S2). There was no shared TRB clone in the sequences from the inflamed
oral mucosa of the ACM mice at Days 1, 3, and 7 post-challenge.
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Figure 6. Ranking of the top 30 most frequently read TRA clonotypes (as a percentage) in the oral
mucosa and cervical lymph nodes of the ICM and ACM mice at Day 1 post-challenge. Distributions of
frequency (%) reads of amino acid sequences of CDR3 regions in the oral mucosa and cervical lymph
nodes of the ACM mice revealed the presence of Cr-specific T-cells bearing TRAV12D-1-TRAJ22
(yellow shading). In both the oral mucosa and the cervical lymph nodes of the ICM and ACM mice,
iNKT-cells (green shading) are highly expressed. N.D. = not detected.
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3. Discussion

In this study, we successfully established a mouse model of intraoral Cr allergy and
induced a delayed allergic response in the oral mucosa, building on previous studies docu-
menting a Cr-induced allergic mouse model using the footpad skin or the auricle [15,20].
Recently, the usage of Cr in dental treatments, such as implants, and other intraoral
treatments has increased. In a previous study, adverse effects were observed when lo-
cal chromium concentrations were high owing to the release of particulate and soluble
chromium released from implants [21]. However, the pathological mechanism of intraoral
Cr allergy remains unclear because there is no established animal model of Cr allergy in
the oral mucosa.

To our knowledge, this is the first study to clarify Cr-specific immune responses in
the oral mucosa using a murine model of intraoral Cr allergy. In the ICM group, which
was exposed to the external stimuli of Cr injections without sensitization, histopathological
examination revealed a significant amount of inflammatory cell infiltration under the
epithelium, as well as inflammatory reactions in the dermis and muscle layer at Day 1 post-
challenge. In the ICM group at Day 7 post-challenge, there was little irritated inflammation
at the site. The ACM group showed obvious spongiform edema and T-cell infiltration
at Day 1 post-challenge in the injected epithelium. Intraepithelial spongiform edema is
a defining feature of DTH [22]. By Day 7 post-challenge, the spongiform edema had
decreased and T-cells had infiltrated the subepithelial layer. In the ACM group, F4/80+
macrophages infiltrated the basal epithelial and subepithelial layers at Day 1 post-challenge
but then decreased until Day 7 post-challenge. Our Cr-induced allergic mouse model
in the oral mucosa has characteristics resembling DTH; therefore, it may be appropriate
for studying delayed allergic reactions in the oral mucosa. As regards the duration of
acute ACD, previous studies have indicated that it develops between 24 and 48 h after
initiation [23]. Initially, skin lesions are asymmetric and limited to the area of contact; later,
they often spread or disseminate. In the case of severe reactions, swelling and blistering are
observed. The major clinical differences between non-sensitized irritant contact dermatitis
(ICD) and sensitized ACD are the more rapid onset of ICD and the tendency of ACD to
spread. Characteristic widespread reactions are usually symmetric, although the primary
reaction is not [23]. Metal allergy can be induced by either CD4+ or CD8+ T-cells, depending
on the antigen processing pathway [9,24]. In this mouse model of intraoral Cr allergy, CD8+
T-cells accumulated in large numbers in ACM at Day 1 post-challenge, but this was not
observed in control or ICM mice (Figure 3). These results suggest that sensitization had
occurred and that CD8+ T-cells specific to Cr were induced in intraoral Cr-induced allergic
mice. Another mouse model of metal allergy found that CD8+ T-cells accumulated at
inflammatory sites, suggesting that these T-cells promote inflammation during the DTH
induction stage [14].

We also compared the IL-1β, IFN-γ, IL-4, and granzyme B expression levels in the
oral mucosa of the control, ICM, and ACM mice (Figure 4). At Day 1 post-challenge, the
levels of IFN-γ expression in the ACM mice were significantly higher than those seen in
the ICM mice. However, there were no differences in the levels of IL-4 expression between
the ACM and ICM mice at Day 1 post-challenge. This indicates that the Cr-allergic immune
response in the oral mucosa may be Th-1-biased at Day 1 post-challenge. CD8+ T-cells
were reported as infiltrating the inflammatory site during metal allergy induction and
producing IFN-γ [14]. Furthermore, IL-1β induces Th-1 and Th-17 differentiation and
stimulates cytokine production in T-cells and CD8+ T-cells residing in the epidermal tissue,
which may increase IL-1β production via a positive feedback loop [25]. Our results were
consistent with those of this study. According to a separate study, granzyme B expression
was elevated in the skin of patients with metal allergy [26]. CD8+ T-cells are cytotoxic and
kill target T-cells by releasing cytotoxic granules. Our findings indicate that IFN-γ is the
principal effector cytokine of Cr allergy in the oral mucosa. The apoptosis of keratinocytes
induced by macrophages and CD8+ T-cells may also play a role in the pathogenesis of Cr
allergy in the oral mucosa. We previously developed a mouse model of Cr-induced ACD
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in the footpad of mice and found that allergic-specific T-cells used a specific TCR repertoire
in Cr-induced ACD [15]. The infiltrating T-cells included iNKT-cells and Cr-specific T-cells
with VA11-1/VB14-1 usage. In this study, we observed an accumulation of iNKT-cells
in the inflamed mucosa of the ICM and ACM mice. These iNKT-cells help to amplify
early immune responses [19,27]. The accumulation of iNKT-cells in the inflamed oral
mucosa in Ni allergy suggests that iNKT-cells are involved in metal allergy [28]. In this
study, we also observed the accumulation of Cr-specific T-cells bearing TRAV12D-1-TRAJ22
and iNKT-cells in the inflamed oral mucosa of Cr-allergic mice (Figures 5 and 6). This
result contributes significantly to our understanding of antigen recognition by Cr-specific
T-cells. Th1-type cytokines and cytotoxic molecules from iNKT-cells and Cr-specific T-
cells are likely to be positively correlated with the pathogenesis of metal allergy in the
footpads of mice. TCR repertoire and CDR3 sequencing analyses revealed a shared TCR
repertoire expressing TRAV12D-1-TRAJ22 with the CDR3 sequence (CALSEKSSGSWQLIF)
in the oral mucosa and lymph nodes at Day 1 post-challenge (Figure 6). In contrast to the
highly restricted TRAV repertoire, oral mucosa-infiltrating T-cells displayed a relatively
broad TRBV repertoire. As the TCR repertoire involved in Cr allergy differs between the
oral mucosa, the footpad, and the ears, it is likely that organ-specific immune responses
may occur during metal allergy. Furthermore, iNKT-cells were abundant in the ICM
and ACM mice, while MAIT-cells were detected in the oral mucosa of the ACM mice
at Days 3 and 7 post-challenge, whereas TRAV12D-1-TRAJ22-bearing T-cells were not
(Figure S1). iNKT and MAIT-cells were found in high numbers in our previous research on
cross-reactive metal allergy, suggesting that they may be involved in the development of
cross-reactive metal allergy [29]. Consequently, the data on the TCR repertoire contribute
to our understanding of the structural identity of antigenic determinants recognized by
Cr-induced intraoral metal contact allergy.

In conclusion, we demonstrated that CD8+ T-cells infiltrated the oral mucosa during
an allergic inflammatory response in a mouse model of metal allergy. We also identified
clones of T-cells specific to Cr-induced allergy. Our analysis of the TCR repertoire demon-
strated that restricted TRAV12D-1-TRAJ22 usage with the CDR3 amino acid sequence
(CALSEKSSGSWQLIF) and broad TRBV might specifically recognize Ag in Cr allergy of
the oral mucosa. In that case, the direct cloning of TCR genes from local sites of inflam-
mation using this model would be a powerful tool for advancing our understanding of
T-cell-mediated immune disease in metal allergy, and it would also provide new insights
into Ag recognition by Cr-specific TCR in the oral mucosa.

4. Materials and Methods

4.1. Animals

BALB/cAJcl mice (4-week-old females) were purchased from CLEA Japan (Tokyo,
Japan). All of the mice were in good health throughout the duration of the study and were
given 1 week to acclimatize to their surroundings before the study began. At the beginning
of the experiment, the mice were 5 weeks old. All of the mice were kept in plastic cages
(with lids made of stainless-steel wire) and given ad libitum access to food and water.
The mice were kept in our conventional animal facility with a temperature of 19–23 ◦C, a
humidity of 30–70%, and a 12 h day/night cycle. During experiments, their appearance,
their behavior, and the amount of food and water they consumed were monitored daily
to ensure the health and comfort of all of the mice. All surgeries were performed using
three different types of mixed anesthetics, and every effort was made to minimize animal
suffering. All of the mice were euthanized by cervical dislocation under three different
types of mixed anesthetic agents to prevent pain caused by tissue harvesting.

4.2. Reagents

FUJIFILM Wako Pure Chemical Co., Ltd. was the supplier of high-purity CrCl2 (>95%)
(Osaka, Japan). Lipopolysaccharide (LPS) from Escherichia coli (O55:B5) prepared by phenol–
water extraction was purchased from Sigma-Aldrich (St Louis, MO, USA). CrCl2 and LPS
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were dissolved in sterile saline (Otsuka Normal Saline, Otsuka Pharmaceutical Factory, Inc.,
Tokushima, Japan).

4.3. Anesthetic Agents

The anesthetic was created by combining three medications. We purchased medetomi-
dine hydrochloride from Nippon Zenyaku Kogyo Co., Ltd. (Fukushima, Japan), midazolam
from Sandoz (Tokyo, Japan), and butorphanol tartrate from Meiji Seika Pharma Co., Ltd.
(Tokyo, Japan). These drugs were kept at room temperature (RT). We combined doses of
0.3 mg/kg medetomidine hydrochloride, 4 mg/kg midazolam, and 5 mg/kg butorphanol
tartrate. The concentration ratio of the three types of mixed anesthetic agents was deter-
mined according to data from a previous study [30]. Typically, 25 mL of anesthetic agent
was prepared by combining 0.75 mL of medetomidine hydrochloride, 2 mL of midazolam,
2.50 mL of butorphanol tartrate, and 19.75 mL of sterile saline. All of the agents were
diluted in sterile saline and stored in the dark at 4 ◦C. The mice were administered a
volume of 10 μL/g of body weight of the anesthetic mixture. The mixture of the three types
of anesthetic agents was injected intraperitoneally into every mouse.

4.4. Experimental Protocol for the Mouse Model of Cr-Induced Intraoral Metal Contact Allergy

We have developed an experimental protocol for the induction of metal allergy in
the oral mucosa [28] based on a previous protocol for the induction of metal allergy in
footpad skin. Mice were separated into three groups: ACM (n = 15), ICM (n = 15), and
control (n = 15), with each group consisting of randomly selected mice. All experiments
were performed in another room upon transfer from the animal holding area.

Sensitization: The mice received two intradermal injections of 125 μL of 10 mM CrCl2
and 10 g/mL LPS in sterile saline with a 7-day interval between injections. The ACM group
was sensitized on the postauricular skin in the left and right ears. Seven days after the
second sensitization, the mice were challenged for the first time.

Challenge for elicitation: 25 μL of 10 mM CrCl2 without LPS in sterile saline was used
to elicit an immune response. The ACM mice were challenged by submucosal injection in
the left and right buccal regions of the oral mucosa. The ICM mice were not sensitized, but
they were challenged with CrCl2. The control mice were sensitized and then challenged
with sterile saline.

4.5. Measurement of Oral Mucosa Swelling

The swelling of the buccal region was measured before the challenge and at 1, 2, 3, 5, 7,
10, 12, and 14 days after the initial challenge using a Peacock Dial Thickness Gauge (Ozaki
MFG Co., Ltd., Tokyo, Japan). The thickness of the buccal area oral mucosa was measured
before and after the challenge, and the difference was recorded. The same experimenter
performed all procedures on the mice while they were under anesthesia.

4.6. Histological and IHC Analysis

For histological and immunohistochemical analyses, buccal oral mucosa samples were
obtained from the control, ICM, and ACM mice. Furthermore, the tissue samples were
immersed in 4% paraformaldehyde–lysine–periodate for 48 h at 4 ◦C. After a 10-min wash
in PBS, fixed tissues were soaked in 5% sucrose/PBS for 1 h at 4 ◦C, 15% sucrose/PBS for
3 h at 4 ◦C, and finally, 30% sucrose/PBS overnight at 4 ◦C. The buccal mucosa tissues
were snap-frozen by immersion in a mixture of acetone and dry ice in Tissue Mount (Chiba
Medical, Saitama, Japan). Frozen sections were cut into 6 μm thick cryosections and air-
dried on poly-L-lysine-coated glass slides. The HE stain was applied to cryosections for
histological analysis. The cryosections were stained with anti-mouse F4/80 (1:1000; Cl-A3-1,
Abcam, Cambridge, UK) and anti-mouse CD3 (1:500; SP7, Abcam) monoclonal antibodies
for IHC analysis (mAbs). The F4/80 monoclonal antibody was used to detect mouse
macrophage populations in many buccal oral mucosal tissues. The sections were incubated
at RT for 30 min in PBS containing 5% normal goat/rabbit serum, 0.025% Triton X-100
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(FUJIFILM Wako Pure Chemical, Osaka, Japan), and 5% bovine serum albumin (Sigma-
Aldrich). Sections were incubated with primary mAbs for 1 h at RT. After three 5-min
washes with PBS, intrinsic peroxidase was inhibited with 3% H2O2 in methanol. After the
tissue sections were soaked in distilled water, they were washed twice and incubated for
1 h at RT with a secondary antibody (biotinylated goat anti-hamster immunoglobulin G or
biotinylated rabbit anti-rat immunoglobulin G). The sections were treated with Vectastain
ABC Reagent (Vector Laboratories, Burlingame, CA, USA) for 30 min at RT, followed by
3,3-diaminobenzidine staining (0.06% diaminobenzidine and 0.03% H2O2 in 0.1 M Tris–HCl,
pH 7.6; FUJIFILM Wako Pure Chemical). Hematoxylin was used to counterstain tissue
sections to visualize cell nuclei.

4.7. RNA Extraction

The buccal region of the oral mucosa in each mouse was freshly obtained and im-
mersed immediately in RNAlater RNA Stabilization Reagent (Invitrogen, Carlsbad, CA,
USA). Total RNA was extracted from the buccal region of the oral mucosa using the
RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) as directed by the manufacturer.
Complementary DNA (cDNA) was synthesized from DNA-free RNA.

4.8. Quantitative Polymerase Chain Reaction

The expression levels of immune response-related genes, including T-cell-related CD
antigens, cytokines, cytotoxic granules, and regulatory T-cell transcription factors, were
measured using qPCR on a Bio-Rad CFX96 instrument (Bio-Rad, Hercules, CA, USA).
Previously, specific primers for GAPDH, CD3, CD4, CD8, IFN-γ, Granzyme B, IL-4, and IL-
1β were described [15,16,31]. The Prime Script RT reagent Kit (Takara Bio, Shiga, Japan) was
used to convert newly isolated total RNA from the oral mucosa and submandibular lymph
nodes into complementary DNA (cDNA). In a final volume of 10 μL, the PCR contained 5 μL
SsoFast EvaGreen Supermix (Bio-Rad), 3.5 μL RNase/DNase-free water, 0.5 μL of 5 μM
primer mix, and 1 μL cDNA. The following cycling conditions were used: 30 s at 95 ◦C,
followed by 50 cycles of 1 s at 95 ◦C and 5 s at 60 ◦C. At the conclusion of each protocol, a
melting curve analysis from 70 ◦C to 90 ◦C was performed to confirm the homogeneity of
the PCR products. All tests were performed three times, and the mean values were used to
determine gene expression levels. Five 10-fold serial dilutions of each standard transcript
were utilized to determine the absolute amount, specificity, and amplification efficiency of
each primer set. Standard transcripts were generated through the in vitro transcription of
the corresponding PCR product in a plasmid. DNA sequencing confirmed the nucleotide
sequences using the CEQ8000 Genetic Analysis System (Beckman Coulter, Fullerton, CA,
USA). Next, using an Agilent DNA 7500 Kit on an Agilent 2100 Bioanalyzer, their quality
and concentration were determined (Agilent, Santa Clara, CA, USA). The expression of the
GAPDH gene served as an internal control.

4.9. Mouse TCR Repertoire Analysis

Total RNA was extracted from the oral mucosa and cervical lymph nodes of the ICM
and ACM mice at Day 1 post-challenge and from the oral mucosa of the ACM mice at Days
3 and 7 post-challenge. NGS was used to perform TCR repertoire analysis developed by
Repertoire Genesis Inc. (Osaka, Japan [18]). As detailed in a previous report, an unbiased
adaptor-ligation PCR was performed [32]. Superscript III reverse transcriptase was utilized
to convert total RNA to cDNA (Invitrogen). Subsequently, double-stranded (ds) cDNA was
synthesized, and an adaptor was ligated to the 5′ end of the ds-cDNA before it was cut
with the SphI restriction enzyme. For TCRα, PCR was performed using a P20EA adaptor
primer and a TCR α-chain constant region-specific primer (mCA1). The second PCR was
conducted using the same PCR conditions and primers, mCA2 and P20EA. As regards
TCRβ, the first and second primers used for PCR were mCB1 and mCB2, respectively.
After Tag PCR amplification, index (barcode) sequences were amplified using a Nextera
XT Index Kit v2 setA (Illumina, San Diego, CA, USA). Sequencing was performed using
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the paired-end Illumina MiSeq platform (2 × 300 base pairs [bp]). The repertoire analysis
software of Repertoire Genesis, Inc. was used for automatic data processing, assignment,
and aggregation. TCR (TRA and TRB) sequences were mapped to a reference sequence
dataset from the international ImMunoGeneTics information system (IMGT) database
(http://www.imgt.org, accessed on 1 November 2022 [33]). Nucleotide sequences of
CDR3 regions ranged from a conserved cysteine at position 104 (Cys104) to a conserved
phenylalanine at position 118 (Phe118), and the following glycine (Gly119) was translated
into an amino acid sequence. A unique sequence read was defined as a sequence read
with no identity in TRAV, TRAJ, and the deduced amino acid sequence of CDR3. The copy
number of identical unique sequence reads in each sample was automatically counted and
ranked by copy number using software for repertoire analysis. The percentage occurrence
frequencies were calculated for sequence reads containing TRAV and TRAJ and for genes.

4.10. Statistical Analysis

Statistically significant differences between the mean values of each experimental
group were analyzed using the Kruskal–Wallis test followed by Dunn’s multiple compari-
son tests. All analyses were performed using IBM SPSS Statistics version 24 (IBM, Armonk,
NY, USA). A p-value of <0.05 was considered significant.
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Abstract: Recently, the effects of antibacterial peptides are suggested to have therapeutic potential in
Alzheimer’s disease. Furthermore, systemic treatment of Porphyromonas gingivalis (Pg) lipopolysac-
charide (LPS) induced Alzheimer’s disease-like neuropathological changes in middle-aged mice.
Then, we examined whether human β-defensins (hBDs), antimicrobial peptides produced by the oral
mucosa and salivary glands, can suppress Pg LPS-induced oxidative and inflammatory responses
by microglia. hBD3 (1 μM) significantly suppressed Pg LPS-induced production of nitric oxide
and interleukin-6 (IL-6) by MG6 cells, a mouse microglial cell line. hBD3 (1 μM) also significantly
inhibited Pg LPS-induced expression of IL-6 by HMC3 cells, a human microglial cell line. In contrast,
neither hBD1, hBD2 nor hBD4 failed to inhibit their productions. Furthermore, hBD3 suppressed Pg
LPS-induced p65 nuclear translocation through the IκBα degradation. Pg LPS-induced expression of
IL-6 was significantly suppressed by E64d, a cysteine protease inhibitor, and CA-074Me, a known
specific inhibitor for cathepsin B, but not by pepstatin A, an aspartic protease inhibitor. Interestingly,
hBD3 significantly inhibited enzymatic activities of recombinant human cathepsins B and L, lysoso-
mal cysteine proteases, and their intracellular activities in MG6 cells. Therefore, hBD3 suppressed
oxidative and inflammatory responses of microglia through the inhibition of cathepsins B and L,
which enzymatic activities are necessary for the NF-κB activation.

Keywords: antibacterial peptide; cathepsin B; cathepsin L; human β-defensins; interleukin-6;
lipopolysaccharide; microglia; NF-κB p65; nitric oxide; Porphyromonas gingivalis

1. Introduction

Neuroinflammation is a reaction of the host to infectious or sterile tissue damage,
and has the physiological purpose of restoring tissue homeostasis. On the other hand,
uncontrolled or unresolved chronic neuroinflammation can lead to neuronal damage. It is
well known that chronic neuroinflammation is associated with brain pathologies including
Alzheimer’s disease (AD). However, there is limited knowledge regarding the mechanism
by which acute neuroinflammation turns into a chronic one. Recently, much attention
has been paid to the role of microbial infection in the pathogenesis of sporadic AD [1].
Periodontitis is a common oral chronic multi-bacterial infection which results in a persistent
bacterial and inflammatory load in the body. An increasing number of clinical studies
have demonstrated the impact of periodontitis on AD, and recent experimental studies
clarified the route of transduction of inflammatory signals from periodontitis to the brain.
Porphyromonas gingivalis (Pg), a major pathogen of chronic periodontitis, has virulence
factors including lipopolysaccharide (LPS), cysteine proteases called gingipains and outer
membrane vesicles [1–4]. Recently, LPS and gingipains, two major virulence factors of
Pg, have been detected in the brain tissue of patients with AD on autopsy [5,6]. Cohort
studies showed that periodontitis is associated with an increase in cognitive decline in AD
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patients [7,8]. Therefore, much attention has been paid to the causal relationship between
Pg virulence factors and cognitive dysfunction in AD patients [9–11]. We have first reported
that chronic systemic exposure of Pg LPS induced AD-like pathologies, including microglia-
mediated neuroinflammation and cognitive decline in middle-aged wild-type, but not
cathepsin B (CatB)-deficient mice [12]. Furthermore, neuroinflammation is responsible
for cognitive impairment following chronic systemic exposure of Pg LPS in young adult
mice [13] and periodontitis induced by Pg LPS in young adult rats [14].

Besides the ubiquitin-proteasome system, there is accumulating evidence demonstrat-
ing that the endosomal-lysosomal system is responsible for delayed degradation of IκBα,
an endogenous inhibitor of nuclear factor-κB (NF-κB), at the late phase of oxidative and
inflammatory responses by macrophages and microglia [15–20]. CatB was suggested to
promote the autolysosomal degradation of IκBα and subsequent NF-κB nuclear translo-
cation following hypoxic-ischemic brain injury of neonatal mice [18]. These observations
suggest that Pg LPS has a significant influence over AD pathologies through oxidative and
inflammatory responses mediated by activated microglia in a lysosome-dependent manner.

The emerging role of microbes and innate immune pathways in AD pathology suggests
that antimicrobial peptides may be considered for early therapeutic interventions in future
clinical trials [21,22]. Human β-defensins (hBDs) are cationic and small antimicrobial
peptides produced by the oral mucosa and salivary glands. hBD1 and hBD2 are also
expressed by microglia and astrocytes of both mouse and human brains [23–25]. With the
exception of constitutively expressed hBD1, inducible hBD2 and hBD3 are generally up
regulated by an inflammatory environment [25]. hBD1 is constitutively expressed in the
choroid plexus, which acts as a primary immuno surveillance and defense mechanism
against invading pathogens and systemic diseases [26]. Furthermore, the expression
of hBD1 is increased within granulovacuolar degeneration structures localized in the
cytoplasm of hippocampal pyramidal neurons and astrocytes of AD brain compared with
the control brain [27]. A higher level of hBD1 was also seen in the choroid plexus of AD
brain in comparison with an age-matched control brain. Moreover, AD patients show
higher copy numbers of polymorphism of the DEFB4 gene that encodes for hBD2 and
influences the production of hBD2, thus explaining the increased levels of hBD2 reported in
the serum and cerebrospinal fluid of AD patients [28]. Human cultured astrocytes have been
shown to express hBD2 following treatment with LPS and cytokines [23]. hBD3 is a potent
antimicrobial peptide and exhibits immunosuppressive and anti-inflammatory effects on
LPS-stimulated macrophages with relatively low concentrations [29,30]. These findings
suggest that increased expression of hBDs may ameliorate the pathological progression of
AD through regulation of activated microglia.

It remains, however, unclear whether hBDs are able to suppress oxidative and in-
flammatory responses induced by Pg LPS-stimulated microglia. In this study, we have
thus sought to elucidate possible inhibitory effects of hBDs on oxidative and inflammatory
responses induced by Pg LPS-stimulated microglia.

2. Results

2.1. Effects of hBDs on Cell Viability of MG6

We first examined effects of hBDs on the cell viability of MG6 cells using the cell
counting kit; 8 at 26 h after treatment with hBDs with the concentration ranging from
100 nM to 10 μM. hBD1, 2 and 4 with the concentration up to 10 μM had no significant toxic
effect on MG6 cells. On the other hand, hBD3 did not exhibit a significant toxic effect on
MG6 cells up to 1 μM, but 10 μM hBD3 significantly reduced the cell viability (Figure 1A).

2.2. Effects of hBDs on Pg LPS-Induced Nitric Oxide (NO) Production and Inducible NO Synthase
(iNOS) Expression by Microglia

To address whether hBDs could reduce Pg LPS-induced NO production by microglia,
we next utilized a Griess assay to determine levels of nitrite, the major NO metabolite,
in MG6 cells. hBD3 with the concentration of 100 nM and 1 μM significantly reduced
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nitrite production in MG6 cells after treatment with Pg LPS (10 μg/mL) for 24 h (Figure 1B).
In contrast, neither hBD1, hBD2 nor hBD4 with the concentration up to 1 μM showed
significant effect on the mean level of nitrite produced by MG6 cells after treatment with
Pg LPS. The mean level of Pg LPS-induced iNOS mRNA was also significantly reduced by
hBD3 (1 μM), but not by either hBD1, hBD3 or hBD4 (Figure 1C).

Figure 1. Effect of hBDs on cell viability, NO production and iNOS expression in MG6 cells after
treatment of Pg LPS. (A) Cell viability of MG6 cells was evaluated using CCK-8 assay at 26 h after
treatment with hBDs. MG6 cells were incubated with hBD1, 2, 3 and 4 with the concentrations ranging
from 100 nM to 10 μM. (B) the mean level of nitrite, the major NO metabolite, was measured by the
Griess assay. MG6 cells were pre-treated with hBDs at the indicated concentrations (100 nM and 1 μM)
for 2 h and then treated with Pg LPS (10 μg/mL) for 24 h. C. The mean mRNA expression level of
iNOS was determined by qRT-PCR analysis and β-actin mRNA served as the internal control for the
normalization. MG6 cells were pre-treated with hBDs at the indicated concentrations (100 nM and
1 μM) for 2 h and then treated with Pg LPS (10 μg/mL) for 6 h. (A–C) The data are presented as the
mean ± SE of three independent experiments, and p values were calculated using a one-way ANOVA
with a post-hoc Tukey’s test. A value of p < 0.05 was considered to indicate statistical significance.
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2.3. Effects of hBDs on Pg LPS-Induced Interleukin-6 (IL-6) mRNA and Protein by Microglia

To determine cytokines and chemokines induced by stimulation with Pg LPS, we
examined the cytokine expression in MG6 cells by using a cytokine antibody array. Un-
treated MG6 cells (none, distilled water only) were found constitutively to express relatively
high levels of insulin growth factor-1 (IGF-1) and macrophage inflammatory protein-1α
(MIP-1α), while all of the other cytokines and chemokines were undetectable. Both IL-6
and granulocyte-colony stimulating factor (G-CSF) were most intensively expressed in
MG6 cells following stimulation with Pg LPS (10 μg/mL) for 24 h (Figure 2A,B). It was
also noted that secretion levels of monocyte chemoattractant protein-1 (MCP-1), IL-1α,
MIP-1α and vascular endothelial growth factor-A (VEGF-A) were also markedly increased
following treatment with Pg LPS.

Figure 2. Effects of hBDs on the cytokine expression by microglia after exposure to Pg LPS.
(A) Cytokines secreted from MG6 cells after exposure to Pg LPS were detected by cytokine antibody
array. Each cytokine is represented by duplicate spots in the locations shown. (B) Densitometric
analyses of cytokine spots shown in A. Each column represents fold change of optical intensity for
average of two spots detected. (C) The mean protein level of IL-6 secreted in the culture medium
of MG6 cells was determined by ELISA. MG6 cells were pre-treated with hBD3 (1 μM) for 2 h and
then treated with Pg LPS (10 μg/mL) for 6 h. (D) The mean mRNA expression level of IL-6 in MG6
cells was determined by qRT-PCR analysis and β-actin mRNA served as the internal control for the
normalization. MG6 cells were pre-treated with hBD3 (1 μM) for 2 h and then treated with Pg LPS
(10 μg/mL) for 6 h. (E) The mean mRNA expression level of IL-6 in HMC3 cells was determined by
qRT-PCR analysis and β-actin mRNA served as the internal control for the normalization. HMC3
cells were pre-treated with hBD3 (1 μM) for 2 h and then treated with Pg LPS (30 μg/mL) for 3 h.
(C–E) The data are presented as the mean ± SE of three independent experiments, and p values were
calculated using a one-way ANOVA with a post-hoc Tukey’s test. A value of p < 0.05 was considered
to indicate statistical significance.

IL-6 is a pleiotropic cytokine that regulates multiple biological processes, including
the development of the nervous and hematopoietic systems, acute-phase responses, in-
flammation, and immune responses [31]. On the other hand, G-CSF is essential for the
protective inflammatory response and for maintaining the balance between anti- and pro
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inflammatory reactions in an inflammatory condition [32]. We then focused on the Pg
LPS-induced expression of IL-6. Effects of hBD3 on the Pg LPS-induced IL-6 expression
in MG6 cells were examined at both the protein and transcriptional levels using enzyme-
linked immunosorbent assay (ELISA) and quantitative real-time polymerase chain reaction
(qRT-PCR), respectively. We examined thee effects of only hBD3 on the expression of IL-6,
because the production of NO and IL-6 in microglia uses common signaling pathways.
hBD3 (1 μM) significantly inhibited Pg LPS-induced expression of IL-6 in MG6 cells at
both protein (Figure 2C) and mRNA (Figure 2D) levels. To further generalize the above
observations, we used human embryonic microglia clone 3 (HMC3). The responsiveness of
HMC3 cells to stimulation with Pg LPS (10 μg/mL) are relatively weak when compared
with that of MG6 cells. Pg LPS (10 μg/mL) could induce expression of IL-6 mRNA in HMC3
cells, but there was a significant variation in its effectiveness. We then used Pg LPS with the
concentration of 30 μg/mL. Pg LPS (30 μg/mL for 3 h) induced a significant increase in the
expression of IL-6 mRNA in HMC3 cells (Figure 2E). hBD3 (1 μM) significantly inhibited
Pg LPS-induced mRNA expression of IL-6 in HMC3 cells (Figure 2E).

2.4. Effects of hBD3 on Pg LPS-Induced Nuclear Translocation of p65 and Proteolytic Degradation
of IκBα

The promoter regions of both iNOS and IL-6 genes have a putative NF-κB binding
site [33,34]. Therefore, abrogation of NF-κB activation is one of the plausible mechanisms
underlying the inhibitory effect of hBD3 on the Pg LPS-induced NO and IL-6 production in
MG6 cells. We thus examined effects of hBD3 on the Pg LPS-induced p65 nuclear transloca-
tion and degradation of IκBα, an endogenous inhibitor of NF-κB. hBD3 (1 μM) significantly
inhibited the Pg LPS-induced p65 nuclear translocation in MG6 cells (Figure 3A,B). Fur-
thermore, the mean level of IκBα was significantly decreased in MG6 cells after treatment
with Pg LPS (10 μg/mL) at 6–12 h (Figure 3C). hBD3 (1 μM) significantly inhibited Pg
LPS-induced delayed reduction of IκBα (Figure 3D,E).

Figure 3. Cont.
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Figure 3. Effects of hBD3 on the Pg LPS-induced nuclear translocation of NF-κB p65 and degradation
of IκBα. (A) Immunofluorescence CLMS images indicating the nuclear translocation of p65 (red)
in MG6 cells with Hoechst-stained nuclei (blue) at 3 h after stimulation with Pg LPS (10 μg/mL)
in the presence or absence of hBD3 (1 μM). (B) The typical cells were analyzed by line plot profile
to show the cytosol and nuclear location of p65. (C) The protein expression of IκBα in MG6 cells
after stimulation with Pg LPS (10 μg/mL) at the indicated time. (D) The protein expression of IκBα
in MG6 cells after stimulation with Pg LPS (10 μg/mL) for 6 h in the presence or absence of hBD3
(1 μM). (E) The mean intensity of IκBα, which were detected by the immunoblots shown in (D), were
measured and normalized against the signal of β-actin. They are shown here relative to the values in
untreated cells. The data are presented as the mean ± SE of five independent experiments from MG6
cells after stimulation with Pg LPS for 6–24 h in the presence or absence of hBD3, and p values were
calculated using a one-way ANOVA with a post-hoc Tukey’s test. A value of p < 0.05 was considered
to indicate statistical significance.

2.5. Inhibitory Effects of hBD3 on Activities of Human CatB and Cathepsin L (CatL)

We previously reported that CatB played a critical role in AD-like pathologies, in-
cluding microglia-mediated neuroinflammation following a chronic systemic exposure of
Pg LPS [12]. Furthermore, growing evidence suggests that inflammatory and oxidative
responses of macrophages/microglia at the late phase depends on the lysosomal proteolytic
machinery [15–20]. We thus examined the effects of lysosomal protease inhibitors on the Pg
LPS-induced expression of IL-6 mRNA. Pg LPS-induced expression of IL-6 mRNA in MG6
cells was significantly inhibited by E64d (50 μM), a broad cysteine protease inhibitor, and
CA-074Me (30 μM), a known specific inhibitor for CatB, but not by pepstatin A (30 μM), an
aspartic protease inhibitor (Figure 4A).

Therefore, possible inhibitory effects of hBD3 on the enzymatic activities of CatB and
CatL, typical cysteine cathepsins, were examined by use of cell-permeable, fluorescently
labeled substrates, z-Arg-Arg-cresyl violet and z-Phe-Arg-cresyl violet, respectively. The
fluorescent cresyl violet group of which is designed to be dequenched upon the cleavage
of dipeptides by CatB or CatL. The enzymatic activities of CatB and CatL, visualized
as punctuate bright signals in MG6 cells, were increased after stimulation with Pg LPS
(10 μg/mL). hBD3 (1 μM) markedly reduced the increased fluorescent signals of both CatB
and CatL after treatment with Pg LPS (Figure 4B,C), suggesting that hBD3 penetrated into
MG6 cells to inhibit their enzymatic activities in the lysosomes.

To quantify the inhibitory effects of hBD3 on activities of CatB and CatL, we examined
effects of hBDs on the enzymatic activities of recombinant human CatB and CatL using
the cleaved synthetic AFC based peptide substrates, Ac-Arg-Arg-AFC and Ac-Phe-Arg-
AFC, respectively. hBD3 (1 μM) significantly inhibited enzymatic activities of recombinant
human CatB and CatL (Figure 4D,E). In contrast, either hBD1, 2 or 4 showed no significant
effect on their enzymatic activities, suggesting that their lack of inhibitory effect on the CatB
and CatL activities is responsible for their inability of inhibiting Pg LPS-induced oxidative
and inflammatory responses.
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Figure 4. Effects of hBD3 on the enzymatic activity of human CatB and CatL. (A) The mean level of
Pg LPS-induced IL-6 mRNA was significantly reduced by E64d (50 μM) and CA-074Me (30 μM), but
not by pepstatin A (30 μM). (B,C) CLSM images of z-Arg-Arg-cresyl violet (B) and z-Phe-Arg-cresyl
violet (C) in non-treated and Pg LPS-treated MG6 cells in the absence and presence of hBD3 (1 μM).
(D,E) The mean enzymatic activity levels of human CatB (D) and human CatL (E) were measured by
measured by AFC based peptide substrates to release AFC. (A,D,E) The data are presented as the
mean ± SE of three independent experiments, and p values were calculated using a one-way ANOVA
with a post-hoc Tukey’s test. A value of p < 0.05 was considered to indicate statistical significance.

3. Discussion

In this study, we sought to determine whether hBDs could reduce Pg LPS-induced
oxidative and inflammatory responses in microglia. Our observations indicate that hBD3
with a relatively low concentration (i.e., 1 μM) significantly suppressed Pg LPS-induced
production of NO and iNOS by MG6 cells. Furthermore, hBD3 also significantly suppressed
Pg LPS-induced expression of IL-6 by MG6 cells in both mRNA and protein levels. The
inhibitory effect of hBD3 on Pg LPS-induced mRNA expression of IL-6 was also observed
in HMC3 cells. In contrast, either hBD1, hBD2 or hBD4 failed to inhibit the production of
NO and IL-6 by MG6 cells.

Chronic systemic exposure of Pg LPS induces AD-like pathology, including microglia-
mediated neuroinflammation and cognitive decline in both mice and rats [12–14]. There
is increasing evidence of lysosome-related degradation of IκBα, an endogenous inhibitor
of NF-κB, at the late stage of inflammation [15–20]. Several studies have revealed that
hBD3 inhibits E. coli LPS-induced inflammatory responses of the macrophage cell line RAW
264.7 cells by down regulation of NF-κB and inflammatory gene transcription [35], or directly
suppressing the degradation of phosphorylated IκBα [36]. In this study, hBD3 significantly
suppressed the Pg LPS-induced p65 nuclear translocation. It has been reported that standard
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Pg LPS, which contains other bacterial components including lipoproteins, could activate
the NF-κB/STAT3 signaling pathways in BV-2 microglial cells through Toll-like receptor
2/4 (TLR2/4) [37,38]. Therefore, it is considered that hBD3 inhibits Pg LPS-induced p65
nuclear translocation through the IκBα degradation and subsequent NF-κB activation at the
late stage of neuroinflammation, which may drive delayed and/or chronic state.

hBD3 is highly membrane-permeable, because it has a cationic amino acid sequence
in the C-terminus and a hydrophobic amino acid sequence in the N-terminus (Supplemen-
tary Figure S1) [36,39]. Therefore, the potent cell-penetrating activity of hBD3 is partly
responsible for the antioxidant and anti-inflammatory effects in microglia. In this study,
Pg LPS-induced expression of IL-6 by MG6 cells was significantly inhibited by E64d, a
cysteine cathepsin inhibitor, and CA-074Me, a known specific inhibitor for CatB, but not
by pepstatin A, a specific aspartic protease inhibitor. Moreover, it has been reported that
hBD2 and hBD3 could be substrates for cysteine cathepsins such as CatB and CatL [40].
These observations further prompted us to examine the effects of hBD3 on the enzymatic
activities of cysteine cathepsins. As expected, hBD3 (1 μM) significantly inhibited the
enzymatic activities of recombinant human CatB and CatL, probably through the suicide
substrate-based inhibition mechanism. hBD3 (1 μM) also inhibited enzymatic activities
of both CatB and CatL in MG6 cells by use of cell-permeable fluorescently labeled sub-
strates of CatB and CatL (Figure 4B,C). The punctate fluorescent signals, which indicate
enzymatic activity in the endosomes/lysosomes, were markedly reduced by treatment
with hBD3, suggesting that hBD3 can penetrate into the endosomes/lysosomes. In con-
trast, either hBD1, 2 or 4 showed no significant effects on their activities. On the basis of
these observations, their lack of an inhibitory effect on the CatB and CatL activities, rather
than their weak membrane permeability, is responsible for the inability of inhibiting Pg
LPS-induced oxidative and inflammatory responses. Therefore, it may be concluded that
hBD3 suppresses the Pg LPS-induced oxidative and inflammatory responses in microglia
through inhibiting CatB and CatL, which enzymatic activities are necessary for degradation
of IκBα at the late stage of inflammation. The present results are consistent with our pre-
vious findings. Both the genetic deficiency of CatB and its pharmacological inhibition by
CA-074Me ameliorated microglia-mediated neuroinflammation and cognitive impairment
of Pg LPS-treated middle-aged mice [12]. Furthermore, CA-074Me significantly inhibited
the Pg infection-induced Aβ peptide production by macrophages [41]. It is worthwhile to
mention that CA-074Me with relatively high concentrations inhibits not only CatB, but also
other cysteine cathepsins such as CatL in mammalian cells [42,43].

In the brain, astrocytes, epithelium of the choroid plexus and meningothelial cells
express and likely secrete immuno-modulatory antimicrobial peptides, including hBD1
and hBD2, that could influence inflammation within the brain [23,26]. It has been reported
that salivary lactoferrin is transferred into the brain by absorption from the sublingual
mucosa, in which the favorable effects of salivary lactoferrin on brain will be expected via
the sublingual mucosa [44]. hBDs including hBD3 are produced by the oral mucosa and
salivary glands. Therefore, it is interesting to speculate that hBD3 can be also transferred
into the brain through the sublingual route. The relationship between salivary glands and
brain function might provide new insight into potential therapeutic approaches for brain
neurological disorders [45]. Further study will be necessary to elucidate the absorption and
transportation of salivary hBD3 into the brain.

4. Materials and Methods

4.1. Reagents

hBD1-4, E64d, CA-074Me and pepstatin A were purchase from Peptide Institute Inc.
(Osaka, Japan). Standard Pg LPS was purchased from Invivogen (San Diego, CA, USA).

4.2. Cell Culture

The c-myc-immortalized mouse microglial cell line, MG6 (RIKEN Cell Bank), was
maintained at 37 ◦C in DMEM containing 10% heat-inactivated fetal bovine serum (FBS,
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ICN Biomedicals) supplemented with 3.5 mg/mL glucose, 100 μM β-mercaptoethanol,
10 μg/mL insulin, 100 μg/mL streptomycin, and 100 U/mL penicillin (ThermoFischer
Scientific, Walthan, MA, USA). HMC3 (CRL-3304) cells obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA) were maintained at 37 ◦C in DMEM con-
taining 10% heat-inactivated FBS supplemented with 2 mg/mL glucose, 2 mM glutamine,
100 units/mL penicillin, and 100 μg/mL streptomycin.

4.3. Assay for Cell Survival

Cell viability was measured by WST-8 conversion to water-soluble formazan by
mitochondrial dehydrogenase (Cell Counting Kit-8, Dojindo, Japan) following the protocol
provided by the manufacturer. Briefly, WST-8 was added to MG6 cells in 96-well plates
(3 × 104 cells/well) and incubated at 37 ◦C for 1 h. The optical density was read at a
wavelength of 450 nm with a microplate reader.

4.4. Assay of NO Production

MG6 cells cultured in a 96-well plate (3 × 104 cells/well) were pre-treated with hBD1,
2, 3, and 4 at 100 nM and 1 μM for 2 h and then exposed to Pg LPS (10 μg/mL) for 24 h. The
supernatant was transferred to a new 96-well plate with Griess reagent (Griess Reagent Kit;
Dojindo, Kumamoto, Japan) and incubated at room temperature for 15 min. The amount
of nitrite, the major NO metabolite, in the cytosol was measured spectrophotometrically
using a microplate reader at a wavelength of 540 nm.

4.5. qRT-PCR

Total RNA was extracted using TRIzol regent (ThermoFischer Scientific) according to
the manufacturer’s instructions. 1–2 μg of total RNA was used for cDNA synthesis using the
ReverTra Ace (TOYOBO, Osaka, Japan). After a denaturation step at 95 ◦C for 1 min, 45 cycles
of denaturation at 95 ◦C for 15 s, annealing at 61 ◦C (iNOS (mouse)), 57 ◦C (IL-6 (mouse)),
55 ◦C (β-actin (mouse)), or 52◦C (IL-6 (human) and β-actin (human)) for 15 s and extension at
72 ◦C for 29 s (iNOS (mouse)), 20 s (IL-6 (mouse)), or 1 min (β-actin (mouse), IL-6 (human),
β-actin (human)) were carried out to amplify each cDNA. The cDNA was amplified in
triplicate using a Thunderbird next SYBR qPCR mix (TOYOBO) with Real-Time PCR System
TP800 (TaKaRa-bio, Shiga, Japan) or TP990 (TaKaRa-bio). The sequences of primer pairs
were described as follows: iNOS (mouse): 5′-CTCGGAACTGTAGCACAGCAC-3′ and 5′-
AAGACCAGAGGCAGCACATCAA-3′; IL-6 (mouse): 5′-TCTTGGGACTGATGCTGGTG-3′ and
5′-GCA CAA CTC TTT TCT CATTTCC-3′; β-actin (mouse): 5′-GGCATTGTGATGGACTCCG-3′
and 5′-GCT GGA AGGTGGACAGTGA-3′; IL-6 (human): 5′-GAACTCCTTCTCCACAGCG-
3′ and 5′-TTTTCTGCCAGTGAATCTTT-3′; β-actin (human): 5′-CAT CTCTTGCTCGAAGT
CCA-3′ and 5′-ATCATGTTTGAGACCTT CAACA-3′. For data normalization, an endogenous
control (β-actin) was assessed to control for the cDNA input, and the relative units were
calculated by a calibration curve method. All qRT-PCR experiments were repeated three times,
and the results are presented as the means of the ratios ± SE.

4.6. Cytokine Antibody Array

MG6 cells were exposed to Pg LPS (10 μg/mL) at 37 ◦C for 24 h. Culture supernatant
were then analyzed with cytokine antibody array by using the C-Series Mouse Neuro
Discovery Array C1 (RayBiotech, Norcross, GA, USA) according to the manufacturer’s
instructions. Signal intensities were detected with LAS-4000 (Fujifilm, Tokyo, Japan) and
analyzed with Image Lab 6.0.1 software program (Bio-Rad, Hercules, CA, USA). Biotin-
conjugated immunoglobulin G served as a positive control at six spots, where it was used
to identify membrane orientation and to normalize the results from different membranes
that were being compared. Following, 23 molecules containing cytokines and chemokines
were detected and semi quantified on membrane arrays containing different cytokine
antibodies: Fas ligand, fractalkine, G-CSF, interferon-γ, IGF-1, IL-10, IL-1α, IL-1β, IL-4, IL-6,
keratinocyte chemoattractant, LPS-induced CXC chemokine, MCP-1, MIP-1α, macrophage-
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colony stimulating factor, matrix metaloprotease-2, matrix metaloprotease-3, receptor for
advanced glycation end products, thymus and activation-regulated chemokine, stromal
cell-derived factor-1α, transforming growth factor-β, tumor necrosis factor-α, VEGF-A.

4.7. ELISA

The amounts of secreted IL-6 from MG6 cells were measured by ELISA (RayBiotech
Inc., Norcross, GA, USA) following the protocol provided by the manufacturer. The
absorbance at 450 nm was determined using a microplate reader.

4.8. Immunoblotting Analyses

MG6 cells were seeded on a petri dish at a density of 7.5–10 × 105 cells/dish for
1–2 days. After treatment with Pg LPS for 3, 6, 12, 24 h, the cells were then lysed with RIPA
buffer, consisting of 10 mM Tris-HCl, pH 7.5, 1% (v/v) NP-40, 0.1% (w/v) sodium deoxy-
cholate, 0.1% (w/v) SDS, 150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail (Nacalai
Tesque, Kyoto, Japan), and then cell lysates were subjected to 10% (w/v) sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The proteins on the SDS–polyacrylamide gels
were then transferred to nitrocellulose membranes. After blocking with Blocking one
(Nacalai Tesque), the membranes were incubated with a rabbit anti-IκBα (Abcam, Cam-
bridge, UK) and rabbit-anti-β-actin (GENETEX, Irvine, CA, USA) at 4 ◦C overnight. After
being washed, the membranes were incubated with horseradish peroxidase (HRP)-labeled
anti-rabbit IgG antibodies (GE Healthcare, Tokyo, Japan) for 1 h at room temperature. Sub-
sequently, the membrane-bound HRP-labeled antibodies were detected using an Amasham
ECL western blotting detection reagent and analysis system (GE Healthcare) with an imag-
ing analyzer (LAS-4000, Fujifilm, Tokyo, Japan). Signal intensities were determined using
the Image Lab 6.0.1 software program (Bio-Rad, Hercules, CA, USA).

4.9. Enzymatic Activity Assay of CatB and CatL

The enzymatic activities of CatB or CatL in the absence and presence of hBDs were
measured by the cleaved synthetic 7-amino-4-trifluoromethylcoumarin (AFC) based pep-
tide substrates, Ac-Arg-Arg-AFC and Ac-Phe-Arg-AFC, respectively (BioVision, Milpitas,
CA, USA). The fluorescence intensities of AFC were measured by a microplate reader at an
excitation wavelength of 400 nm and an emission wavelength of 505 nm.

4.10. Fluorescence Imaging of Enzymatic Activities of CatB and CatL

MG6 microglia were stained with the cell-permeable fluorescently labeled CatB sub-
strate z-Arg-Arg-cresyl violet or CatL substrate z-Phe-Arg-cresyl violet according to the
manufacturer’s instructions (cv-CatB detection kit and cv-CatL detection kit; Enzo Life
Sciences, Inc., Farmingdale, NY, USA). Chamber slides containing the stained live cells
were then mounted in PBS. Fluorescent images were taken using a confocal laser-scanning
microscope (CLSM, FV1000, Olympus, Tokyo, Japan).

4.11. Immunostaining

MG6 cells were treated with Pg LPS (10 μg/mL) for 3 h in the absence and presence
of hBD3 (1 μM) and were fixed with 4% paraformaldeyte. They were then incubated
with rabbit anti-NF-κB p65 IgG (Abcam). After washing with PBS, cells were incubated
with donkey anti-rabbit Alexa 555 (ThermoFisher Scientific, Waltham, MA, USA), then
incubated with Hoechst and mounted in Vectashield anti fading medium (Vector Laborato-
ries, Newark, CA, USA). Fluorescent images were taken using a confocal laser-scanning
microscope (FV1000). The line plot profile was analyzed using Image J.

4.12. Statistical Analysis

The data are represented as the mean ± standard error (SE). Statistical analyses of the
results were performed with one-way analysis of variance (ANOVA) with post hoc Tukey’s
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test using the GraphPad Prism8 (GraphPad Software, Inc., San Diego, CA, USA) software
package. p < 0.05 was considered to indicate a statistically significant difference.

5. Conclusions

hBD3 inhibited Pg LPS-induced oxidative and inflammatory responses in microglia
through a direct inhibition of CatB and CatL. Both CatB and CatL might be involved in
degradation of IκBα, resulting in a delayed but long-lasting activation of NF-κB pathways.
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Abstract: Chronic ulcerative stomatitis (CUS) is a rarely reported disease affecting the oral cavity,
most often affecting middle-aged Caucasian females. The aim of the present study is to present the
diagnosis, differentiation, and interdisciplinary treatment of this rare disease. CUS is characterized by
the presence of an oral erosive or ulcerative lesion. The autoimmune pathogenesis of CUS includes
affecting the antigen’s activity by DNA-breaking and protein-hydrolyzing enzymes. The stratified
epithelium-specific antinuclear antibodies (SES-ANA) are associated with CUS development. Clin-
ically, the lesions presented in oral mucosa might resemble an erosive form of oral lichen planus,
whereas gingival lesions seem to be similar to desquamative gingivitis related to dermatological dis-
eases manifested in the oral cavity. Patients often report subjective symptoms related to oral mucosa
and general symptoms. Histopathological presentation of CUS is often non-specific and includes
sub-epithelial separation from underlying connective tissue, atrophic epithelium, and inflammatory
infiltrate with an increased number of plasma cells and lymphocytes. Direct immunofluorescence
(DIF) might be used in CUS diagnostics. CUS generally remains nonsusceptible to corticosteroid
treatments; however, antimalarial drugs and calcineurin inhibitors are more effective. Further re-
search should be conducted in order to implement a diagnostic protocol and observe the long-term
results of CUS management.

Keywords: CUS; chronic ulcerative stomatitis; oral mucosa disease

1. Introduction

Chronic ulcerative stomatitis (CUS) is a rarely reported disease affecting oral cav-
ities [1]. The first to describe CUS as a distinct entity were Parodi et al. in 1990 [1,2],
although, in some reports, preliminary investigative statements were published [3–5]. CUS
is the disease most often affecting middle-aged Caucasian females, but isolated cases of
black and Asian females have also been reported [6]. The majority of the reported cases
involved females; however, 10% of CUS cases appeared among male patients [7–9]. People
aged 35–81 were most often affected by the disease, mainly in the fifth and sixth decades of
life [7,8,10]. The average age of the patients diagnosed with CUS was 59 years [7,9–11].

CUS is characterized by the presence of oral erosive or ulcerative lesions that display
distinctively unique direct and indirect immunofluorescence patterns [7,12]. Not only oral
mucosa but also the skin can be affected [6,9]. Presumably, 22.5% of cases involve cutaneous
tissues [6]. Chronic ulcerative stomatitis is a debilitating condition, its definition consists
of chronic oral ulcers and erosions, which can be surrounded by subtle white reticular
striations [1,8]. The clinical similarity of CUS to other oral diseases might be the cause of
frequent misdiagnosis and such a small number of described cases [2,10]. After more than
29 years, there are still less than 100 patients reportedly with diagnosed CUS [1]. Azzi et al.
highlighted that the mean age of the disease development usually differs from the age
of diagnosis. Considering this, the mean diagnostic delay was 30 years, but the most
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extreme delay was even 30 years, which might be a result of the fact that chronic ulcerative
stomatitis still remains a poorly understood disease [1,6,8]. CUS is rarely reported; however
this does not enable the consideration of CUS as a rare disease [1].

The aim of the present study is to present the diagnosis, differentiation, and interdis-
ciplinary treatment of this rarely reported disease. Therefore, a descriptive review of the
literature on the pathogenesis, diagnosis and treatment strategies has been performed.

2. The Autoimmune Pathogenesis

The pathogenesis of chronic ulcerative stomatitis has been investigated since 1990
when Parodi et al. analyzed sera from patients and found circulating antibodies there
that targeted a mammalian epithelial antigen. Due to affecting the antigen’s activity by
DNA-breaking and protein-hydrolyzing-enzymes, it was assumed that the antigen was a
multimolecular, non-histonic DNA-protein complex [1,6]. In the meantime, Jaremko et al.
described antinuclear antibodies (ANA) associated with the CUS and identified them as
stratified epithelium-specific ANA (SES-ANA) [13]. These antibodies were found in both
in vivo and in vitro studies [1,13].

Lee et al. were the first to identify the main antigen which was involved in CUS, a
multimolecular 70 kDa epithelial nuclear protein, which they called “chronic ulcerative
stomatitis protein” (CUSP) [1,14]. Sequencing the cDNA for CUSP autoantigen revealed
that CUSP was homologously similar to the p53 tumor suppressor gene and p73 putative
tumor suppressor gene and was a splicing variant of the p53-like rat KET gene [7,14,15].
Therefore, p53 was considered a unique protein for a long time, but in 1997 p63 and p73
were identified as the same family members [16,17]. The p63 gene is located on chromosome
3q26-28 and encodes six p53-homologous proteins [6,16,17]. The structural similarity of
the p63 and p73 proteins to the p53 proteins applies to the N-terminal transactivation
domain, a central DNA-binding protein, and an oligomerization domain close to the C-
terminus [6,16–18]. Moreover, each of the p53, p63, and p73 genes use the molecular splicing
promoter in different ways, which consequently leads to the formation of various isoforms
possessing distinct functional activities. The similarity in the DNA sequences, specifically
in the DNA binding domain, enables p53, p63, and p73 to transactivate some of one other’s
target genes and to regulate their expression. All of these proteins can interact between
themselves [18,19]. The three p53-homologous proteins (TAp63α, TAp63β, and TAp63γ)
contain a transactivation domain in N-terminus, such as the p53 protein [6,15–17,20]. On
the contrary, the other three proteins (ΔNp63α, ΔNp63β, and ΔNp63γ) do not have the
N-terminal transactivation domain; thus, they are restricted to the epithelium [6,15,17].

Ebrahimi et al. named CUSP as a ΔNp63α protein because it appeared to be an isoform
of p63 [1,16]. The p63 exerts a multifaceted effect on embryogenesis, limb morphogenesis,
and also the phenotype and development of stratified squamous epithelia, adnexa, teeth,
and glands. It is essential for the differentiation, maintenance of proliferative potential,
integrity, and apoptotic epithelial injury through the p53 pathway, which may indicate the
importance of the presence of the p63 family protein in the oral mucosa due to the constant
exfoliation of epithelial cells and a tendency to minor injuries [4,11,18]. ΔNp63α is normally
present in the nuclei of the basal and parabasal cells in the progenitor cell compartment
of the stratified squamous epithelium and remains the target to autoantibodies with a
stratified epithelial specific-antinuclear antibody (SES-ANA) pattern [18–20]. ΔNp63α
poses an impact on the maintenance of epithelial integrity and homeostasis by regulating
the expression of cell-to-cell and cell-to-basement membrane adhesion molecules, which
affect epithelial development and regeneration [12,19]. Furthermore, ΔNp63α can block
the function of the p53 protein [21].

The very first to describe SES-ANA were Jaremko et al. [13]. These antinuclear anti-
bodies were found circulating in the sera of patients with CUS and were observed only in
stratified epithelial substrates and indirect immunofluorescence studies [22]. Furthermore,
ANA was not detectable in the muscle or fibrous connective tissue nuclei, conventional
ANA substrates, such as the human neoplastic Hep-2 cell line, rodent liver, or kidney
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substrates. The ANA pattern appears not only on the perilesional mucous membrane
but also on normal mucous membranes and skin [7,13]. Solomon et al. described the
autoimmune response in CUS patients and showed the presence of IgG antibodies, which
are bound to the ΔNp63α antigen. Therefore, among 52% of the patients, circulating IgA
antibodies were found [1,6,18]. No positive correlation was observed between patients
having both circulating IgG and IgA antibodies and more severe courses of the disease,
although patients with mucous membrane pemphigoid and dual circulating IgG and IgA
antibodies presented a more severe response to the disease. Future studies are necessary to
verify if dual antibodies can also pose an impact on the severity of CUS [6,18].

The highly likely patomechanism of chronic ulcerative stomatitis is that SES-ANA
interfere with the normal function of the CUSP protein (ΔNp63α) of keratinocytes in the
basal and parabasal cell layers of the oral stratified epithelium [4,19]. Due to an intracellular
and intranuclear penetration, IgG SES autoantibodies attach to the ΔNp63α of keratinocytes,
which cause the detachment from the basal membrane and from each other. Since CUSP
is an anti-apoptotic protein, the inhibition of the action of the CUSP by auto-antibody
binding leads to apoptotic epithelial injury through the p53 pathway. Clinically, we can
observe this as erosions and ulcerations, which are the hallmark of CUS [1,4,10,11,19].
Azzi et al. noted that we do not have a certainty whether the CUS is caused by pathogenic
hyperactive IgG autoantibodies binding to ΔNp63α, or if the autoimmune response is
handled by physiological IgG reacting to an ΔNp63α overexpression, secondary to the
T cell-induced damage to the basal cell layer of the epithelium and to an increase in
pro-apoptotic processes [6].

Therefore, some authors have assumed that CUS is not a distinct disease but is rec-
ognized as an oral lichen planus variant. This assumption was made due to the fact that
autoimmunity directed in ΔNp63α might also be a mechanism involved in LP-epithelial
cell damage, which can define CUS as a variant of LP [1,19,23]. Antibodies characteristic of
CUS can also be found in LP patients, which was confirmed by Cozzani et al., but some
authors claimed that it seems to be an epiphenomenon, which should not be the base of
the diagnosis of oral lichen planus (OLP) [1,23]. Contrarily, the other authors believe that
chronic ulcerative stomatitis is a hyper-reactive form of OLP, which consists of cytotoxic
damage within the basal cells of the epithelium caused by T lymphocytes and the B-cell
response to the ΔNp63α antigen. Azzi et al. even proposed a change in the CUS name due
to uncertainty if chronic ulcerative stomatitis was a distinct disease [6].

3. Clinical Symptoms

The condition generally manifests as non-healing, erosive, or as an ulcerative lesion
with subtle white reticular striations [6,13,24]. The most frequent clinical presentations of
CUS in the oral cavity are erosions, white lesions, erythema, and ulcerations. Lesions appear
on the tongue, which is usually the most common location, followed by the buccal mucosa
and the gingiva [7,9,10,12]. The gingival lesions often appear in the form of desquamative
gingivitis, which arises from epithelial sloughing due to even minor manipulation of tissue.
This can also resemble erosive oral lichen planus (OLP), mucous membrane pemphigoid
(MMP), or pemphigus vulgaris, with non-specific lesions or the presence of lichenoid white
plaques or striae [6,10,12]. Rarely the hard palate, lingual and labial mucosa, and lower
lip might also remain a place of appearance for CUS lesions [7,9,12]. Regardless of its
definition, CUS can also be manifested extra-orally, affecting other mucous membranes,
skin, hair, and nails [25]. There were also a few reports describing ocular manifestations,
such as cicatricial conjunctivitis and ectropion. It was reported that oral lesions can also be
accompanied by gluten-dependent enteropathies and genital lesions [6,21].

Regarding the appearance of the oral cavity lesions of CUS, they are mostly symmetri-
cal and might resemble lichenoid lesions, which appear as shallow, irregular ulcerations
with abbreviated or vaguely formed peripheral keratotic striae; however, lesions can also
present a non-specific clinical picture [6,25,26]. The healing of those lesions does not in-
volve scarring [11]. A lot of authors emphasize that progressive painful erythematous
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gingival lesions, with large, tender erosions in CUS, which can be indistinguishable from
OLP, lichenoid stomatitis, MMP, dermatitis herpetiformis, linear IgA disease, pemphi-
gus vulgaris, erythema multiforme, pyostomatitis vegetans, and epidermolysis bullosa
acquisita [7–9,11,27–29].

Additional reported signs of CUS were the varying severity of desquamation, xerosto-
mia, vesiculation, or positive gingival Nikolsky’s sign. Periodic symptom exacerbations
and remissions are often observed [7]. Clinically, the lesions presented in oral mucosa might
resemble an erosive form of the oral lichen planus, whereas gingival lesions seem to be
similar to desquamative gingivitis related to dermatological diseases manifested in the oral
cavity [4,6,30]. Clinical symptoms in CUS are mostly symmetrical and might present an
OLP appearance, including white striae departing from the borders of the ulcers observed
in 60% of cases [31]. According to conducted research, all patients presented at least one
clinically evident CUS symptom, and in most of the cases, more than one clinical sign
was observed [3,6,7,10,12,20,25,30–39]. The lesions’ localization in the oral cavity involved
mainly buccal mucosa (nearly 70%) and gingiva (over 50%). Less frequently, lesions were
observed on the tongue, hard palate, and labial mucosa. The buccal mucosa and gingiva
lesions were more likely to be independently existing lesions. Therefore, lesions in less
frequent locations were mostly associated with supplementary lesions in other distinct
locations [4,6].

Patients suffering from CUS are affected by painful remitting ulcerations, which
are characterized by episodes of remission and exacerbation [8,12]. Patients often report
subjective symptoms related to the oral mucosa, such as discomfort or pain and a burning
or stinging sensation. General symptoms include nervousness, fatigue, malaise, depression,
apathy, and sleeplessness [7,8,11]. Some of the patients reported difficulties in food intake,
especially sweet or salty, and drinking hot or cold drinks, which can lead to weight loss in
a group of patients [1,7,8]. The inability to maintain proper oral hygiene due to strong pain
was also reported by some patients diagnosed with CUS [40].

4. Histopathological Presentation

The histopathological presentation of CUS is often non-specific. According to con-
ducted research, over half of histopathological results were classified as “non-specific
mucositis”, and nearly half of them were misdiagnosed with lichenoid features [6,41].

The histopathological presentation of CUS was observed as a sub-epithelial separation
from the underlying connective tissue, atrophic epithelium, and inflammatory infiltrate
with an increased number of plasma cells and lymphocytes. A mixed infiltrate of T-
lymphocytes and plasma cells was more specific to chronic ulcerative stomatitis. OLPs’
infiltrate is typically exclusive out of the T-lymphocytes, and its location is limited within
a superficial layer of lamina propria [6,24,41–43]. Some lesions may present the classic
intense, ‘band-like’ inflammatory infiltrate, that is limited to the superficial lamina propria
at the interface with the overlying epithelium and a sharply defined deep edge. However, in
some CUS cases, a uniform infiltrate extending in some areas into the deeper lamina propria
and producing an irregular or hazy deep edge was also observed [6]. The only histological
feature that was observed in all CUS cases was the hydropic degeneration of the basal cell
layer [6,37]. CUS and erosive oral lichen planus (OLP) manifest in histopathology as an
immunological reaction with lichenoid features and a ‘band-like’ inflammatory infiltrate.
In CUS predominates, an admixture of T lymphocytes and plasma cells, and in OLP, a
predomination of T lymphocytes was observed. However, the lymphocytic infiltrate is not
a reliable method for distinguishing CUS from OLP due to the fact that an overlap of the
lymphocytic subset is commonly observed and also might be related to other oral mucosa
diseases [6,9]. In some CUS cases, the deposition of fibrinogen was reported and described
as a fluorescence outlining the basement membrane zone with irregular extensions into the
superficial lamina propria, yielding a shaggy appearance. However, further investigation is
required to evaluate if a fibrinogen deposition might be perceived as a diagnostic criterion
for CUS [6,35].
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CUS diagnostics should also include immunofluorescence (IF) microscopy, which is a
well-established technique used for the detection of a wide variety of antigens in tissues
or on cells in suspension and remains a helpful supplement for the accurate diagnosis of
immune-mediated dermatological disorders [44,45].

The direct immunofluorescence (DIF) test for tissue-bound autoantibodies provides
a verified adjunct for the diagnosis of dermatological bullous autoimmune disorders,
enabling the classification of histologically similar conditions which differ in their treat-
ment protocols and prognosis [45]. In addition, DIF combined with histopathology might
complete the clinical and histological examination in the diagnosis of a variety of other
dermatological diseases, which include connective tissue disorders, vasculitides, and con-
ditions, such as lichen planus or others. DIF is a one-step procedure that involves the
application of fluoresceinated antibodies to a frozen section of the skin or mucous mem-
brane and determines the deposition of the immunoreactants in the tissue [45]. So far, DIF
remains a golden standard in CUS diagnosis [6,9]. Reviewed DIF tests yielded a positive
result—presenting the characteristic SES-ANA speckled pattern located in the basal layer
and the bottom three layers of the cells in nearly all cases [6,46,47]. Among less than half
of the reviewed cases, fibrinogen deposition was observed. It was located along the basal
membrane zone. In some cases, the adjunctive DIF signals were also observed for the IgA,
C3, and IgM components [6,43].

Indirect immunofluorescence (IIF) is a method that requires two incubations and
detections of the circulating antibodies in the serum. The patient’s serum is layered on the
substrate, followed by the application of fluoresceinated antibodies. An advantage of the
IIF is its increased sensitivity (10–15 times). A modified IIF technique using the patient’s
own skin as a substrate, known as immunomapping (antigen mapping), is performed
to determine the exact site of the cleavage or abnormalities in the distribution of the
mutated structural proteins [45]. IIF in CUS diagnosis is the analysis of the SES-ANA
autoantibodies located in the basal layer of the epithelium [19]. IIF performed on the
remaining negative DIF-analyzed specimens yielded positive. There were also some cases in
which DIF has not been performed—the IIF test was always performed on specific epithelial
substrates (such as human esophagus/guinea pig, esophagus/monkey esophagus, and
esophagus/normal human skin), and all of the IIF test results yielded positive, confirming
a CUS presence. Positive IIF results may be used in CUS diagnostics; however, the result is
not conclusive, and serum SES-ANA antibodies could also be observed among patients
with OLP [6,23,28,48].

The CUS diagnostic protocol might also include an enzyme-linked immunosorbent
assay (ELISA) test, which detects the presence of IgG antibodies in the CUS sera. The
positive result of an ELISA test for anti-ΔNp63α antibodies was observed in patients with
clinical symptoms of CUS and played a significant role in distinguishing CUS from other
ulcerative diseases and establishing a relationship with OLP [35].

5. Diagnostics and Differentiation

The CUS diagnostics should include collaboration between dermatologists, patholo-
gists, and oral clinicians. Among patients with clinically observed long-lasting oral ero-
sions and ulcerations, the DIF analysis should be conducted in order to diagnose CUS [6].
Azzi et al. have proposed a diagnostic criterion for CUS that is presented in Table 1. The
major criteria include clinical features, such as chronic painful erosions and/or ulcerations
and IgG SES-ANA deposition in the lower third of the epithelium with a speckled pattern in
DIF analysis. Minor criteria include CUS symptoms that are often observed; however, these
were not reported in all cases and concerning clinical features, histopathology, IIF analysis,
laboratory findings, and therapy results. Azzi et al. suggested that for CUS diagnosis,
two major criteria should be positive. In cases when DIF analysis is not available, four
minor criteria should be observed, including one clinical feature, two among laboratory or
histopathological findings, and one therapeutic criterion [6].
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Table 1. Diagnostic criteria for CUS proposed by Azzi et al. [6].

Major Criteria Minor Criteria

Clinical features

• Chronic painful erosions and/ or ulcerations

Clinical features

• Middle aged or older women
• Chronic course with relapses
• Buccal mucosa, tongue (ventral aspect and/or lateral

borders), desquamative gingivitis
• Lichenoid appearance with white striae departing from

lesions borders
• Symetrical distribution
• Association between diffuse intra-oral distribution and

cutaneous lichenoid lesions

DIF analysis

• IgG SES-ANA deposition in the lower third of epithelium
with a speckled pattern

Histopathology

• Lichenoid stomatitis, mainly associated with a band-like
mixed infiltrate made of lymphocytes and plasma cells

IIF analysis

• IgG SES-ANA deposition in the basal layer of epithelial
substrates with speckled pattern

• Negative results when using HEp-2 or non-epithelial
substrates

Laboratory findings

• 70 kDa protein detected as autoantigen by immunobinding
or other techniques

• Positive result at ELISA test for anti-ΔNp63α antibodies

Therapy

• Failure or only partial response with corticosteroids
• Response to hydroxychloroquine (at least 200 mg/day)

alone or combined with low doses of corticosteroids

Clinical and histological similarities to OLP might be the reason for the misdiagnosis
of CUS [6,46]. Oral ulcerations could also be caused by mechanical trauma, oral dysplasia,
oral squamous cell carcinoma (OSCC), or hematologic abnormalities [49].

OLP, one of the clinical forms of lichen planus (LP), is a common chronic disorder
that generally occurs in patients in the fifth to sixth decades of life and is observed twice
more often in females than in males. Oral involvement in LP is very common, and it
is assessed that even 15–35% of LP patients might be the only clinical manifestation of
the disease. OLP exclusively affects the stratified squamous epithelium that presents as
a muco-cutaneous inflammatory disease [42]. Oral mucosa lesions tend to occur as one
of three general types: 1. Reticular, including white lines, plaques, and papules which
is the most common clinical manifestation; 2. atrophic or erythematous, and 3. erosive,
including ulcerations and bullae that resemble CUS lesions [35,50,51]. OLP lesions are
mostly symmetrical and are often observed in trauma-prone areas, such as the buccal
mucosa and lateral surface of the tongue; however, they might also be present on the
gingiva, labial mucosa, and vermilion of the lower lip [2,52]. Erythematous lesions that
affect the gingiva cause desquamative gingivitis. Uncommon areas of OLP manifestation
are the upper lip, palate, and the floor of the mouth. In the majority of OLP cases, lesions
were observed in multiple areas; however, a single patient with lesions isolated to only
the lop or tongue has been described. The clinical manifestation of OPL is diversified and
might resemble other oral mucosa diseases. Striated white lesions, with or without erosions,
might be similar to lupus erythematosus lesions, and the plaque-like OLP lesions may
resemble leukoplakia, which is a white keratosis and a precancerous lesion mostly related
to tobacco smoking [49,52,53]. The ulcerative form of OLP might be difficult to distinguish
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from vesiculoerosive dermatological diseases, such as pemphigus and pemphigoid, or
can resemble OSCC [49,52]. OLP is a chronic disease that is characterized by periods of
exacerbation and remission; however, spontaneous remissions are rarely observed. The
pathogenesis of the lichen planus is defined as a lymphocytic immunologic reaction to the
epithelial basal cells. The histopathological examination presents basal layer degeneration
and apoptotic bodies. In early lesions, the predomination of CD4+ T cells is observed,
and in chronic lesions, CD8+ T cells occur more often [35]. A DIF examination in OPL
presents a characteristic fibrillar pattern of the fibrin deposition at the basement membrane
zone; however, this result in not pathognomonic and can be interpreted only as suggestive
OPL. The treatment for OLP can include both local and systemic corticosteroid imple-
mentation, calcineurin inhibitors, or retinoids. Taking into consideration only clinical and
histopathological presentation, CUS might be indistinguishable from erosive OLP [35,54].
The differentiation of CUS and erosive OLP, including clinical symptoms, histopathology,
DIF, and treatment, is presented in Table 2.

Table 2. Differentiation of CUS and erosive OLP.

Chronic Ulcerative Stomatitis (CUS) Erosive Oral Lichen Planus (OLP)

Clinical symptoms

Oral non-healing ulcerative lesions with
subtle white reticular striations located on

the tongue, the buccal mucosa, and the
gingival tissues (desquamative gingivitis),

mostly symmetrical.

Oral mucosa lesions manifested as reticular,
including white lines, plaques, and papules;

atrophic or erythematous; erosions and
ulcerations; mostly symmetrical, located on
the buccal mucosa and lateral surface of the
tongue, gingiva (desquamative gingivitis)

and labial mucosa.

Histopathology

Sub-epithelial separation from underlying
connective tissue, atrophic epithelium, and

inflammatory infiltrate with increased
number of plasma cells and lymphocytes

(non-specific).

Basal layer degeneration and apoptotic
bodies; CD4+ T and CD8+ T cells

(non-specific).

Direct immunofluorescence (DIF)
SES-ANA speckled pattern, located in the

basal layer and the bottom three layers
of cells.

Fibrillar pattern of fibrin deposition at the
basement membrane zone.

Treatment
Chloroquine and hydroxychloroquine

combined with corticosteroids or a single
drug treatment.

Reticular OLP—observation; erosive
OLP—pharmacological treatment (local

and systemic corticosteroids
implementation, calcineurin inhibitors

or retinoids).

Ulcerations in the oral cavity might also result from either acute or chronic trauma.
Oral ulcers resulting from acute trauma are generally self-resolving within 14 days with-
out complications; however, chronic ulcerations that are not related to a clear source of
trauma require a biopsy to excuse neoplasia or other oral mucosa conditions. The majority
of traumatic lesions have nonspecific histologic findings, and treatment should include
the removal of the etiologic source of the trauma, promoting healing, and preventing
infection [49].

A significant aspect regarding oral ulcers is the diagnosis of ulcerated malignant le-
sions, such as oral dysplasia and OSCC. All non-healing oral ulcerations require histopathol-
ogy, especially in a group of patients reporting tobacco and alcohol use. The most malignant
suspected are non-symmetrical lesions, and those located on the lateral and ventral surfaces
of the tongue and floor of the mouth tend to present a higher risk for malignant transfor-
mation. Histopathology depends on the stage of progression and may range from mild to
severe dysplasia, carcinoma-in-situ, to invasive carcinoma [49].

There are multiple hematologic abnormalities that may manifest in the oral cavity,
including malignant and non-malignant lesions of the B or T-cell origin. Leukemia and neu-
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tropenia are the most commonly observed hematological reasons for oral ulcerations. Those
conditions also commonly involve gingival bleeding and hypertrophic gingivitis [49,55].

6. Treatment Methods

The CUS treatment should promote the healing of erosions and ulcers, relieving
the symptoms and preventing secondary infections. CUS generally remains nonsus-
ceptible to both topical and general corticosteroid treatments, on the contrary to other
immune-mediated diseases [42,46]. There have been several CUS patient cases treated
with corticosteroids—only 11% of them presented therapeutic success (including one com-
bined therapy with dapsone administration). Patients who did not develop a successful
response to corticosteroids were passed to antimalarial drugs, mostly chloroquine and
hydroxychloroquine combined with corticosteroids or a single drug treatment. Almost half
of the treatments resulted in a general improvement or complete clearance, and in over
half of the reported cases, this therapy resulted in benefits relapsing when tapering the
antimalarial dose [1,8,11]. The improvement or complete healing of the oral lesions was
observed after the administration of low doses of hydroxychloroquine (200 mg/day) [35];
however, some authors suggested a higher dosage, even 400 mg/day and 800 mg/day [7].
Hydroxychloroquine interferes with the antigen-processing mechanisms of macrophages
and other antigen-presenting cells, which result in the downregulation of the immune
response against antigenic peptides. However, the hydroxychloroquine treatment may
result in side effects, such as aplastic anemia, agranulocytosis, irreversible retinopathy,
toxic psychosis, or neuromyopathy, which leads to the necessity of constant monitoring
of patients and a collaboration with the patient’s physician [35]. The therapeutic proto-
col of CUS may include low doses of antimalarial drugs combined with corticosteroids
administrated for a prolonged time [6].

Another approach to CUS management might include tacrolimus, a topical calcineurin
inhibitor involved in the production of interleukin-2, which promotes T-lymphocyte pro-
liferation and recruitment. Therefore, it is used in T-cells and mediated diseases, such
as eczema, psoriasis, and, potentially, CUS, for its beneficial immunosuppressive effects.
According to Stoopler et al., patients undergoing a combined treatment with the anti-
malarial drug (390 mg hydroxychloroquine) and tacrolimus (0,1%) presented a positive
outcome [31]. Cyclosporine, another calcineurin inhibitor, was administered when com-
bined with chloroquine as a CUS treatment method, which also resulted in a successful
response [40].

The management of oral lesions among patients with CUS can be challenging, and a
multidisciplinary approach is required. The prevention of local irritation by avoiding spicy
and hard food with the elimination of alcohol consumption and cessation of smoking plays
an essential role. The patient should also be instructed on how to properly care for oral
hygiene. It is recommended to use soft toothbrushes and antiseptic mouthwashes, such
as chlorhexidine gluconate 0.2%. Topical analgesics, such as benzydamine hydrochloride
0.15% (rinse or spray), might be applied to relieve pain and discomfort, especially prior
to eating or tooth brushing. It is also recommended to regularly visit a periodontist in
order to remove dental calculus and control periodontal diseases. Sanitation of the oral
cavity consisting of the treatment of dental cavities and the removal of non-prognostic teeth
allows the elimination of inflammation in the oral cavity. By smoothing the sharp edges of
the teeth and parafunction treatment, it is possible to reduce oral injuries that exacerbate
CUS-related symptoms. [9,56–61].

Summary data on the clinical symptoms, diagnosis, and treatment methods of CUS
are presented in Table 3.
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Table 3. Clinical symptoms, diagnostic tests, and treatment methods of CUS.

Clinical symptoms Diagnostic tests Treatment

Azzi et al. [6] Painful oral erosions and/or ulcers
most often located on the buccal

mucosa, the gingiva (desquamative
gingivitis), and the tongue.

DIF: SES-ANA deposition, mainly
composed of IgGs, in cells of the
basal layer and the bottom three

layers of cells.

Low doses of antimalarial
drugs combined with

corticosteroids
administrated for a

prolonged time.

Islam et al. [7] Oral erosive or ulcerative lesions
located on the tongue, the buccal
mucosa, and the gingival tissues

(desquamative gingivitis).

DIF: a speckled or finely granular
pattern of IgG limited to the basal

and parabasal layers of the
epithelium, often perinuclear

distribution.

Steroidal combination
therapy and/or dose

regulation of
hydroxychloroquine.

Mustafa et al. [9] Persistent or recurrent painful erosive,
ulcerative, vesicular lesions,

predominately affecting the tongue,
the buccal mucosa, and the gingiva.

DIF: a speckled, finely granular
pattern of IgG deposition in the

nuclei of keratinocytes. SES-ANA
signal is confined to the basal cells

and the lower third of the
spinous layers.

The same as other oral
mucosa erosions and ulcers
(no specific treatment was

described).

Ko et al. [10] Oral erosions or ulcerations with
periods of exacerbation and

remission; the tongue, buccal mucosa,
and gingiva are the most

commonly affected.

DIF: a speck-led pattern of IgG
deposition in the nuclei of

keratinocytes limited to the lower
layers of the oral squamous
epithelium. The presence of

SES-ANA distinguishes CUS from
oral LP.

No response to
corticosteroids.

Solomon et al. [12] Oral erosive or ulcerative lesions that
ale most often present on the tongue,

then on the buccal mucosa and
gingiva (desquamative gingivitis).

DIF: a speckled, finely granular
pattern of IgG deposition in the

nuclei of keratinocytes. The
SES-ANA signal is confined to the
basal cells and lower third of the

Malphigian layers.

A combination of small
doses of steroids and
hydroxychloroquine.

Stoopler et al. [24] Symptomatic chronic oral ulcers:
Wickham’s striae, erythema, and

ulceration which commonly affect the
buccal mucosa, the tongue, and the
gingiva (desquamative gingivitis).

DIF: a speckled pattern of IgG
deposition in keratinocyte nuclei
limited to the lower layers of the
oral squamous epithelium; the

presence of SES-ANA antibodies.

Promoting healing,
symptom relief, mitigating
risks of secondary infection,

hydroxychloroquine. No
response to corticosteroids.

7. Conclusions

Chronic ulcerative stomatitis (CUS) manifests as non-healing, erosive, or ulcerative
lesions in the oral cavity and is an often-misdiagnosed disease due to both its clinical and
histological resemblance to other oral mucosa conditions. A proper diagnosis is essential
for a successful treatment administration. Further research should be conducted in order to
implement a diagnostic protocol and observe the long-term results of CUS management.
Taking the presented data into consideration, clinicians should consider the diagnosis of
CUS for all erosive or ulcerative lesions appearing cyclically in the oral cavity at the same
site, with moderate pain and a slightly specific histopathological picture, after previously
excluding traumatic factors.
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Abstract: Periodontitis is a multifactorial disease. The aim of this explorative study was to investigate
the role of Interleukin-(IL)-1, IL-4, GATA-3 and Cyclooxygenase-(COX)-2 polymorphisms after non-
surgical periodontal therapy with adjunctive systemic antibiotics (amoxicillin/metronidazole) and
subsequent maintenance in a Caucasian population. Analyses were performed using blood samples
from periodontitis patients of a multi-center trial (ClinicalTrials.gov NCT00707369=ABPARO-study).
Polymorphisms were analyzed using quantitative real-time PCR. Clinical attachment levels (CAL),
percentage of sites showing further attachment loss (PSAL) ≥1.3 mm, bleeding on probing (BOP) and
plaque score were assessed. Exploratory statistical analysis was performed. A total of 209 samples
were genotyped. Patients carrying heterozygous genotypes and single-nucleotide-polymorphisms
(SNP) on the GATA-3-IVS4 +1468 gene locus showed less CAL loss than patients carrying wild type.
Heterozygous genotypes and SNPs on the IL-1A-889, IL-1B +3954, IL-4-34, IL-4-590, GATA-3-IVS4
+1468 and COX-2-1195 gene loci did not influence CAL. In multivariate analysis, CAL was lower
in patients carrying GATA-3 heterozygous genotypes and SNPs than those carrying wild-types.
For the first time, effects of different genotypes were analyzed in periodontitis progression after
periodontal therapy and during supportive treatment using systemic antibiotics demonstrating a
slight association of GATA-3 gene locus with CAL. This result suggests that GATA-3 genotypes are a
contributory but non-essential risk factor for periodontal disease progression.
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1. Introduction

Periodontitis is a multifactorial disease accompanied by attachment loss which finally
results in tooth loss. It is initiated by a dysbiotic biofilm which elicits a destructive in-
flammatory response. Periodontitis is clinically classified into staging, grading, extent and
distribution. The latest classification of periodontal diseases addresses to future research
the identification of specific genetic markers to differentiate between distinct periodontitis
phenotypes. This could reflect clinically the initiation and progression of periodontitis [1,2].
It is known that genetic factors are involved in the pathogenesis of periodontitis [3–8].
However, there are limited data on the role of genetic factors in disease progression [9–11].
Genetic factors and environmental modifiers are known to influence disease severity. Analy-
sis of disease expression in twins showed that a considerable variance in clinical phenotype
is explained by genetic factors [3,4]. The IL-1 cytokine family has key regulatory roles in
innate and adaptive immunity. Variations in IL-1 genes were first associated with chronic
periodontitis (CP) in Caucasians in 1997 [12]. Many studies have subsequently explored the
role of IL-1 gene polymorphisms in periodontitis with mixed results [13–17]. A couple of
studies evaluated the influence of IL-1 SNP on the progression of periodontitis with a small
sample size, partially with a short observation period and different results [9,10,18–22].

IL-4 is a multifunctional cytokine which induces polyclonal B-cell proliferation. IL-4
differentiates naive CD4+ T cells to TH2 cells, which in turn produce IL-4 [23,24]. A meta-
analysis by Yan et al. [25] showed a significant association between CP patients and the
T/T genotype at position IL-4 −590 in Caucasians, whereas a recent meta-analysis by a
Bayesian approach found no association between CP and IL-4 −590 [17]. The gene loci IL-4
−590 and IL-4 −34 are in linkage disequilibrium which has been demonstrated in CP [26]
and in aggressive periodontitis (AgP) patients [27].

GATA factors are pleiotropic transcription factors of the C4 Zinc finger family. GATA-3
is present in early thymocyte cells. Thereby, it is a key transcription factor for gene expres-
sion in the single stages of TH2 cell differentiation [28]. GATA-3 expression is induced
by IL-4 in a STAT-6-dependent signaling pathway. For STAT-6 deficiency, GATA-3 can
continue the TH2 differentiation. If GATA-3 is absent, T cell differentiation into TH2 cells is
disturbed [29].

To date, there are only few GATA-3 SNPs reported. A well-documented locus is on
the gene locus rs3802604. This locus was associated with type 1 diabetes mellitus [30], a
significant reduction in breast cancer risk [31] and a higher relapse-free survival rate [32].

COX-2 is produced mainly in inflammatory processes [33]. Many studies have high-
lighted the importance of arachidone derivatives on the progression of periodontal disease.
In particular, prostaglandin E2 and leukotriene B4 are involved in periodontal destruction.
They are strongly increased in the inflamed periodontal tissue and in the crevicular fluid
in gingivitis, periodontitis and peri-implantitis patients [34–38]. Interesting results were
published regarding the gene locus COX-2 −1195 (rs689466). SNP on this position was
associated with CP in a Chinese population [39]. On the contrary, there was no association
in the European population [40].

The present study investigated genetic factors from patient samples with periodontitis
that participated in the placebo-controlled, multi-center ABPARO trial (ClinicalTrials.gov
NCT00707369). Clinical, microbiological and systemic results have been previously re-
ported [41–45].

The aim of the present exploratory subanalysis was to evaluate the role of the IL-1A
−889, IL-1B +3954, IL-4 −34, IL-4 −590, GATA-3 IVS4 +1468 and COX-2 −1195 gene loci
in patients with periodontitis after a non-surgical periodontal therapy with or without
additional adjunctive systemic antibiotics.
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2. Results

In the present study the results of the genetic analyses of the gene loci at positions IL-
1A −889 (rs1800587), IL-1B +3954 (rs1143634), IL-4 −34 (rs2070874), IL-4 −590 (rs2243250),
GATA-3 IVS4 +1468 (rs3802604) and COX-2 −1195 (rs689466) are shown. The results of
the clinical and microbiological parameters have been demonstrated in previous publica-
tions [41–45].

A total number of 209 FTA elute micro cards was genotyped. The patient characteristics
and the smoking status of all individuals are shown in Table 1. The external and internal
validation of the genetic analyses did not show abnormalities. Genotype frequencies of the
analyzed collectives are presented in Table 2. All genotypes were presented in a sufficient
number of individuals to perform the analyses.

Table 1. Patient characteristics.

Total Genotyped Patients
n = 209

Placebo Group
n = 104

Antibiotics Group
n = 105

p-Value

Sex; n (%)

Male 116 (55.5%) 58 (55.8%) 58 (55.2%) 1.000 F

Female 93 (44.5%) 46 (44.2%) 47 (44.8%)

Age; years 53.1 ±10.0 53.0 ±10.6 53.3 ±9.5 0.929 U

Active smokers; n 45 (21.5%) 19 (18.3%) 26 (24.8%) 0.313 F

CO ≥ 7 ppm (smoker); n 37 (17.7%) 16 (15.7%) 19 (18.1%) 0.712 F

Diabetes mellitus type II; n 12 (5.7%) 6 (5.8%) 6 (5.7%) 1.000 F

Categorical variables are reported as absolute and relative frequencies. Continuous variables are shown as
mean ± standard deviation. p-values are from Fisher’s exact test F or Mann–Whitney U test U. Abbreviations:
CO: carbon monoxide in exhaled air.

Table 2. Genotype frequencies.

Gene Loci Genotype Number of Patients; n (%)
Placebo Group
Patients; n (%)

Antibiotics Group
Patients; n (%)

rs1800587 C/C 102 (48.8%) 49 (47.1%) 53 (50.5%)
IL-1A −889C > T C/T 87 (41.6%) 46 (44.2%) 41 (39%)

T/T 20 (9.6%) 9 (8.7%) 11 (10.5%)
Allele T = MAF 30.9%

rs1143634 C/C 128 (61.2%) 64 (61.5%) 64 (61%)
IL-1B +3954C > T C/T 64 (30.6%) 31 (29.8%) 33 (31.4%)

T/T 17 (8.1%) 9 (8.7%) 8 (7.6%)
Allele T = MAF 28.5%

rs2070874 C/C 155 (74.2%) 76 (73.1%) 79 (75.2%)
IL-4 −34C > T C/T 48 (23%) 26 (25%) 22 (21%)

T/T 6 (2.9%) 2 (1.9%) 4 (3.8%)
Allele T = MAF 16.9%

rs2243250 C/C 154 (73.7%) 76 (73.1%) 78 (74.3%)
IL-4 −590C > T C/T 48 (23%) 26 (25%) 22 (21%)

T/T 7 (3.4%) 2 (1.9%) 5 (4.8%)
Allele T = MAF 18.3%

rs3802604 G/G 35 (16.8%) 17 (16.3%) 18 (17.1%)
GATA-3 G/A 89 (42.6%) 51 (49%) 38 (36.2%)

IVS4 +1468G > A A/A 85 (40.7%) 36 (34.6%) 49 (46.7%)
Allele G = MAF 40.9%

rs689466 A/A 138 (66.0%) 69 (66.3%) 69 (65.7%)
COX-2 −1195A > G A/G 64 (30.6%) 32 (30.8%) 32 (30.5%)
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Table 2. Cont.

Gene Loci Genotype Number of Patients; n (%)
Placebo Group
Patients; n (%)

Antibiotics Group
Patients; n (%)

G/G 7 (3.4%) 3 (2.9%) 4 (3.8%)
Allele G = MAF 18.3%

Note: Because of rounding of the values, the percentages do not always add up to 100%. Abbreviations: MAF:
minor allele frequency.

Table 3 shows the changes of the clinical attachment level (CAL) from month 27.5 (visit
12)-baseline (visit 2) and from month 27.5 (visit 12)-month 3.5 (visit 4) in the total group of
individuals, the placebo group and in the antibiotics group, with their respective p-values.

Table 3. Clinical measurements of the change of the CAL.

Genotype

Total Group
Patients n

CAL Median
(25% Quantile,
75% Quantile)

p-Value

Placebo Group
Patients n

CAL Median
(25% Quantile,
75% Quantile)

p-Value

Antibiotics Group
Patients n

CAL Median
(25% Quantile,
75% Quantile)

p-Value

CAL (mm) IL-1A −889 (rs1800587)

Change
27.5 months
vs. baseline

HG (C/T) 87
−0.5 (−0.8, −0.2) 0.4633 46

−0.4 (−0.8, −0.2) 0.1427 41
−0.6 (−0.9, −0.2) 0.9515

SNP (T/T) 20
−0.4 (−0.9, 0.1) 0.7852 9

−0.4 (−0.7, 0.2) 0.9319 11
−0.4 (−1.2, 0.0) 0.5832

WT (C/C) 102
−0.4 (−0.9, 0.0) ref. 49

−0.2 (−0.7, 0.1) ref. 53
−0.6 (−1.0, −0.3) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 87
0.0 (−0.3, 0.3) 0.1434 46

0.0 (−0.5, 0.2) 0.0444
41

0.0 (−0.2, 0.4) 0.9599

SNP (T/T) 20
0.1 (−0.3, 0.3) 0.9804 9

−0.2 (−0.4, 0.2) 0.4799 11
0.2 (0.0, 0.3) 0.3103

WT (C/C) 100
0.1 (−0.3, 0.5) ref. 48

0.2 (−0.1, 0.5) ref. 52
0.0 (−0.3, 0.4) ref.

CAL (mm) IL−1B +3954 (rs1143634)

Change
27.5 months
vs. baseline

HG (C/T) 64
−0.4 (−0.8, −0.1) 0.3594 31

−0.3 (−0.6, 0.0) 0.5399 33
−0.6 (−0.9, −0.1) 0.5616

SNP (T/T) 17
−0.4 (−1.0, −0.2) 0.8660 9

−0.7 (−1.0, −0.4) 0.1375 8
−0.2 (−0.8, 0.1) 0.1920

WT (C/C) 128
−0.5 (−0.9, 0.0) ref. 64

−0.4 (−0.8, 0.1) ref. 64
−0.6 (−1.0, −0.3) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 64
0.0 (−0.1, 0.4) 0.3037 31

0.0 (−0.1, 0.5) 0.6826 33
0.0 (−0.1, 0.4) 0.2695

SNP (T/T) 17
0.1 (−0.3, 0.2) 0.9429 9

−0.3 (−0.4, −0.2) 0.0898 8
0.3 (0.1, 0.6) 0.0427

WT (C/C) 126
0.0 (−0.4, 0.4) ref. 63

0.1 (−0.5, 0.5) ref. 63
0.0 (−0.4, 0.4) ref.

CAL (mm) IL−4 −590 (rs2243250)

Change
27.5 months
vs. baseline

HG (C/T) 48
−0.4 (−0.9, 0.0) 0.7252 26

−0.3 (−0.7, 0.1) 0.6487 22
−0.5 (−1.1, −0.2) 0.9109

SNP (T/T) 7
−0.6 (−0.8, −0.5) 0.5598 2

−0.7 (−0.8, −0.5) 0.3874 5
−0.6 (−0.7, −0.6) 0.9316
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Table 3. Cont.

Genotype

Total Group
Patients n

CAL Median
(25% Quantile,
75% Quantile)

p-Value

Placebo Group
Patients n

CAL Median
(25% Quantile,
75% Quantile)

p-Value

Antibiotics Group
Patients n

CAL Median
(25% Quantile,
75% Quantile)

p-Value

WT (C/C) 154
−0.4 (−0.9, 0.0) ref. 76

−0.4 (−0.8, 0.0) ref. 78
−0.6 (−0.9, −0.1) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 47
0.2 (−0.1, 0.4) 0.0864 26

0.2 (−0.1, 0.5) 0.3095 21
0.2 (−0.1, 0.3) 0.1156

SNP (T/T) 7
0.3 (−0.1, 0.5) 0.3824 2

0.2 (0.1, 0.3) 0.5553 5
0.4 (−0.1, 0.5) 0.5483

WT (C/C) 153
0.0 (−0.4; 0.4) ref. 75

0.0 (−0.4, 0.5) ref. 78
0.0 (−0.3, 0.4) ref.

CAL (mm) GATA−3 IVS4 +1468 (rs3802604)

Change
27.5 months
vs. baseline

HG (C/T) 89
−0.5 (−0.9, 0.0) 0.1322 51

−0.4 (−0.9, 0.2) 0.1308 38
−0.6 (−0.9, −0.2) 0.6191

SNP (T/T) 85
−0.5 (−0.9, −0.2) 0.0184

36
−0.5 (−0.8, −0.2) 0.0085

49
−0.6 (−1.1, −0.1) 0.4352

WT (C/C) 35
−0.3 (−0.7, 0.0) ref. 17

−0.1 (−0.3, 0.0) ref. 18
−0.4 (−0.9, −0.1) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 88
0.0 (−0.3, 0.4) 0.0473

51
0.0 (−0.4, 0.5) 0.1344 37

0.0 (−0.3, 0.2) 0.3691

SNP (T/T) 84
0.0 (−0.4, 0.4) 0.0172

35
−0.1 (−0.5, 0.4) 0.0306

49
0.0 (−0.3, 0.4) 0.2255

WT (C/C) 35
0.2 (0.0, 0.5) ref. 17

0.2 (0.1, 0.5) ref. 18
0.0 (−0.1, 0.5) ref.

CAL (mm) COX−2 −1195 (rs689466)

Change
27.5 months
vs. baseline

HG (C/T) 64
−0.4 (−0.7, −0.1) 0.1231 32

−0.3 (−0.7, 0.0) 0.4053 32
−0.4 (−0.8, −0.2) 0.1609

SNP (T/T) 7
−0.5 (−0.7, 0.0) 0.7789 3

−0.5 (−2.0, 0.0) 0.5373 4
−0.4 (−0.7, 0.1) 0.2534

WT (C/C) 138
−0.5 (−0.9, 0.0) ref. 69

−0.4 (−0.8, 0.0) ref. 69
−0.7 (−1.1, −0.1) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 64
0.1 (−0.3, 0.5) 0.2653 32

0.0 (−0.3, 0.6) 0.5883 32
0.1 (−0.3, 0.5) 0.2533

SNP (T/T) 7
0.2 (−0.2, 0.8) 0.4415 3

0.4 (−0.9, 0.8) 0.5986 4
0.1 (−0.1, 0.6) 0.5819

WT (C/C) 136
0.0 (−0.3, 0.3) ref. 68

0.1 (−0.5, 0.4) ref. 68
0.0 (−0.2, 0.3) ref.

Results are from n = 209 patients (placebo n = 104, antibiotics n = 105) and reported as median (25% quantile,
75% quantile) for continuous variables. p-values are from Mann–Whitney U-tests for the pairwise comparison
with the WT group. Negative values represent an improvement and positive values represent a deterioration.
Abbreviations: CAL: mean clinical attachment level per patient, HG: heterozygote, SNP: single nucleotide
polymorphism, WT: wild type, vs.: versus, mm: millimeter, ref.: reference category for pairwise comparison.

With regard to the GATA-3 genotypes, the results presented in Table 3 are summarized
as follow: after 27.5 months, changes in CAL (between visit 12 and visit 2) and changes
between visit 12 and visit 4 were larger in individuals presenting the GATA-3 SNP (A/A)
than GATA-3 wild-type (G/G), which means that between baseline and 27.5 months there
was a greater CAL gain in GATA-3 SNP (A/A) individuals than in wild-type individuals,
while wild-type patients showed more CAL loss after the 3.5 months visit than GATA-3
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SNP (A/A) patients. In the total group and in the placebo group, there was a higher
attachment loss for the wild-type patients (p < 0.05). In addition, in the total group, the
GATA-3 heterozygous patients showed less CAL loss after 27.5 months (between visit 12
and visit 4) than wild-type patients (p = 0.0473). With regard to the IL-1A genotypes, there
was higher gain of CAL after 6 months (between visit 6 and visit 2) in the total group of
IL-1A −889 wild-type patients compared to heterozygous patients (p = 0.0170). In the
placebo group, there was a higher CAL gain after 27.5 months (between visit 12 and visit 4)
in the heterozygous patients versus the wild-type patients (p = 0.0444). In contrast, CAL
loss was higher after 27.5 months (between visit 12 and visit 2 and between visit 12 and
visit 4, respectively) in the groups of patients carrying the IL-1B +3954 wild type compared
to patients with heterozygous and SNP genotypes, but not statistically noticeably different
(p > 0.05).

In addition, there was a higher CAL loss after 27.5 months (between visit 12 and visit 4)
between the patients carrying the SNP versus the wild-type patients in the antibiotics group
(p = 0.0427). In the placebo group, differences between the genotypes were smaller.

After 27.5 months, changes in BOP (Table 4) and plaque scores (Table 5) (between visit
12 and visit 2 as well as between visit 12 and visit 4) were not influenced by genotypes of
the analyzed gene loci.

Table 4. Clinical measurements of the change of the bleeding on probing (BOP).

Genotype

Total Group
Patients n

BOP Median
(25% Quantile,
75% Quantile)

p-Value

Placebo Group
Patients n

BOP Median
(25% Quantile,
75% Quantile)

p-Value

Antibiotics Group
Patients n

BOP Median
(25% Quantile,
75% Quantile)

p-Value

BOP (%) IL-1A −889 (rs1800587)

Change
27.5 months
vs. baseline

HG (C/T) 87
−21.0 (−33.3, −7.5) 0.5562 46

−13.3 (−29.2, −3.9) 0.5553 41
−24.2 (−42.3, −14.2) 0.7237

SNP (T/T) 20
−17.1 (−31.6, −3.0) 0.9176

9
−11.9 (−2649.4,

−3.0)
0.9489 11

−22.2 (−35.5, −1.2) 0.7972

WT (C/C) 102
−19.8 (−33.9, −8.3) ref. 49

−10.8 (−26.8, −7.9) ref. 53
−23.5 (−39.9, −9.7) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 87
0.6 (−7.3, 6.1) 0.0914 46

0.8 (−6.7, 7.2) 0.2574 41
0.6 (−7.3, 5.0) 0.1697

SNP (T/T) 20
0.7 (−7.2, 5.6) 0.2476 9

0.8 (−7.1, 5.6) 0.2424 11
0.0 (−7.2, 5.6) 0.6326

WT (C/C) 102
3.0 (−3.5, 10.4) ref. 49

3.3 (−2.7, 13.3) ref. 53
2.3 (−3.6, 10.0) ref.

BOP (%) IL-1B +3954 (rs1143634)

Change
27.5 months
vs. baseline

HG (C/T) 64
−17.7 (−28.6, −3.4) 0.3445 31

−10.9 (−26.4, −2.2) 0.3066 33
−22.7 (−35.5, −14.2) 0.5240

SNP (T/T) 17
−11.9 (−33.9, −3.0) 0.4081 9

−11.9 (−29.2, −4.9) 0.9267 8
−12.7 (−38.6, 0.6) 0.3191

WT (C/C) 128
−20.4 (−34.1, −9.3) ref. 64

−12.2 (−29.4, −8.3) ref. 64
−24.5 (−42.6, −13.5) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 64
1.8 (−6.8, 6.9) 0.6668 31

5.6 (−4.8, 16.0) 0.3805 33
−0.7 (−7.3, 5.0) 0.1349

SNP (T/T) 17
0.0 (−7.2, 5.6) 0.2950 9

0.7 (−15.4, 5.6) 0.3056 8
−0.6 (−5.7, 10.5) 0.6364

WT (C/C) 128
1.9 (−5.0, 10.2) ref. 64

2.2 (−5.2, 10.0) ref. 64
1.6 (−4.0, 10.2) ref.
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Table 4. Cont.

Genotype

Total Group
Patients n

BOP Median
(25% Quantile,
75% Quantile)

p-Value

Placebo Group
Patients n

BOP Median
(25% Quantile,
75% Quantile)

p-Value

Antibiotics Group
Patients n

BOP Median
(25% Quantile,
75% Quantile)

p-Value

BOP (%) IL-4 −590 (rs2243250)

Change
27.5 months
vs. baseline

HG (C/T) 48
−22.2 (−28.9, −8.6) 1.0 26

−13.3 (−27.0, −6.5) 0.9359 22
−25.3 (−44.9, −14.9) 0.9009

SNP (T/T) 7
−20.8 (−36.4, 6.9) 0.8848 2

−27.0 (−33.1, −20.8) 0.3380 5
−9.9 (−36.4, 6.9) 0.3366

WT (C/C) 154
−19.0 (−34.0, −8.2) ref. 76

−11.5 (−28.6, −3.0) ref. 78
−22.8 (−39.9, −12.6) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 48
2.3 (−2.6, 14.3) 0.2807 26

3.1 (−2.7, 16.0) 0.4220 22
0.6 (−2.6, 13.5) 0.4607

SNP (T/T) 7
4.2 (−3.7, 14.7) 0.4419 2

8.7 (2.8, 14.7) 0.3704 5
4.2 (−3.7, 5.6) 0.7171

WT (C/C) 154
1.5 (−6.5, 9.3) ref. 76

1.8 (−6.9, 9.6) ref. 78
0.9 (−6.3, 6.7) ref.

BOP (%) GATA-3 IVS4 +1468 (rs3802604)

Change
27.5 months
vs. baseline

HG (C/T) 89
−20.0 (−33.3, −9.7) 0.1889 51

−14.1 (−33.3, −7.2) 0.0912 38
−21.1 (−34.4, −14.3) 0.8545

SNP (T/T) 85
−20.2 (−31.3, −8.7) 0.2245 36

−10.7 (−25.7, −4.6) 0.5764 49
−25.0 (−40.2, −14.2) 0.5266

WT (C/C) 35
−10.0 (−35.5, 3.2) ref. 17

−9.8 (−24.1, 0.5) ref. 18
−26.3 (−43.1, 3.2) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 89
2.5 (−4.5, 9.7) 0.7126 51

1.8 (−4.5, 9.3) 0.2068 38
4.2 (−5.1, 10.0) 0.4486

SNP (T/T) 85
0.0 (−5.9, 5.6) 0.3605 36

0.6 (−6.3, 6.6) 0.1617 49
0.0 (−4.1, 5.0) 0.8602

WT (C/C) 35
4.2 (−7.3, 13.5) ref. 17

11.1 (−7.3, 18.8) ref. 18
−0.7 (−6.3, 9.0) ref.

BOP (%) COX-2 −1195 (rs689466)

Change
27.5 months
vs. baseline

HG (C/T) 64
−18.0 (−33.0, −4.1) 0.5439 32

−10.1 (−27.2, −2.1) 0.4474 32
−26.1 (−40.0, −7.3) 0.9188

SNP (T/T) 7
−24.5 (−36.3, −14.2) 0.5714 3

−36.3 (−36.8, −24.1) 0.0670 4
−19.4 (−25.9, 1.6) 0.3538

WT (C/C) 138
−19.4 (−33.9, −9.5) ref. 69

−12.2 (−26.9, −6.2) ref. 69
−22.2 (−41.0, −12.8) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 64
−0.3 (−7.1, 5.3) 0.1567 32

0.3 (−4.2, 5.7) 0.5034 32
−0.6 (−13.8, 4.9) 0.1588

SNP (T/T) 7
0.6 (−8.8, 16.7) 0.6159 3

−8.6 (−15.5, 2.5) 0.1472 4
8.7 (−4.1, 17.9) 0.4621

WT (C/C) 138
2.4 (−4.3, 9.7) ref. 69

3.3 (−5.4, 11.1) ref. 69
1.5 (−3.5, 9.0) ref.

Results are from n = 209 patients (placebo n = 104, antibiotics n = 105) and reported as median (25% quantile, 75%
quantile) for continuous variables. p-value from Mann–Whitney U-tests. Abbreviations: BOP: percentage of sites
showing bleeding on probing per patient, HG: heterozygote, SNP: single nucleotide polymorphism, WT: wild
type, vs.: versus.

The multivariable linear regression model confirmed the univariate analysis to explain
CAL gain or loss after 27.5 months (Table 6). Individuals presenting with GATA-3 SNPs and
heterozygous patients had statistically noticeably lower CAL loss over 27.5 months than
wild-type patients. Patients carrying the GATA-3 SNP had −0.32 mm (95% CI: −0.57 mm,
−0.07 mm) and heterozygous patients had −0.18 mm (95% CI: −0.43 mm, 0.07 mm) less
change in the mean CAL than wild-type patients. In comparison, systemic antibiotic
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therapy leads to 0.22 mm (95% CI: 0.04 mm, 0.39 mm) more CAL improvement between
27.5 months and baseline than placebo.

Table 5. Clinical measurements of the change of the percentage of sites with plaque per patient (PS).

Genotype

Total Group
Patients n

PS Median
(25% Quantile,
75% Quantile)

p-Value

Placebo Group
Patients n

PS Median
(25% Quantile,
75% Quantile)

p-Value

Antibiotics Group
Patients n

PS Median
(25% Quantile,
75% Quantile)

p-Value

PS (%) IL-1A −889 (rs1800587)

Change
27.5 months
vs. baseline

HG (C/T) 87
−2.9 (−19.2, 15.0) 0.8510 46

−3.3 (−18.5, 9.2) 0.4561 41
0.0 (−20.4, 17.6) 0.3430

SNP (T/T) 20
5.3 (−16.3, 20.1) 0.2619 9

3.6 (−16.9, 17.7) 0.9489 11
12.6 (−15.6, 22.5) 0.1755

WT (C/C) 102
−1.3 (−20.8, 10.6) ref. 49

1.8 (−18.6, 12.2) ref. 53
−10.2 (−21.4, 9.2) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 87
9.0 (−2.9, 22.5) 0.4696 46

8.3 (−2.9, 22.5) 0.5073 41
11.5 (−5.4, 21.6) 0.7198

SNP (T/T) 20
5.5 (−6.8, 27.7) 0.6811 9

−3.4 (−10.7, 6.0) 0.3910 11
23.3 (0.9, 46.3) 0.1357

WT (C/C) 100
8.4 (−5.7, 19.2) ref. 48

8.4 (−9.6, 19.2) ref. 52
8.4 (−2.5, 19.1) ref.

PS (%) IL-1B +3954 (rs1143634)

Change
27.5 months
vs. baseline

HG (C/T) 64
0.4 (−16.0, 15.4) 0.5137 31

−2.9 (−17.6, 9.2) 0.4768 33
7.1 (−15.6, 17.6) 0.1002

SNP (T/T) 17
0.0 (−19.2, 17.7) 0.7731 9

−5.0 (−19.2, 17.7) 0.9002 8
2.2 (−22.4, 17.5) 0.5926

WT (C/C) 128
−3.0 (−20.6, 10.3) ref. 64

0.7 (−18.5 17.3) ref. 64
−7.8 (−24.0, 8.2) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 64
9.3 (−3.8, 19.9) 0.8409 31

9.0 (−5.9, 21.2) 0.9584 33
9.5 (0.8, 17.9) 0.7996

SNP (T/T) 17
6.0 (−5.2, 28.3) 0.7627 9

5.0 (−3.4, 10.0) 0.7473 8
25.8 (−8.5, 37.8) 0.3078

WT (C/C) 126
7.3 (−3.9, 20.0) ref. 63

7.1 (−5.4, 22.5) ref. 63
7.9 (−2.6, 20.0) ref.

PS (%) IL-4 −590 (rs2243250)

Change
27.5 months
vs. baseline

HG (C/T) 48
−4.9 (−20.6, 12.6) 0.3825 26

−4.9 (−19.2, 9.0) 0.1833 22
−7.0 (−21.4, 17.2) 0.9603

SNP (T/T) 7
−21.4 (−50.0, 3.0) 0.0773 2

−35.7 (−50.0, −21.4) 0.0889 5
−6.9 (−34.3, 3.0) 0.4075

WT (C/C) 154
0.4 (−18.5, 13.0) ref. 76

1.7 (−17.2, 22.4) ref. 78
−1.2 (−19.2, 11.1) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 47
7.0 (−6.3, 21.2) 0.7473 26

9.1 (−5.2, 21.2) 0.8102 21
6.5 (−7.1, 19.6) 0.5087

SNP (T/T) 7
−1.0 (−15.3, 20.0) 0.4539 2

−8.1 (−15.3, −1.0) 0.2335 5
11.1 (−2.8, 20.0) 0.8263

WT (C/C) 153
8.8 (−3.6, 21.6) ref. 75

7.4 (−5.4, 19.7) ref. 78
10.1 (0.0, 22.0) ref.
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Table 5. Cont.

Genotype

Total Group
Patients n

PS Median
(25% Quantile,
75% Quantile)

p-Value

Placebo Group
Patients n

PS Median
(25% Quantile,
75% Quantile)

p-Value

Antibiotics Group
Patients n

PS Median
(25% Quantile,
75% Quantile)

p-Value

PS (%) GATA-3 IVS4 +1468 (rs3802604)

Change
27.5 months
vs. baseline

HG (C/T) 89
0.8 (−21.4, 17.7) 0.9669 51

−3.2 (−23.4, 22.4) 0.2672 38
3.4 (−15.3, 17.6) 0.2150

SNP (T/T) 85
−1.9 (−19.1, 8.3) 0.4561 36

1.0 (−13.5, 9.4) 0.4665 49
−10.3 (−20.4, 7.1) 0.8768

WT (C/C) 35
−2.9 (−17.6, 15.5) ref. 17

0.0 (−7.8, 22.6) ref. 18
−5.7 (−30.2, 15.2) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 88
9.7 (−3.8, 20.4) 0.5387 51

6.0 (−5.9, 19.7) 0.6878 37
13.6 (5.6, 21.6) 0.1354

SNP (T/T) 84
6.1 (−5.4, 22.5) 0.7468 35

9.4 (−1.5, 18.1) 0.9690 49
4.5 (−5.6, 23.3) 0.6778

WT (C/C) 35
6.5 (−6.9, 18.5) ref. 17

4.6 (−2.9, 24.0) ref. 18
6.8 (−8.7, 15.1) ref.

PS (%) COX-2 −1195 (rs689466)

Change
27.5 months
vs. baseline

HG (C/T) 64
−6.5 (−21.1, 12.8) 0.2872 32

−8.3 (−25.0, 13.7) 0.0985 32
−1.2 (−17.1, 12.8) 0.9333

SNP (T/T) 7
−17.6 (−20.4, 9.2) 0.5683 3

4.5 (−17.6, 9.2) 1.0 4
−19.7 (−37.1, 22.2) 0.5072

WT (C/C) 138
0.6 (−19.2, 14.3) ref. 69

1.5 (−17.6, 15.0) ref. 69
−0.5 (−22.0, 13.0) ref.

Change
27.5 months

vs. 3.5 months

HG (C/T) 64
7.7 (−6.0, 22.3) 0.8578 32

10.2 (−4.4, 22.7) 0.9061 32
6.8 (−7.7, 20.5) 0.6826

SNP (T/T) 7
8.8 (−5.6, 46.3) 0.6440 3

4.6 (−20.4, 18.8) 0.7650 4
27.5 (1.6, 49.4) 0.3471

WT (C/C) 136
8.0 (−3.3, 19.8) ref. 68

4.4 (−5.3, 18.3) ref. 68
10.2 (−0.2, 21.0) ref.

Results are from n = 209 patients (placebo n = 104, antibiotics n = 105) and reported as median (25% quantile, 75%
quantile) for continuous variables. p-value from Mann–Whitney U-tests. Abbreviations: PS: percentage of sites
with plaque per patient, HG: heterozygote, SNP: single nucleotide polymorphism, WT: wild type, vs.: versus.

Table 6. Multivariable linear model estimates for the change of mean CAL from 27.5 months versus
baseline and from 27.5 months versus 3.5 month.

Dependent Variable

Change of Mean CAL (27.5 Month
Baseline) Per Patient

Change of Mean (27.5 Month -
3.5 Month) Per Patient

Independent Variables β 95% CI p-Value β 95% CI p-Value

Intercept −0.39 −0.64 −0.13 0.0027 0.22 0.01 0.43 0.0393

Therapy Placebo vs. AB 0.22 0.04 0.39 0.0132 −0.03 −0.18 0.11 0.6509

IL-1A
-889

Global 0.1800 0.0878

HG vs. WT −0.17 −0.39 0.04 0.1281 −0.17 −0.36 0.0 0.0574

SNP vs. WT 0.06 −0.36 0.49 0.7801 0.03 −0.32 0.38 0.8654

IL-1B
+3954

Global 0.1117 0.3163

HG vs. WT 0.20 −0.03 0.44 0.1010 0.13 −0.06 0.33 0.1833
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Table 6. Cont.

Dependent Variable

Change of Mean CAL (27.5 Month
Baseline) Per Patient

Change of Mean (27.5 Month -
3.5 Month) Per Patient

Independent Variables β 95% CI p-Value β 95% CI p-Value

SNP vs. WT −0.12 −0.57 0.31 0.5754 −0.02 −0.39 0.33 0.8816

IL-4 −34

Global 0.4058 0.2384

HG vs. WT 0.86 −0.43 2.15 0.1903 0.17 −0.89 1.24 0.7425

SNP vs. WT 0.65 −1.21 2.52 0.4915 1.12 −0.41 2.67 0.1518

IL-4 −590

Global 0.4114 0.3364

HG vs. WT −0.86 −2.14 0.42 0.1886 −0.07 −1.13 0.99 0.8961

SNP vs. WT −0.72 −2.54 1.08 0.4298 −0.86 −2.36 0.64 0.2600

GATA-3
+1468

Global 0.0355 0.0605

HG vs. WT −0.18 −0.43 0.07 0.1591 −0.21 −0.42 0.0 0.0424

SNP vs. WT −0.32 −0.57 −0.07 0.0116 −0.24 −0.45 −0.03 0.0218

COX-2
-1195

Global 0.3306 0.4510

HG vs. WT 0.14 −0.04 0.33 0.1384 0.09 −0.06 0.25 0.2523

SNP vs. WT 0.02 −0.47 0.51 0.9261 0.14 −0.26 0.55 0.4935

Results are from n = 209 patients. Intercept: Therapy = Antibiotics. IL-1A −889 = WT, IL-1B +3954 = WT,
IL-4 −34 = WT, IL-4 −590 = WT, GATA-3 +1468 = WT, and COX-2-1195 = WT. For example a placebo pa-
tient with IL-1A −889 = HG, IL-1B +3954 = SNP, IL-4 −34 = HG, IL-4 −590 = SNP, GATA-3 +1468= SNP,
and COX-2-1195= WT has an expected change of the mean CAL between 27.5 months and baseline of:
−0.39 + 0.22 − 0.17 − 0.12 + 0.86 − 0.72 − 0.32 + 0 = −0.64 mm. p-values for pairwise comparisons are from the
Wald Tests and global p-values are from the F-Test. Abbreviations: AB = Antibiotic, HG = Heterozygous genotype,
SNP = Single nucleotide polymorphism, WT: wild type, β = regression coefficient (least square mean estimate),
CI = Confidence interval (lower limit, upper limit).

The IL-1A- 889 gene locus seems to influence CAL change (between visit 12 and visit 4)
after 27.5 months. In addition, the figures of CAL change (between visit 12 and visit 2
respectively between visit 12 and visit 4) from the GATA-3 IVS4 +1468 gene loci are shown
in Figure 1.

 
(a) (b) 

Figure 1. Boxplots of GATA-3: Mean CAL differences to visit 2 (a) and to visit 4 (b) in the total
collective: * p-values are from Mann–Whitney U-tests for the pairwise comparison with the wild-type
group. Negative values represent an improvement and positive values represent a deterioration. Ab-
breviations: CAL: mean clinical attachment level per patient, SNP: single nucleotide polymorphism,
mm: millimeter, × marks the mean.
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The percentage of sites per patient showing further attachment loss (PSAL) ≥1.3 mm
showed similar results (results are shown in the supplementary file).

3. Discussion

In the present study, the influence of IL-1, IL-4, GATA-3 and COX-2 polymorphisms
on the outcomes of non-surgical therapy with and without antibiotics and 2 years of
maintenance was analyzed in Caucasian periodontitis patients. This is an exploratory
subanalysis of a subset of the per-protocol collective from the prospective, randomized,
double-blind, multi-center ABPARO trial (ClinicalTrials.gov NCT00707369) on the effect of
adjunctive systemic amoxicillin 500 mg plus metronidazole 400 mg (3×/day, 7 days) [44,46].
The clinical results reported improvement in all clinical parameters after non-surgical
periodontal therapy. Overall, after 27.5 months, the additional use of adjunctive antibiotics
led to significantly better clinical results than mechanical debridement alone [44]. In
severely diseased and younger patients, adjunctive antibiotics led to clinically relevant
better improvements than placebo [42]. Nevertheless, the use of antibiotics should be
carefully considered. Recent studies indicate that probiotics, paraprobiotics and postbiotics
have a positive clinical effect on periodontitis remission [47,48]. This could be an alternative
to reduce antibiotic medication.

In the last decades, some genetic markers which may be associated with the progres-
sion of the disease have been identified [12]. It is known that periodontitis is a polygenetic
disease [49–51]. Individual genetic factors may modify the host immune response to the
dysbiotic biofilm [7,52,53]. Associations between genetic factors, systemic diseases and
lifestyle factors were also reported [54]. Meta-analyses of case-control studies demon-
strated that SNPs were associated with periodontitis [14–17,25,55,56]. Only few studies
demonstrated large effects of SNPs on the stage of disease [39,57,58].

This is the first study evaluating longitudinally the effect of 6 gene loci on changes in
CAL, PSAL ≥1.3 mm, BOP and plaque scores following non-surgical periodontal treatment
and 2 years of maintenance. The primary outcome variable of this subanalysis was the
change of the mean CAL per patient between 27.5 months (visit 12) and baseline (visit 2),
and between 27.5 months and 3.5 months (visit 4), respectively. Periodontitis progression
was quantified by the paired comparison of the mean CAL of the 3 genotypes in 6 gene loci.
In addition, the adjusted influence of the gene loci on disease progression was assessed by a
multivariate analysis. A total of 209 patients (104 placebos, 105 antibiotics) were genotyped.
Out of these patients, 136 could not be genotyped because the amount of sampled blood
was insufficient.

The main results demonstrate differences for the CAL change between the genotypes.
Patients carrying the GATA-3 SNP or the heterozygous genotype showed lower CAL loss
during supportive periodontal therapy (SPT) in comparison with the patients carrying the
wild-type. These data provide new insights since only few studies have investigated this
genetic marker [30–32] and actually no periodontal-genetic clinical study was performed
yet. Zhao et al. [59] analyzed the expression of Th17/Th1/Th2 cytokines and transcription
factors, and Th17 cell vibration in Chinese CP patients. The expression of transcription
factors (RORC, T-bet and GATA-3) in peripheral blood was measured by real-time PCR, and
the levels of Th17 cells in CD4(+) T cells were analyzed by flow cytometry. In the mouse
model, it was demonstrated that the expression of the Th2 differentiation maintaining
transcription factor GATA-3 [28] in Th2 cells after treatment compared to the expression
before treatment was increased 1.76-fold (p < 0.05). Intracellular staining of IL-17 revealed
that the quantity of Th17 cells in contrast decreased (p < 0.05), especially the IL-17(+)
IFN-γ(+) subgroup. The results indicated a protective effect of Th2 cells.

The results of the present study with regard to the IL-1 genotype are similar to the
results of the study by Ehmke et al. [9] investigating the prognostic value of the IL-1 haplo-
type on the progression of periodontal disease following therapy. Forty-eight adult patients
with untreated periodontitis harboring Aggregatibacter actinomycetemcomitans and/or Por-
phyromonas gingivalis were randomly assigned to receive full-mouth scaling alone (control)
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or in combination with systemic antibiotic treatment (metronidazole plus amoxicillin) and
supragingival irrigation with chlorhexidine digluconate (test). All patients received SPT at
3 to 6-month intervals. In 33 patients, DNA was analyzed for polymorphism in the IL-1A
gene at position −889 and IL-1B gene at position +3953. These results indicated that the
IL-1 haplotype may be of limited value for the prognosis of periodontal disease progression
following non-surgical therapy.

The study of Meisel et al. [21] evaluated the genetic influence of IL-1A, IL-1B and
IL-1RN polymorphisms on periodontal variables in relation to environmental factors such
as smoking. No differences were found in allele frequencies or combined allotypes between
subjects with mild or moderate versus those with severe periodontitis. However, the extent
of CAL loss defined as percentage of sites >4 mm was significantly associated with the
composite genotype of IL-1A/-1B in smokers. The results provided evidence that the
genotypes studied show interaction with smoking, the main exposition-related risk factor
of periodontitis.

Eickholz et al. [10] analyzed patient-related factors contributing (1) to tooth loss and
(2) to the quality of treatment outcomes 10 years after initiation of non-surgical therapy. All
patients who had received active periodontal treatment 10 years ago by the same examiner
were recruited until a total of 100 patients was re-examined. The following risk factors for
tooth loss were identified: ineffective oral hygiene, irregular SPT, IL-1A/-1B polymorphism,
initial diagnosis, smoking, age and sex.

In the present study, there were small or no differences in the change of CAL between
the genotypes for the IL-1B +3954 gene locus. Wild-type patients showed higher improve-
ment of CAL after non-surgical periodontal therapy than heterozygote or SNP patients. In
the antibiotic group there was a difference in the change of the CAL between 27.5 months
and 3.5 months between SNP versus wild-type patients (p = 0.0427).

Successful anti-infective therapy as well as SPT in short intervals [60] led to insignifi-
cant differences for BOP and plaque score between genotypes. With regard to the IL-1A
−889 genotypes the median change in CAL (between 27.5 months and 3.5 months) ob-
served in the placebo group was 0.0 mm (−0.5 mm, 0.2 mm) compared to 0.2 mm (−0.1 mm,
0.5 mm) between heterozygote versus wild-type patients (p = 0.0444). Therefore, it may
be concluded that heterozygote patients had less CAL loss during 24 months of SPT. The
multivariable linear regression models support these results.

Although many case-control studies have been conducted on the association of IL-4
with periodontitis [25], there is no longitudinal study that can be compared with the present
analysis. Comparison of the clinical parameters in the IL-4 and COX-2 genotype showed
no differences or indifferent results between the genotypes. The role of COX-2 in the
progression of periodontitis has been previously reported. Important mediators are the
end-products of the COX cycles such as prostaglandin, prostacycline, thromboxane and
leukotrienes [61]. Mesa et al. [62] reported an association of higher COX-2 expression levels
with CAL loss, BOP and loss of connective tissue in gingivitis and periodontitis patients.
Beikler et al. [63] reported a significant reduction of the gene expression of COX-2 after
non-surgical periodontal therapy.

Three case-control studies focused on the frequency of the COX-2 −1195 gene locus in
periodontitis patients [39,40,64], including a Caucasian population [40]. The ethnologically
comparable study of Schäfer et al. [40] with the present study did not identify an association
between SNP at position −1195 and CP or AgP patients. In contrast, Xie et al. [39] demon-
strated a significantly increased risk of CP in a Chinese population in the presence of SNP
at position −1195. Daing et al. [64] confirmed these results in a North Indian population.

The secondary outcomes in the present study were PSAL ≥ 1.3 mm, BOP and plaque
score. PSAL ≥ 1.3 mm demonstrated similar results as CAL. No difference in the change
of BOP and plaque score was observed between the genotypes. Our results were in
concordance with the data of Ehmke et al. (1999) [9] and Konig et al. (2005) [19] who
analyzed both IL-1 gene loci from Caucasian CP patients. PSAL ≥ 2 mm and BOP showed
no differences between the IL-1 genotypes 2 years after SPT [9]. Furthermore, no differences
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in pocket probing depths (PPD), tooth loss and plaque score could be demonstrated after
13 years of SPT [19].

The present study investigated the association of several known genetic factors in
the pathogenesis of periodontitis with disease progression and the influence of systemic
antibiotics. Young patients would benefit from an early diagnosis of severe periodontal
disease. If many teeth had to be extracted in the early years of life due to periodontitis,
additional complications will arise in the future, including rehabilitation by implants. Peri-
implantitis has a more rapid disease progression than periodontitis [65] and today’s life
expectancy for young people suggests multiple future implant placements at the same site.
This creates a high level of physical and financial burden for the affected patients.

4. Materials and Methods

4.1. Study Design

The present study was designed as a subanalysis of the per-protocol collective data
from the prospective, randomized, stratified, double-blind, multi-center trial (ClinicalTri-
als.gov NCT00707369) [46]. The results of the clinical study were previously reported [41–45].
The trial analyzed the effects of adjunctive systemic administration of amoxicillin 500 mg
plus metronidazole 400 mg (3×/day, 7 days) on different periodontal parameters in pa-
tients suffering from moderate to severe periodontitis. Patients who followed the study
timeline according to the protocol were included in the per-protocol collective.

Caucasian patients with untreated moderate to severe CP and AgP were included (pe-
riodontitis stage III or IV with grade B or C). Key inclusion criteria were: age (18–75 years),
a Community Periodontal Index of Treatments Needs (CPITN) of IV in at least one sextant,
at least 10 natural teeth in situ and PPD of ≥6 mm at a minimum of 4 teeth. Key exclu-
sion criteria were: confirmed or assumed allergies or former hypersensitive skin reactions
to amoxicillin and/or metronidazole, systemic medications affecting periodontal health
and pregnancy. Type 2 diabetes mellitus was diagnosed by taking a blood sample and
determining the HbA1c. Smoking status was checked by Bedfont-Smokerlyzer (Bedfont,
UK) and the body mass index was calculated. Other systemic diseases were inquired by
anamnesis (e.g., Down Syndrome, AIDS/HIV or systemic medication affecting periodontal
conditions). For details, refer to Harks et al. [46].

Genetic evaluations were performed after closure of the ABPARO database [44], i.e.,
the laboratory staff were blinded to all dental measurements. All per-protocol patients in
whom genotyping was possible were included.

The institutional review boards (IRB) of the participating centers approved the protocol
and all patients had provided written informed consent. An independent data and safety
monitoring board reviewed the safety data throughout the trial.

4.2. Periodontal Therapy

The study duration per patient comprised 12 visits over 27.5 months. Within 1.5 months
after baseline examination (visit 2), patients received supra- and subgingival debridement
in one or two sessions on one/two consecutive days (visit 3). All mechanical therapy was
performed with hand instruments and/or machine-driven scalers. After completion of me-
chanical debridement, the antibiotic group of patients received two antibiotics (amoxicillin
3H2O 574 mg (Amoxicillin-ratiopharm 500 mg®, Ratiopharm, Ulm, Germany); metron-
idazole 400 mg (Flagyl® 400, Sanofi-Aventis, Frankfurt, Germany)). The placebo group
patients received two placebo tablets, each to be taken 3 times a day for 7 days. In addition,
patients were instructed to rinse their mouth with Chlorhexidine 0.2% twice per day for
7 days. Furthermore, they were instructed to brush with their toothbrush 2 min twice per
day at home applying a technique suitable for the individual. Additional oral hygiene
devices, such as dental floss or interdental brushes, were recommended depending on the
patient’s individual need.

Re-evaluation (visit 4) was performed 3.5 months after baseline and at least 2 months
after mechanical debridement. Thereafter, all patients received SPT, including full-mouth
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supragingival debridement and oral hygiene instructions at 3-month intervals. Sites with
PPD ≥ 4 mm also received subgingival re-debridement.

4.3. Examinations

Periodontal parameters were assessed at 6 sites of each tooth by blinded examiners
not involved in the periodontal treatment. All measurements were performed at baseline
(visit 2), 3.5 months (re-evaluation, visit 4) and at 27.5 months (visit 12). CAL was calculated
by measurements of PPD and gingival recession that were performed with an electronic
pressure-sensitive probe (Standard Florida Probe, Gainesville, FL, USA) in increments of
0.2 mm. The mean CAL (in mm) was calculated for each patient. The difference in the mean
CAL between the 27.5 months (visit 12) to visit 2 and visit 4 described the changes of the
CAL (gain or loss of tooth supporting tissue). After the X-ray appraisal and the evaluation
of the anamnesis, the diagnosis was made according to the 1999s classification [66,67].

The primary outcome variable in this study was the change in mean CAL per patient
and was assessed in an exploratory manner. Thus, the presence of attachment loss is
representative for disease progression. In addition, the following secondary endpoints
were included: PSAL ≥1.3 mm, percentage of sites per patient with BOP [68] and per-
centage of sites per patient showing supragingival plaque score [69]. BOP and Plaque
scores were recorded at the baseline investigation (before subgingival instrumentation), at
re-evaluation and during 24-month SPT (plaque score and BOP in a 3-month interval) (com-
pare Harks et al. (2015) [44]). Differences in the percentage of BOP and in the percentage of
supragingival plaque score per patient were calculated between 27.5 months (visit 12) and
baseline (visit 2) or re-evaluation (visit 4).

4.4. Genotyping

Gene loci at positions: IL-1A −889 (rs1800587), IL-1B +3954 (rs1143634), IL-4 −34
(rs2070874), IL-4 −590 (rs2243250), GATA-3 IVS4 +1468 (rs3802604) and COX-2 −1195
(rs689466) were analyzed using qPCR. 345 FTA elute micro cards (GE Healthcare UK, Little
Chalfont, UK) from patients were used to obtain genomic DNA. A Ø 1.25 mm Harris micro
punch (GE Healthcare UK, Little Chalfont, UK) was used to excise 6 pieces from a FTA
card. The pieces were placed into a micro centrifuge tube, added with 500 μL of dH2O
and vortexed 3x for 5 s. Thereafter, the pipette was used to remove the water. After 5 s
centrifugation, the DNA elution was performed in 50 μL dH2O at 95 ◦C for 30 min in
a heating block. The quality of DNA was analyzed by NanoDrop 2000 (Thermo Fisher
Scientific, Watham/MA, USA) UV-Vis Spectrophotometer and monitored for the values of
OD260/OD280. Then, 1 μL of the DNA extract was used as template in each qPCR. The
qPCR was performed with the TaqMan SNP Assay®, and the TaqMan Genotyping Master
Mix® (both Applied Biosystems Inc., Foster City/CA, USA) and analyzed using a Bio-Rad
C1000 thermal cycler (Bio-Rad Laboratories Inc., Hercules/CA, USA). For validation of
each SNP, one positive and two negative controls were included. Each sample was analyzed
three times. The results of the TaqMan qPCR were verified by Sanger sequencing.

4.5. Statistical Analysis

Statistical analyses were performed using SAS software, version 9.4 of the SAS System
for Windows (SAS Institute, Cary/NC, USA). Inferential statistics such as p-values and
confidence intervals were intended to be exploratory, not confirmatory. The p-values
represent a metric measure of evidence against the respective null hypothesis and were
used only to generate new hypotheses. Therefore, neither global nor local significance
levels were determined, and no adjustment for multiplicity was applied. Consequently,
explorative two-sided p-values ≤ 0.05 were denoted as statistically noticeable instead
of significant.

Sample size calculation was performed for the initial randomized ABPARO trial
(compare [44]). In the exploratory analyses in this study, all per-protocol patients in whom
genotyping was possible (n = 209) were included.
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Standard univariate statistical analyses were performed to describe demographical and
clinical characteristics. Categorical variables are shown as absolute and relative frequencies.
Normally distributed continuous variables are shown as mean ± standard deviation. Not
normally distributed continuous variables are reported as median (25% quantile–75%
quantile). The relationship between the categorical variables was verified using Fisher’s
exact test. Pairwise comparisons of outcome variables between wild type, heterozygous
genotype and SNP were performed using two-sided nonparametric Mann–Whitney U-tests.
In order to estimate the adjusted influence of the gene loci on the changes of the CAL, a
multivariate analysis was performed by fitting a linear regression model. The dependent
variables were the difference in the mean CAL per patient between visit 12 and 2 and
the difference between visit 12 and 4. The influencing factors were the main effect of
treatment group and of each gene loci: IL-1A −889 (rs1800587), IL-1B +3954 (rs1143634),
IL-4 −34 (rs2070874), IL-4 −590 (rs2243250), GATA-3 IVS4 +1468 (rs3802604) and COX-2
-1195 (rs689466). Results are reported as regression coefficients and the corresponding 95%
confidence interval (CI).

5. Conclusions

Within the limitations of this explorative analysis, the results of the present study
demonstrate that specific genetic polymorphisms may have an impact on long-term progres-
sion of periodontitis. GATA-3 genotypes might be useful for predicting disease progression
in severe periodontitis. Individuals with the GATA-3 IVS4 +1468 SNP showed better CAL
reduction and attachment gain than the wild type after non-surgical therapy and 2 years of
maintenance. Testing the genotype status in the future might be valuable for individualiz-
ing SPT. The results for IL-1, IL-4 and COX-2 polymorphisms were inconsistent as regards
the risk for further CAL loss in a well-maintained patient group. Further prospective
studies are required to confirm these results.
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Abstract: Relevant immunomodulatory effects have been proposed following allogeneic cell-based
therapy with human periodontal ligament stem cells (hPDLSCs). This study aimed to examine the
influence of shear stress on the immunosuppressive capacity of hPDLSCs. Cells were subjected to
shear stress at different magnitudes (0.5, 5 and 10 dyn/cm2). The expression of immunosuppressive
markers was evaluated in shear stress-induced hPDLSCs using qRT-PCR, western blot, enzyme
activity and enzyme-linked immunosorbent assays. The effects of a shear stress-derived condition
medium (SS-CM) on T cell proliferation were examined using a resazurin assay. Treg differentiation
was investigated using qRT-PCR and flow cytometry analysis. Our results revealed that shear
stress increased mRNA expression of IDO and COX2 but not TGF-β1 and IFN-γ. IDO activity,
kynurenine and active TGF-β1 increased in SS-CM when compared to the non-shear stress-derived
conditioned medium (CTL-CM). The amount of kynurenine in SS-CM was reduced in the presence of
cycloheximide and ERK inhibitor. Subsequently, T cell proliferation decreased in SS-CM compared to
CTL-CM. Treg differentiation was promoted in SS-CM, indicated by FOXP3, IL-10 expression and
CD4+CD25hiCD127lo/− subpopulation. In conclusion, shear stress promotes kynurenine production
through ERK signalling in hPDLSC, leading to the inhibition of T cell proliferation and the promotion
of Treg cell differentiation.

Keywords: immunosuppression; IDO; TGF-β1; periodontal ligament stem cells; shear stress; T cells;
mechanotransduction

1. Introduction

Human periodontal ligament stem cells (hPDLSCs) can be isolated from the periodon-
tal ligament, the connecting fibrous tissue between the tooth root and adjacent alveolar
bone. To date, hPDLSCs have exhibited mesenchymal stem cell (MSC) characteristics owing
to their potential for self-renewal and differentiation [1,2]. These cells have been proposed
as a potential cell source for periodontal tissue regeneration due to their ability to differ-
entiate and generate all periodontal tissue components after in vivo transplantation [3–5].
The therapeutic potential of hPDLSCs is indicated not only in the periodontal tissues but
also in other tissues, such as the alveolar bone [6].

From an immunomodulatory standpoint, hPDLSCs possess striking features allowing
them to escape immune recognition, inhibit activated immune cell function and regu-
late inflammatory cytokines during tissue regeneration [1,7–13]. These properties were
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initially recognised in MSCs that possess the ability to regulate the proliferation and dif-
ferentiation of immune cells during an inflammatory response in order to promote tissue
healing [14–16]. The significant immunomodulatory effect of paracrine immunosuppres-
sive cytokines, including indoleamine 2,3-dioxygenase (IDO), hepatocyte growth factor
(HGF), interleukin-10 (IL-10) and transforming growth factor beta1 (TGF-β1), has been
reported to modulate immune cell behaviour.

Transforming growth factor beta 1 (TGF-β1) is constitutively expressed in MSCs and
periodontal ligament (PDL) cells [10,17]. It is secreted as a latent form bounded to the
cell membrane and extracellular matrix (ECM) proteins prior to activation [18,19]. In
addition to regulation of tissue homeostasis, TGF-β1 can suppress T cell proliferation and
activation [17,20,21] as well as promote the differentiation of regulatory CD4+ T (Treg)
cell [22,23].

Indoleamin-2,3-dioxygenase (IDO) is an enzyme catabolising L-tryptophan into kynure-
nine. The depletion of tryptophan through the IDO–kynurenine pathway modulates im-
mune response by inhibiting T cell proliferation and promoting Treg differentiation [24–27].
The role of IDO as an immune suppressor was shown to be activated in the presence of pro-
inflammatory cytokines, for instance, IL-1β [28], IL-12 [29], Toll-like receptors (TLRs) [7,30], cy-
clooxygenase 2 (COX2)/prostaglandin E2 (PGE2) [31,32], interferon gamma (IFN-γ) [1,30,33]
as well as TGF-β1 [34], leading to suppression of inflammation. Recently, our group showed
that TLR3 induced the expression IFN-γ-independent IDO, resulting in inhibition of pe-
ripheral blood mononuclear cell (PBMC) proliferation and upregulation of a Treg-specific
gene marker, forkhead box P3 or FOXP3 [7]. Additionally, mechanical stimuli have also been
applied in vitro to regulate immunomodulatory properties of both PDL cells [35,36] and
bone marrow-derived MSCs (BM-MSCs) [37]

PDL cells are considered as mechanosensory cells that can perceive and respond to me-
chanical stress driven by mastication, speech or orthodontic movement [38]. Several studies
suggested that mechanical stimuli are important factors in regulating periodontal tissue
homeostasis [39–41]. Previously, our group showed that intermittent compressive force
regulated SOST/POSTN expression via the TGF-β1 signalling pathway in PDL cells [42].

In periodontal tissue, PDL cells are exposed to interstitial fluid shear stress during
tooth movement [43,44]. Shear stress has been shown to play an essential role in cell
behaviour in several cell types including embryonic stem cells [45], osteocytes [46], en-
dothelial cells [47], MSCs [48] as well as PDL cells [43,49–53]. Previously, in vitro shear
stress stimulation (3–15 dyn/cm2) was shown to modulate PDL cell properties such as
osteogenic differentiation, cell proliferation and ECM remodelling [49–52]. Moreover, shear
stress has the potential to enhance the immunosuppression of MSCs via COX2/PGE2
expression [37].

However, the influence of shear stress in triggering immunomodulatory properties
of hPDLSCs has not been elucidated yet. Herein, we assess the effects of shear stress on
the immunosuppressive properties of hPDLSCs. The influence of shear stress-activated
immunosuppressive molecules in regulating CD4+ T cell proliferation and Treg differentia-
tion was investigated. Our study suggests the use of mechanical stimuli of hPDLSCs as
a promising approach to induce immunosuppression while targeting tissue regeneration
with allogeneic therapies.

2. Materials and Methods

2.1. Isolation and Culture of hPDLSCs

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, Chula-
longkorn 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 were used for cell explant culture. The outgrown cells were maintained
in Dulbecco’s modified Eagle medium (DMEM) (cat. No. 11885-084, Thermo Scientific,
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Waltham, MA, USA) containing 10% (v/v) fetal bovine serum (FBS) (cat. No. SV30160.03,
Thermo Scientific), 1% (v/v) L-glutamine (Glutamax TM-1) (cat. No. 35050-061, Thermo
Scientific), 1% (v/v) antibiotic–antimycotic (cat. No. 15240-062, Thermo Scientific) at 37 °C
in a humidified 5% CO2 atmosphere. The culture medium was removed and changed
every 2 days. Human periodontal stem cells (hPDLSCs) were subcultured using 0.25%
trypsin/EDTA (cat. No. 25200-072, Thermo Scientific) until cells reached confluency. Cells
in passages 3 through 7 were characterised and used in this study.

2.2. Flow Cytometry Analysis

For characterisation of hPDLSCs, cells were stained with PERCP-conjugated anti-
human CD45 (cat. No. 21810455, ImmunoTools, Friesoythe, Germany), FITC-conjugated
anti-human CD73 (cat. No. 212270733, ImmunoTools), FITC-conjugated anti-human
CD90 (cat. No. ab11155, Abcam, Cambridge, UK) and PE-conjugated anti-human CD105
antibodies (cat. No. 21271054, ImmunoTools). 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 from the Treg Detection Kit (cat. No.130-
122-994, MACS, San Diego, CA, USA). Mouse IgG1 PERCP, PE and FITC antibodies (MACS)
were used as an isotype control. The stained cells were further detected by a flow cytometer
(BD FACSCalibur and Cell Quest software, BD Bioscience, San Jose, CA, USA).

2.3. Induction of Osteogenic Differentiation

The cells were seeded into 24-well plates (cat. No. 142475, Thermo Scientific) at
a density of 2 × 104 cells/cm2 and cultured for 10–14 days in an osteogenic medium
containing 10% FBS-DMEM supplemented with 50 μg/mL L-ascorbic acid (cat. No. A-
4034, Sigma-Aldrich, St. Louis, MO, USA), 100 nM dexamethasone (cat. No. D8893,
Sigma-Aldrich) and 5 mM β-glycerophosphate (cat. No. G9422, Sigma-Aldrich). The
medium was changed every 2 days.

2.4. Induction of Adipogenic Differentiation

The cells were seeded into 24-well plates (Thermo Scientific) at a density of 2 × 104 cells/cm2

and cultured for 16–20 days with an adipogenic medium containing 10% FBS-DMEM sup-
plemented with 500 μmol 3-isobutyl-1-methylxanthine (IBMX) (cat. No. PH21124, Thermo
Scientific), 1 μg/mL insulin from bovine pancreas, 100 μM indomethacin (cat. No. I7378,
Sigma-Aldrich) that was kept at room temperature before use. The medium was changed
every 2 days.

2.5. Alizarin Red S and Von Kossa Staining

For alizarin red S staining, the cells were fixed with cold methanol (cat. No. 100230,
honey, Ulsan, Korea) for 10 min and washed with deionised (DI) water. Then, cells were
stained with 1% alizarin red S (cat. No. A5533, Sigma-Aldrich) solution for 5 min at room
temperature (RT). The samples were then rinsed with DI water gently and left to dry.

For von Kossa staining, cells were fixed with 4% (v/v) cold paraformaldehyde (AR1068,
BOSTER, Pleasanton, CA, USA) in for 20 min, then rinsed in DI water. Silver nitrate (cat.
No. 21572.188, VWR International GmbH, Vienna, Austria) at 5% (w/v) in DI water was
added to the fixed cells for 30 min. The cells were exposed to a 100 w UV lamp for 10 min
and left to dry. All samples were observed by inverted microscopy (Nikon ECLIPSE Ts2,
Nikon, Melville, NY, USA).

2.6. Oil Red O Staining

The cells were fixed with 4% (v/v) formalin (cat. No. F-1268, Sigma-Aldrich) in DI
water and gently washed with DI water. The samples were fixed with oil red O (cat. No.
O0625, Sigma-Aldrich) solution in methanol (cat. No. 1.06009.2500, Merk, Germany) for
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15 min. The samples were rinsed and DI water was replaced. All samples were then
observed by inverted microscopy (Nikon ECLIPSE Ts2).

2.7. Isolation and Activation of CD4+ T Cells from PBMCs

Human PBMCs were isolated from the human buffy coat with permission from the
Thai Red Cross Society. The protocols were approved by the Ethical Committee for Human
Research (HREC-DCU-2022-010). The CD4+ T cell isolation was performed using Sepmate-
50 (Stem Cell Technologies, Singapore). The isolated CD4+ T cells were maintained in
RPMI 1640 (cat. No. 11835-030, Thermo Scientific) supplemented with 10% (v/v) FBS
(Thermo Scientific), 1% (v/v) L-glutamine (Glutamax TM-1) (Thermo Scientific) and 1%
(v/v) antibiotic–antimycotic (Thermo Scientific). For the T cell activation, the isolated
CD4+ T cells were seed into 24-well plates (Thermo Scientific) at a density of 106 cells/well
and activated with 10% FBS-RPMI medium supplemented with 1 μg/mL CD3 (coated
on 24-well plate overnight) (cat. No. 21850030, Immuno Tool), 1 mg/mL CD28 (cat. No.
302933, Biolegend) and 50 U/mL IL-2 (cat. No. 200-02, Peprotech) before the start of the
conditioned medium treatment.

2.8. Shear Stress Stimulation

The hPDLSCs were seeded into 35 mm culture dishes (cat. No. 430165, Costar® Corning)
at a density of 4 × 105 cells/well overnight. The culture medium was then changed to
fresh medium. The hPDLSCs were subjected to different magnitudes of shear stress (0.5, 5
and 10 dyn/cm2) using a cone-shaped rotating disk for 3 h [54]. Thereafter, the hPDLSCs
were cultured for 24 h in normal culture conditions before sample collection for mRNA,
protein analysis and conditioned medium. For inhibitory experiments, the hPDLSCs were
pretreated with 100 nM cycloheximide (CHX) (cat. No. C-0934, Sigma-Aldrich) or 1.5 nM
ERK inhibitor (cat. No. 328006, Calbiochem, San Diego, CA, USA) for 1 h prior to shear
stress stimulation. The hPDLSCs without shear stress stimulation and non-shear stress-
induced hPDLSC-derived conditioned medium were used as the control and CTL-CM,
respectively.

2.9. Cell Viability Assay

The Cell Counting Kit-8 (CCK-8) (cat. No. ab228554, Abcam, Cambridge®, UK) was
used to detect the cell viability of hPDLSCs. After shear stress stimulation, the hPDLSCs
were incubated with CCK-8 solution for 30 min. The 100 μL of secreted soluble formazan
in the culture medium was put into 96-well plates and the absorbance was measured at
460 nm using a microplate reader (Synergy H1, Biotek multi-mode reader, Winooski, VT,
USA) according to the manufacturer’s protocol. The data were calculated as the percentage
of viable cells.

2.10. Immunofluorescent Staining

After shear stress stimulation, hPDLSCs were fixed with 4% (v/v) paraformaldehyde
(BOSTER) in DI water and incubated with rhodamine–phalloidin (dilution 1:1000) (cat.
No. ab235138, Abcam, Cambridge, UK). Stained cells were then counterstained with DAPI
(dilution 1:2000) (TOCRIS bioscience, Bristol, UK). Then, 50% glycerol was added to the
plate and stored at 4 °C. Apotome microscopy (Axio Observer Z1 and ZEN pro, ZEISS
International, Oberkochen, Germany) was performed.

2.11. Conditioned Medium Preparation and Treatment

The conditioned medium was collected from hPDLSC cultures and kept at −80 °C
before use. Prior to T cell culture experiments, frozen conditioned medium was thawed and
lyophilised with a Tabletop Freeze Dryer (Medfuture Biotech, Jinan, China). Lyophilised
conditioned medium was suspended with 10% FBS-RPMI medium and used for CD4+ T cell
culture that was activated as previously described. All conditioned medium-treated T cells
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were collected for the T cell proliferation assay and investigation of Treg cell differentiation
on day 3 and day 5 of the culture period, respectively.

2.12. 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 [7]. The CD4+ T cells were incubated with
7-hydroxy-10-oxidophenoxazin-10-ium-3-one, sodium (resazurin) (cat. No. R7017, Sigma-
Aldrich) for 2 h. The fluorescence signal of secreted pink resorufin in culture medium
converted from blue resazurin solution was measured using a microplate reader at exci-
tation of 560 nm and emission of 590 nm and gain = 50. The data were presented as the
percentage of proliferative cells.

2.13. Development of Regulatory T Cell (Treg) Cells

For induction of Treg cell differentiation, activated CD4+ T cells were exogenously
treated with kynurenine (1–100 μM) (cat. No. K8625, Sigma-Aldrich), or cultured with
hPDLSC-derived conditioned medium for 5 days before sample collection for qRT-PCR
and flow cytometry analysis. The activated CD4+ T cells treated with 100 μM kynurenine
were used as a positive control (or induced Treg).

2.14. RNA Isolation and Real-Time RT-PCR Analysis

Total RNA was extracted by using RiboExTM solution (cat. No. 301-902, GeneAll®,
Seoul, Korea). The quality of RNA concentration was measured using a NanoDrop (Thermo
Scientific). The amount of RNA was converted into complementary DNA (cDNA) using an
ImProm-IITM Reverse Transcription System (cat. No. A3800, Promega, Madison, WI, USA).
A 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, USA). Cycling conditions were set at 95 °C for
30 s, followed by 45 cycles of 95 °C for 3 s and 60 °C for 30 s. Relative gene expression
was calculated using the 2−ΔΔCT method [55]. The expression value was normalised to the
GAPDH expression value and the control. Oligonucleotide primers used in this study are
shown in Table S1.

2.15. Enzyme-Linked Immunosorbent Assay (ELISA)

The supernatant and cell lysate were collected and extracted by RIPA buffer containing
protease inhibitor buffer (cat. No. P8340, Sigma-Aldrich) after the shear stress experiment.
Protein levels were measured using PGE2 (cat No. KGE004B, R&D system, Minneapolis,
MN, USA), IFN-γ (cat. No. DY285-05, R&D system) and TGF-β1 (cat No. DY240-05, R&D
system) following the manufacturer’s instructions.

2.16. IDO Activity Assay and Kynurenine Measurement

All the conditioned media were collected and prepared with IDO buffer containing
40 mM L-ascorbic acid (Sigma-Aldrich), 20 μM methylene blue (cat. No. MB-1, Sigma-
Aldrich), 200 μg/mL catalase (cat. No. C9322, Sigma-Aldrich) and 800 μM of L-tryptophan
solution (cat. T-8659, Sigma-Aldrich). In short, the samples were mixed with IDO buffer
in a 1:1 ratio for 1 h at 37 °C in a humidified 5% CO2 atmosphere to convert tryptophan
into kynurenine. To stop the reaction, 30% (v/v) trichloroacetic acid (TCA) in DI water
(cat. No. T6399, Sigma-Aldrich) was added and incubated at 56 °C for 30 min. The sample
was centrifuged at 13,000× g and added to 2% (w/v) Ehrlich reagent (cat. No. 39070,
Sigma-Aldrich) in glacial acetic acid in a 1:1 ratio. For measurement of kynurenine product,
100 μL of all samples were mixed with 50 μL of 30% v/v TCA, then centrifuged at 8000× g
for 5 min. Then, 75 μL of supernatant was equally mixed with 2.5% (w/v) Ehrlich reagent
(Thermo Scientific) in glacial acetic acid. All samples were then read at 492 nm using a
microplate reader [1]. The recombinant kynurenine (Sigma-Aldrich) was used as a standard
in this experiment.
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2.17. Western Blot Assay

The protein from shear stress-induced hPDLSCs was extracted by RIPA buffer con-
taining protease inhibitor buffer (cat. No. P8340, Sigma-Aldrich). The concentration of
lysate proteins was measured with a BCA protein assay (PierceTM BCA detection reagent,
cat No. 23228 and 23224, Thermo Scientific). Lysate proteins were separated on 12%
SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane
was placed in a solution containing a monoclonal antibody to rabbit-anti actin (cat. No.
A2066, Sigma-Aldrich), rabbit anti-TGF-β1 (cat No. ab92486, Abcam), rabbit anti-ERK1/2
(T202/Y204, Cell Signaling) or rabbit anti-phosphorylated ERK1/2 (cat. No. 137F5, Cell Sig-
naling Technology) antibodies. Then, the membranes were developed with the horseradish
peroxidase-linked antibody (cat No. 7074S, Cell signaling Technology). The membranes
were visualised and exposed to chemiluminescence (SuperSignal® West Pico Chemilumi-
nescent Substrate, cat No. 34577, Thermo Scientific) and an image analyser (GE Healthcare,
Pittsburgh, PA, USA), respectively. The band density was measured using ImageJ software.
The band density was normalised to band density of actin and to the control.

2.18. Statistical Analysis

All data are presented as mean ± standard deviation (SD). One way-ANOVA and the
Mann–Whitney U test were using for comparisons between groups. A p-value below 0.05
was considered significant. The analysis was performed by using the statistical software
GraphPad Prism version 8 (GraphPad software, San Diego, CA, USA). At least three
replicates from different donors were performed for each experiment.

3. Results

3.1. Shear Stress Enhanced the Expression of Immunosuppressive Regulators

Isolated hPDLSCs were characterised and positive for MSC-specific markers and the
ability to differentiate into osteoblastic and adipogenic lineages (Figure S1). The effect of
shear stress on viability of hPDLSCs was determined using the CCK-8 assay. We found that
all magnitudes of shear stress (0.5–10 dyn/cm2) had no significant effect on cell viability,
which was indicated by the mitochondrial activity of hPDLSCs (Figure S2).

To determine whether shear stress stimulates the expression of immunomodulatory
regulators in hPDLSCs, cells were subjected to shear stress at 0.5, 5, 10 dyn/cm2 for 3 h and
continuously cultured afterwards up to 24 h. Cells were harvested for mRNA expression
analysis of immunomodulatory regulators, including IDO, TGF-β1, COX2 and IFN-γ. The
stress at 5 dyn/cm2 significantly increased the gene expression of IDO (Figure 1A) and
COX2 (Figure 1D) in hPDLSCs, while there is no significant difference in the expression of
IFN-γ (Figure 1C) and TGF-β1 (Figure 1B).

We further investigated the activity of IDO and kynurenine products, which were
measured in all conditioned media after shear stress stimulation (Figure 2A,B). The IDO
activity increased in shear stress-derived conditioned medium (SS-CM) at 5 and 10 dyn/cm2

compared to the non-shear stress-derived conditioned medium, also referred to as a control
(CTL-CM) (Figure 2A). Subsequently, the amount of kynurenine product in SS-CM at
5 dyn/cm2 was significantly higher than CTL-CM (Figure 2B). With regard to TGF-β1, the
protein expression of active TGF-β1 was determined in the conditioned medium. Although
the secretion of total TGFβ1 was increased in 5 dyn/cm2 shear stress, active TGF-β1 in
SS-CM was increased at all shear stress magnitudes (0.5, 5 and 10 dyn/cm2) compared to
the CTL-CM (Figure 2C). In contrast, compared to control, shear stress decreased the active
form of TGF-β1 in cell lysates at 5 dyn/cm2 yet had no effect on the latent form of TGF-β1
(Figure 2D–F). The amount of IFN-γ in cell lysate and conditioned medium was measured
using an ELISA assay. Interestingly, this assay showed that the amount of cell-bound IFN-γ
in all magnitudes of shear stress was not different compared to control (Figure 2G). In
contrast, the amount of secreted IFN-γ decreased at 0.5 and 10 dyn/cm2 (Figure 2H). As
for the COX2 expression, we analysed COX2-dependent PGE2 synthesis in hPDLSCs with
different magnitudes of shear stress. Outcomes showed no difference in the PGE2 product
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of all groups of SS-CM compared to CTL-CM (Figure 2I). Our results are supported by
previous literature [49–52] and indicated that a 5 dyn/cm2 magnitude of shear stress can
optimally enhance IDO, kynurenine and TGF-β1 gene/protein expression.

Figure 1. The mRNA expression of immunosuppressive regulators in shear stress-induced hPDLSCs.
After shear stress stimulation, the relative mRNA expression of IDO (A), TGF-β1 (B), IFN-γ (C) and
COX2 (D) was detected using qRT-PCR. * p < 0.05 vs. control group.

3.2. Shear Stress Enhanced the Product of IDO Activity via ERK1/2 Signalling Pathway

To investigate the regulatory mechanism by which shear stress enhances IDO expres-
sion and the amount of kynurenine in hPDLSC-derived conditioned medium, cells were
pretreated with protein synthesis inhibitor cycloheximide (CHX) for 1 h before shear stress
stimulation (5 dyn/cm2). As a result, CHX attenuated the expression of IDO and the
amount of kynurenine when compared to control (Figure 3A,B). This result suggested the
involvement of intermediate molecules in the regulatory mechanism of shear stress-induced
IDO gene expression in hPDLSCs.

Next, the role of extracellular signal-regulated kinase 1/2 (ERK1/2) was demonstrated
to be associated with the activation of immunosuppressive properties of human dendritic
cells [51]. To investigate whether shear stress regulates the IDO–kynurenine and TGF-β1
secretion via ERK1/2 activation, hPDLSCs were pretreated with ERK inhibitor for 1 h and
subsequently were placed under shear stress at 5 dyn/cm2 for 3 h. In the control condition,
cells received shear stress for 3 h without pretreatment with an ERK inhibitor. The effect of
shear stress on protein expressions of ERK1/2 and phosphorylated ERK1/2 (P-ERK1/2)
was determined by Western blot. Shear stress induced the phosphorylation of ERK1/2 of
hPDLSCs, which was abolished by the ERK inhibitor (Figure 3C–E). The effect of shear
stress on the amount of kynurenine in hPDLSCs was also attenuated in the presence of
ERK inhibitor (Figure 3F), but not TGF-β1 and its active form (Figure 3G). Therefore, shear
stress enhanced the kynurenine secretion in hPDLSCs via the activation of the ERK1/2
signalling pathway.
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Figure 2. Protein expression of immunosuppressive regulators in shear stress-induced hPDLSCs.
Shear stress promoted IDO activity (A) and the kynurenine product (B) in hPDLSCs. Shear stress
increased the secretion of active TGF-β1 in PDLSC-derived conditioned medium (C). TGF-β1 protein
expression in hPDLSCs was determined by Western blot analysis (D). The quantitative analysis of
Western blot band intensity of latent TGF-β1(E) and active TGF-β1 (F). The concentration of IFN-γ
in cell lysate (G) and conditioned medium (H) and the amount of COX2-independent PGE2 were
determined by ELISA assay (I). * p < 0.05 vs. control group.

3.3. Shear Stress-Derived Conditioned Medium (SS-CM) Suppressed T Cell Proliferation

To evaluate the inhibitory effect of SS-CM on the proliferation of CD4+ T cells from
PBMCs, the conditioned medium was lyophilised and suspended with a fresh 10% FBS-
RPMI medium. Isolated T cells were activated with CD3, CD28 and IL-2, which are
co-stimulatory signals from antigen-presenting cells (APCs) for activation and expansion of
T cells [52]. The activated T cells were treated with SS-CM for 3 days as the optimal timing
[7]. The CTL-CM was used as a control. Suspended cells in each condition were observed
and collected for a T cell proliferation assay. After T cell activation, the activated T cells
remarkably formed clusters, increased cell size and increased in number (Figure S3A–D).
T cell proliferation was significantly decreased after treatment with CTL-CM and SS-CM
compared to activated T cells without conditioned medium treatment. In addition, the
proliferation of T cells was significantly lower in SS-CM than in CTL-CM (Figure 4A).
Our results suggested that a conditioned medium derived from hPDLSCs inhibited the
proliferation of T cells, and this effect can be enhanced by shear stress stimulation.
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Figure 3. Shear stress enhanced IDO expression and IDO-catabolised kynurenine product in hPDLSCs
via ERK1/2 signalling pathway. After shear stress stimulation (at 5 dyn/cm2), hPDLSCs treated
with CHX were examined for IDO mRNA expression and kynurenine product (A,B). The activity
of ERK1/2 was examined by Western blot analysis (C). The quantitative analysis of Western blot
band intensity showed that ERK inhibitor attenuated P-ERK1/2 (D), but not ERK1/2 expression
in shear stress-induced hPDLSCs (E). The addition of an ERK inhibitor inhibits the effect of shear
stress-induced kynurenine secretion (F). However, shear stress did not affect TGF-β1 secretion (G).
* p < 0.05 vs. non-shear stress without ERK inhibitor group. # p < 0.05 vs. control.

3.4. Shear Stress-Derived Conditioned Medium (SS-CM) Induced Regulatory T Cell Differentiation

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 Treg cells were charac-
terised by Treg-specific gene markers, FOXP3 and IL-10. The results showed that the mRNA
expression of FOXP3 significantly increased in SS-CM compared to activated T cells and
CTL-CM (Figure 4B). The expression of IL-10 in CTL-CM and SS-CM was upregulated com-
pared to activated T cells. However, the mRNA expression of IL-10 was not different between
CTL-CM and SS-CM (Figure 4C). A previous study indicated that CD4+CD25hiCD127lo/−
are potent purity markers of the functional Treg population [53,56,57]. Our study showed
that SS-CM increased the percentage of CD4+CD25hiCD127lo/− Treg cells compared to
activated T cells and CTL-CM (Figure 4D,E). Therefore, these outcomes suggested that a
conditioned medium derived from shear stress-induced hPDLSCs enhances mRNA expres-
sion of Treg-specific markers (FOXP3 and IL-10) and increases the Treg cell population.
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Figure 4. Shear stress attenuated CD4+ T cell proliferation and promoted Treg differentiation. All
hPDLSC-derived conditioned media were indirectly co-cultured with CD4+ T cells. The proliferation
of CD4+ T cells was assessed using a resazurin assay. SS-CM decreased the percentage of T cell
proliferation (A). The mRNA expressions of FOXP3 (B) and IL-10 (C) were upregulated in SS-
CM-treated CD4+ T cells. The flow cytometry analysis showed an increase in the percentage of
CD4+CD25hiCD127lo/− Treg population in SS-CM compared to CTL-CM and activated T cells (D,E).
$ p < 0.05 vs. T cell alone group, * p < 0.05 vs. activated T cells group, # p < 0.05 vs. CTL-CM group.

4. Discussion

Here, our study showed that shear stress enhanced the secretion of TGF-β1 and
IDO-catabolised kynurenine in a conditioned medium derived from shear stress-induced
hPDLSCs. These conditioned media potentially inhibited CD4+ T cell proliferation while
promoting CD4+CD25hiCD127lo/− Treg differentiation.

TGF-β1 is an immunosuppressive molecule that induces Treg differentiation and
inhibits T cell proliferation [17,20–22]. Our data showed that the shear stress at 5 dyn/cm2

enhanced the secretion of TGF-β1 and the active form of TGF-β1. These findings confirmed
that shear stress might be one factor in regulating TGF-β1 activation, similar to platelets [58].
Kynurenine is a product from IDO-metabolised tryptophan. IDO and kynurenine are
important factors regulating the T cell function [25]. The decreasing of tryptophan by IDO
activity inhibited T cell growth [24]. Moreover, increased kynurenine induced immune
cell apoptosis and Treg differentiation [26,27,59]. Interestingly, our study also showed
that shear stress activated the expression and activity of the IDO enzyme. Although the
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amount of kynurenine detected in SS-CM was much lower than that of the exogenous
kynurenine experiment (Figure S4B), SS-CM markedly suppressed T cell immune activity.
A previous study showed that the 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-β1, promoting Treg cell differentiation [60]. Our data suggest that an
increased amount of TGF-β1 in SS-CM may amplify the effect of kynurenine on immune
suppression. However, further studies on how shear stress-activated IDO and TGF-β1
regulate immunosuppressive properties of hPDLSCs may unveil other mechanisms.

Additionally, shear stress-induced IDO mRNA expression and kynurenine product
were inhibited by CHX, the protein synthesis inhibitor, suggesting the involvement of inter-
mediate activators during shear stress stimulation. Studies indicate that IFN-γ and PGE2
are potent inducers to activate IDO expression [31,32,61]. We speculated that shear stress
might regulate immunosuppressive properties of hPDLSCs via IFN-γ or PGE2-independent
IDO activation. This speculation is based on our previous study showing that TLR3 en-
hanced the immunosuppressive capacity of hPDLSCs by suppressing proliferation of T cells
and promoting expression of FOXP3 mRNA via IFN-γ-independent IDO activation [7].
Moreover, TGF-β1 had been shown to induce IDO expression in dendritic cells via the
P(I)3K signalling pathway, resulting in a positive feedback loop for generating TGF-β1 and
IDO [34,62]. We speculate that shear stress may also regulate IDO expression of hPDLSCs
via the TGF-β1 signalling pathway.

We further investigated the mechanotransduction-mediated signalling pathway of
hPDLSCs after shear stress stimulation. ERK1/2, as a subset of the MAPK signalling
pathway, has been reported to be involved in shear stress-mediated mechanotransduction,
leading to regulation of the expression of target genes [52,63]. Our study found that shear
stress activated the ERK1/2 signalling pathway by increasing the phosphorylation of
ERK1/2. The activity of ERK1/2 usually results in increased immunosuppressive effects
of dendritic cells via increased TGF-β1 secretion [56]. Our study showed no difference in
TGF-β1 secretion after adding ERK inhibitor, indicating that shear stress-induced TGF-β1
secretion in hPDLSCs was not regulated by ERK1/2 activity. Additionally, P38, as a subset
of MAPK kinase, is upstream of IDO expression when activated by viral stimulation [64].
Herein, 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 hPDLSCs via the ERK1/2 signalling pathway.

Immunosuppressive properties of PDL cells can be activated by pro-inflammatory
cytokines. Conditioned medium from PDL cells exposed to IFN-γ and TLR3 could inhibit T
cell proliferation and induce FOXP3 mRNA expression [1,7]. Here, our study demonstrated
that shear stress potentially enhanced the immunosuppressive properties of hPDLSCs by
suppressing T cell proliferation and stimulating Treg cell differentiation. Treg cell features
were investigated by gene expression of specific markers (FOXP3 and IL10) and protein
expression of specific cell surface markers (CD4+CD25hiCD127lo/−) [65–67]. Moreover,
flow cytometry of viable CD4+CD25hiCD127lo/− Treg cells and sublocalisation of FOXP3
protein via western blot can be further analysed to investigate Treg cell activity [68,69].

In conclusion, our findings demonstrated that shear stress enhanced kynurenine in
hPDLSCs via the ERK1/2 signalling pathway. In response to shear stress, hPDLSCs secreted
active TGF-β1 and kynurenine, thereby suppressing T cell proliferation and promoting
Treg differentiation (Figure 5). Our findings contribute to a better understanding of the
immunosuppressive properties of hPDLSCs in response to mechanical stimuli such as
the ones generated during tooth movement. We believe that the paracrine-mediated
immunoregulatory function of hPDLSCs may be a promising cell-free approach for clinical
applications, especially for the case of allogeneic cell therapy.
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Figure 5. Schematic diagram of shear stress activates an immunosuppressive ability of hPDLSCs
via ERK-induced IDO and total and active TGF-β1. Shear stress enhances IDO-dependent kynure-
nine in hPDLSCs via ERK1/2 activation and increases total and active TGF-β1 in the extracellular
matrix or conditioned medium. Increased kynurenine and TGF-β1 secretion inhibit the CD4+ T cell
proliferation and promote Treg cell differentiation. Created with Biorender.com.
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Abbreviations

AHR Aryl hydrocarbon receptor
BCA Bicinchoninic acid
CHX Cycloheximide
COX2 Cyclooxygenase 2
CTL-CM Non-shear stress-induced hPDLSC-derived conditioned medium
DI Deionised water
ELISA Enzyme-linked immunosorbent assay
ERK1/2 Extracellular signalling-regulated kinase1/2
FOXP3 Forkhead box P3
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
hPDLSCs Human periodontal ligament stem cells
IDO Indoleamine 2,3dioxygenase
IFN-γ Interferon gamma
IL-1β Interleukin-1 beta
IL-2 Interleukin-2
IL-12 Interleukin-12
IL-10 Interleukin-10
Kyn Kynurenine
MSCs Mesenchymal stem cells
PBMCs Peripheral blood mononucleated cells
P-ERK1/2 Phosphorylated extracellular signalling-regulated kinase ½
PGE2 Prostaglandin E2
PI Protease inhibitor
P(I)3K Phosphoinositide 3-kinase
RIPA Radioimmunoprecipitation assay
RT Room temperature
SS-CM Shear stress-induced hPDLSC-derived conditioned medium
TCA Trichloroacetic acid
TLRs Toll-like receptors
Treg Regulatory T cell
TGF-β1 Transforming growth factor beta 1
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