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Abstract

Background: Stem/progenitor cells from human exfoliated deciduous teeth
(SHED) show remarkable pluripotent, regenerative, and immunological capaci-
ties. During in vivo regenerative processes, there could be the presence of SHED
in the surrounding inflammatory microenvironment, through toll-like receptors
(TLRs).

Aim: The aim of this paper was to present a characteristic TLR expression profile
on SHED for the first time.

Design: Cells were harvested from extracted primary teeth (n=10), anti-STRO-1
immunomagnetically sorted and cultivated, through colony-forming units
(CFUs). SHED were examined for mesenchymal stem/progenitor cell traits, in-
cluding the expression of clusters of differentiation (CDs) 14, 34, 45, 73, 90, 105,
and 146, and their multilineage differentiation aptitude. TLRs 1-10 expression
was investigated for SHED in uninflamed and inflamed (25 ng/mL IL-1p, 10° U/
mL IFN-y, 50ng/mL TNF-a, and 3x10°U/mL IFN-o; SHED-i) microenviron-
mental conditions.

Results: SHED were negative for CDs 14, 34, and 45, but were positive for CDs
73, 90, 105, and 146, and demonstrated characteristic multilineage differentia-
tion. In an uninflamed microenvironment, SHED expressed TLRs 1, 2, 3, 4, 6, 8, 9,
and 10. The inflammatory microenvironment downregulated TLR7 significantly
on gene level and upregulated TLR8 on gene and protein levels (p <.05; Wilcoxon
signed-rank test).

Conclusion: There appears to be a unique TLR expression profile on SHED,
which could modulate their immunological and regenerative abilities in oral tis-

sue engineering approaches.
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1 | INTRODUCTION

The dental pulp of primary teeth can offer readily acces-
sible sources for multipotent stromal cells (MSCs), namely
stem cells from human exfoliated deciduous teeth (SHED),
with remarkable differentiation and regenerative poten-
tial."* Their ease of isolation from the dental pulp of natu-
rally shedding primary teeth, resemblance to neural crest
cells’ and embryonic stem cells (ESCs), including their
pluripotency markers' expression (as OCT4 and NANOG),
higher telomerase activity, formation of spherelike clus-
ters, possession of immature differentiation capacity with
high plasticity,* and immunomodulatory properties® made
SHED especially attractive in regenerative medicine.®’
Compared with dental pulp stem/progenitor cells (DPSCs),
residing in adult dental pulp tissue, SHED were reported
to demonstrate higher proliferation rates® with a greater
potential of population doublings’ and higher osteogenic
differentiation capacity,’ further endorsing SHED as prom-
ising cellular alternatives in regenerative endodontics.
Toll-like receptors (TLRs) belong to the innate
germline-encoded pattern recognition receptors (PRRs),
with the ability to distinguish particular pathogen-
associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs). Currently, 10
extracellular (TLRs 1, 2, 4, 5, 6, and 10) and intracellular
(TLRs 3, 7, 8, and 9) TLRs have been identified.'® MSCs
of different tissues represent distinctive TLRs’ expression
profiles, rendering them sensitive to particular PAMPs as
well as DAMPs, and affecting their immunological, mi-
gration, proliferation, and differentiation qualities.m’11
Recently, distinctive expression profiles of TLRs 1 to 10
were defined on numerous oral MSCs in humans, in-
cluding alveolar bone proper-derived stem/progenitor
cells (AB-MSCs),"? gingival mesenchymal stem/progen-
itor cells (G-MSCs),"* DPSCs,'* and stem cells from the
apical papilla (SCAP)."® Yet, to date no TLR expression
profile have been demonstrated on SHED. Considering
the abovementioned remarkable pluripotency and re-
generative and immunomodulatory characteristics, the
aim of this study was to depict for the first time a char-
acteristic TLR expression profile on SHED, in both unin-
flamed and inflamed microenvironmental settings.

2 | MATERIALS AND METHODS

This experimental study was conducted according to the
PRILE 2021 guidelines.'®

Why this paper is important to paediatric
dentists

« Current findings outline for the first time a
unique expression profile of TLRs, responsible
for sensing of intraoral microbial components
and tissue break down products clinically, on
SHED in inflamed and non-inflamed micro-
environmental settings.

« This current study further suggests a similarity
of SHED to ESCs in their marginal sensitivity to
major inflammatory cytokines.

« The outlined findings could pave the way for
a future clinical TLR-mediated modulation
of the SHED immunological and regenerative
abilities, in the field of oral and dental tissue
engineering.

2.1 | SHED isolation

SHED isolation was conducted, relying on the previ-
ously described explant technique.'” After obtaining in-
formed consent from the childrens' legal guardians, 10
primary teeth of children indicated for extraction were
removed (n=10; Institutional Review Board (IRB) ap-
proval number: D513/17, patients’ age and gender are
listed in Table 1). To isolate the SHED, the extracted
primary teeth were mechanically fractionated and the
dental pulps were obtained, proportioned, and placed
for 15min in clean culture flasks (Sarstedt, Niimbrecht,
Germany) for adhesion. Basic medium (minimum es-
sential medium Eagle-alpha modification (a-MEM),
Sigma-Aldrich, USA) enriched with 15% fetal calf serum
(PAN-Biotech, Aidenbach, Germany), 2mM L-glutamine
(Gebco, Oklahoma, USA), 100mg/mL Streptomycin
(Biochrom, Berlin, Germany), 100U/mL penicillin
(Biochrom), and 1% Amphotericin (EuroClone, Pero,
Italy) was gently added to the culture flasks and incu-
bated (5% carbon dioxide and 37°C). Media were re-
newed thrice per week. First passage cells were sorted
immunomagnetically (MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany) at a confluence of 80-85%, using
anti-PE Microbeads (Miltenyi Biotec) and anti-STRO-1
(PE, Santa Cruz, CA, USA) antibodies. Positively sorted
cells (SHEDs) were cultivated to obtain colony-forming
units (CFUs).
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TABLE 1 Age and gender of SHED donors.

AGE in
Patient’s number Gender years
1 Female 2
2 Female 3
3 Male 4
4 Female 5
5 Female 6
6 Male 6
7 Female 10
8 Female 12
9 Male 14°
10 Female 17%

*Retained primary teeth extracted for orthodontic reasons.

2.2 | Colony-forming units

SHEDs were cultivated in basic medium at a density of
1.63 cells/cm®. After 14days, colonies of 50 cells or more
were fixed with 80% ethanol and stained using 0.1% crys-
tal violet (Merck, Darmstadt, Deutschland) and photo-
graphed (Canon-6D; Canon, Tokyo, Japan).

2.3 | Flow cytometric analysis and
multilineage differentiation

Expression of the distinctive MSCs' surface markers on
SHED, namely clusters of differentiation (CDs) 14, 34,
45,73, 90, 105, and 146 (Miltenyi Biotec),18 was examined
using flow cytometry. Binding of primary antibodies and
their corresponding isotype controls was achieved utiliz-
ing FcR Blocking Reagent (Miltenyi Biotec) according to
standard protocols and the expression was documented,
using MACSQuant Flow Cytometry Analyzer (Miltenyi
Biotec) and FlowJo 10 (Becton Dickinson).

Osteogenic, adipogenic, and chondrogenic differentia-
tion potentials were examined in the third passage SHED
as described previously.'*">'® All media were exchanged
three times per week.

2.4 | Inflammatory condition

To study the influence of the inflammatory microenviron-
ment on the TLR expression profile on SHED, the basic
medium was supplemented with an inflammatory cocktail
consisting of 25ng/mL interleukin 1 beta (IL-1f), 10° U/
mL interferon gamma (IFN-y), 50ng/mL tumor necrosis
factor alpha (TNF-a), and 3x10° U/mL interferon alpha
(IFN-a, all from PeproTech, Hamburg, Germany).”* "
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TABLE 2 Primers' assay ID, gene symbol, and accession ID (as

supplied by Roche) employed in the real-time polymerase chain
reaction (supplied by Roche Diagnostics).

Assay ID Accession ID Gene symbol
111000 ENST00000308979 TLR1 Homo sapiens
145617 ENST00000260010 TLR2 H. sapiens
148502 ENST00000296795 TLR3 H. sapiens
135752 ENST00000355622 TLR4 H. sapiens
103674 ENST00000366881 TLRS5 H. sapiens
144018 ENST00000381950 TLR6 H. sapiens
146314 ENST00000380659 TLR7 H. sapiens
145852 ENST00000218032 TLRS8 H. sapiens
143252 ENST00000360658 TLR9 H. sapiens
148515 NM_001017388 TLR10 H. sapiens
102083 ENST00000373316 PGK1 H. sapiens

SHED were cultivated for 18h in this inflammatory envi-
ronment (SHED-i) or in basic medium (SHED) and subse-
quently their TLR expression profiles were identified.

2.5 | TLR expression on gene level

To assess the TLR gene expression levels, messenger RNA
(mRNA) extraction from SHEDs and SHEDs-i was per-
formed for each patient separately, employing the RNeasy
kit (Qiagen, Hilden, Germany). Complementary DNA
(cDNA) was produced from RNA (1pg/uL) by reverse
transcription, using the QuantiTect Reverse Transcription
Kit (Qiagen, Hilden, Germany), following the manufactur-
er's instructions. Real-time polymerase chain reaction was
performed on a LightCycler 96 system (Roche Diagnostics,
Mannheim, Germany) in a total reaction volume of 20 pL,
containing 4 pmol TLR primer, 10 pL Fast Start Essential
DNA Probes Master (Roche Diagnostics, Mannheim,
Germany), and 5pL specimen cDNA. Real Time Ready
Assays (Roche Diagnostics, Mannheim, Germany) for
TLRs 1-10 and PGK1 (Table 2) were used according to the
manufacturer's instructions. Phosphoglycerate kinase 1
(PGK1) was used as a reference gene as described previ-
ously."® Relative quantification of gene expression levels
was done using the 27*4T technique. Experiments were
performed in triplicate and averaged.

2.6 | TLR expression on protein

SHEDs and SHEDs-i were examined through flow cy-
tometry for their expression of TLRs 1 to 10 on the pro-
tein level. SHED were fixed and permeabilized (Cytofix/
Cytoperm, BD Biosciences, Franklin Lakes, NJ, USA).
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Viability staining was performed via VioBlue (Miltenyi
Biotec). Antibodies employed were as follows: anti-
TLR1, anti-TLR3, anti-TLR7, anti-TLR9, anti-TLR10
(Invitrogen, Waltham, MA, USA), anti-TLR2, anti-TLR4,
anti-TLR8 (Enzo Life Sciences, Lorrach, Germany),
anti-TLR5 (R&D Systems, Hessen, Germany), and anti-
TLR6 (BioLegend). Binding of primary antibodies and
their isotype controls was accomplished employing 1%
FCS. TLR expression was recorded using MACSQuant
Flow Cytometry Analyzer (Miltenyi Biotec) and FlowJo
10 (Becton Dickinson).

2.7 | Statistical evaluation

A Shapiro-Wilk test was used to assess normality of data.
Results were not distributed normally. Thus, differences
in TLR expression on mRNA and protein levels between
SHED and SHED-i were statistically analyzed using the

nonparametric Wilcoxon signed-rank test (SPSS 27; SPSS,
Chicago, IL, USA). The significance level was set to p <.05.

3 | RESULTS

3.1 | Microscopy, CFUs, surface marker
expression profile, and multilineage
potential

Cells formed fibroblast-like clusters (Figure 1A). Anti-
STRO-1-sorted SHED showed demarcated CFUs
(Figure 1B) and were CD14~, CD34 ", and CD45", whereas
CD73*, CD90", CD105*, and CD146" (Figure 1C).
Osteogenically induced SHED formed calcified deposi-
tions, which were Alizarin Red-positive, in disparity with
their controls (Figure 1D,E). Adipogenically stimulated
SHED formed Oil Red O positively stained lipid drop-
lets, in contrast to their respective controls (Figure 1F,G).
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FIGURE 1 Microscopy, colony-forming units (CFUs), surface markers, and multilineage differentiation: (A) Microscopic picture

of adherent cells (2nd week). (B) CFUs of SHED. (C) Flow cytometric analysis of surface markers expressed on SHED. Multilineage
differentiation of SHED: Alizarin Red stain of the osteogenically stimulated SHED (D) and controls (E). Oil Red O stain of the adipogenically
stimulated SHED (F) and controls (G). Alcian Blue stain of the chondrogenically stimulated SHED (H) and controls (I).

85U8017 SUOWILLIOD A1) 3|qeo! dde aup Aq peuenob ae Sapiie YO ‘8Sn JO o 10} Aeiq18UlUO 48] 1M UO (SUORIPUOD-PUR-SLUBILICD" A3 IM A eIq | Ul UO//SdNL) SUORIPUOD pue Swe 1 8y} 88S *[6202/80/20] U0 AriqiauliuO A8]IM ‘IS BAIUN-SIYoR.d | Y-UelsLyD A 080T PITTTT OT/I0P/WO0 A8 IM AReIq 1l |uo//:Sdy WO papeoiumod ‘9 ‘€202 ‘XE9ZSIET



FAWZY EL-SAYED ET AL.

Finally, chondrogenically induced SHED deposited Alcian
Blue-positive glycosaminoglycans, unlike unstimulated
controls (Figure 1H,I).

3.2 | TLR gene expression level

SHED cultivated under basic environment showed rela-
tive gene expression (median TLR mRNA/PGK1 mRNA,
interquartile range) of TLR1 (0.0001, 0.0000/0.0002), TLR2
(0.0025,0.0011/0.0129), TLR3(0.0073,0.0048/0.0103), TLR4
(0.0002,0.0001/0.0004), TLR5(0.0001,0.0000/0.0008), TLR7
(0.0004, 0.0002/0.0032), TLR9 (0.0001, 0.0000/0.0009), and
TLR10 (0.0151, 0.0072/0.0184), with no notable expression
of TLRs 6 and 8 (Figure 2A). The inflammatory microen-
vironment upregulated the expression of TLR8 (0.0010,
0.0000/0.0075), whereas it downregulated the expres-
sion of TLR7 significantly (0.0002, 0.0001/0.0032; p<.05,
Wilcoxon signed-rank test, Figure 2B).

3.3 | TLR protein level

Unstimulated SHED cultured under basic environment
expressed (median Afluorescence intensity, interquartile

611
i MO
range) TLR1 (0.9600, 0.4675/2.0150), TLR2 (9.4000,
6.8750/15.1500), TLR3 (22.6950, 5.8050/50.4750), TLR4
(4.7500, 1.9250/7.7500), TLR6 (0.0600, 0.0000/0.4600),
TLR8 (27.7950, 11.1000/35.9025), TLR9 (0.0200,
0.0000/1.2925), and TLR10 (0.6400, 0.2150/1.0050), with
no expression of TLR5 or TLR7 (Figure 3A). The inflam-
matory medium further diminished the expression of
TLRs 6 and 9, whereas upregulated the expression of TLR8
significantly (43.8200, 30.1175/46.4750; p <.05, Wilcoxon
signed-rank test, Figure 3B).

4 | DISCUSSION

Clinically, SHED are easily obtainable oral MSCs with dis-
tinctive regenerative and immunomodulatory attributes.
Similar to DPSCs, SHED have the capability to differenti-
ate into functional odontoblasts and to bring about a stem/
progenitor cell-mediated complete dentin-pulpal complex
regeneration,19 with vasculature, innervation, a lining od-
ontoblastic layer, and elongated root with closed foramen.*
Compared with DPSCs, SHED show enhanced prolifera-
tion and differentiation even under challenging microen-
vironmental conditions (including high glucose, hypoxia,
and low serum supply).?’ They further demonstrate a
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FIGURE 2 TLR mRNA expression levels determined by quantitative polymerase chain reaction (qQPCR) in SHED and SHED-i: (A)
mRNA expression of TLRs 1-10 in uninflamed and (B) in inflamed microenvironments (n=10; boxes and whisker plots with medians and

quartiles), showing significantly elevated (green boxes) and significantly diminished (red boxes) mRNA expression following stimulation in

the inflammatory microenvironment (statistical significances are marked with asterisk, *p <.05; Wilcoxon signed-rank test).

85U8017 SUOWILLIOD A1) 3|qeo! dde aup Aq peuenob ae Sapiie YO ‘8Sn JO o 10} Aeiq18UlUO 48] 1M UO (SUORIPUOD-PUR-SLUBILICD" A3 IM A eIq | Ul UO//SdNL) SUORIPUOD pue Swe 1 8y} 88S *[6202/80/20] U0 AriqiauliuO A8]IM ‘IS BAIUN-SIYoR.d | Y-UelsLyD A 080T PITTTT OT/I0P/WO0 A8 IM AReIq 1l |uo//:Sdy WO papeoiumod ‘9 ‘€202 ‘XE9ZSIET



FAWZY EL-SAYED ET AL.

612 INTERNATIONAL JOURNAL OF
WI LEY PAEDIATRIC DENTISTRY

FACS

60
c
©
7]
7]
D40
S
<
()
=
9
020
o
R )

: i

0 = —_— e o = =

(A) TLR1 TLR3 TLR5 TLR7 TLR9

TLR2 TLR4 TLR6 TLR8

SHED

TLR10

*

60
c
iel
?
40
—_
o
<
o}
=
9
020
=
o
S o .

o
0 = E — —_ e

(B) TLR1 TLR3 TLR5 TLR7 TLR9
TLR2 TLR4 TLR6 TLR8 TLR10

SHED-i

FIGURE 3 TLRs’ protein levels in SHED and SHED-i: (A) Protein level (median Afluorescence intensity) of TLRs 1-10 in uninflamed
microenvironment. (B) Protein expression (median Afluorescence intensity) of TLRs 1-10 in inflamed microenvironment (n = 10; boxes and

whisker plots with medians and quartiles). Green-colored boxes show significantly elevated protein expression following stimulation in the

inflammatory microenvironment (statistical significances are marked with asterisk, *p <.05; Wilcoxon signed-rank test).

greater proliferation level and differentiation aptitude’
and higher basic fibroblast growth factor (bFGF) and bone
morphogenetic protein-2 (BMP-2) expressions,® aside from
a higher potential for mineralized tissue formation. SHED
exhibit cell-to-cell immunomodulatory/anti-inflammatory
attributes™* and robustness to inflammatory challenges.
SHED isolated from inflamed pulpal tissue**** and pulpal
tissue of carious teeth®> demonstrated proliferation and
differentiation potentials comparable to those stemming
from uninflamed primary pulps, with IL-17A further en-
hancing their proliferation and differentiation.*®

Similar to previous studies on AB-MSCs,?” DPSCs," G-
MSCs,*® and SCAP'® employing the STRO-1 surface anti-
gen to separate and enrich oral MSCs in their cultures, the
anti-STRO-1 magnetic cell-sorting technique was used in
the current investigation for SHED selection. SHED were
negative for CDs 14, 34, and 45, whereas positively ex-
pressed CDs 73, 90, 105, and 146 demonstrated CFUs, ad-
herence to plastic and notable multilineage differentiation
(in adipogenic, osteogenic, and chondrogenic directions).?

Inflammation is an early stage of all physiological heal-
ing/regeneration events clinically. During pulpal regenera-
tive processes, SHED could be exposed to bacterial PAMPs
and tissue breakdown products (ie, DAMPs) sensed by their
TLRs, as well as an accompanying cytokine-driven inflam-
matory response in their immediate microenvironment,

affecting their TLR expression profile.”~*! This investiga-
tion aimed to describe for the first time a comprehensive
TLR expression profile on SHED. In the current study,
the short-term stimulatory effect of the inflammatory
cocktail of the major inflammatory molecules (TNF-a,
IL-1pB, IFN-a, and IFN-y) on the TLR expression profile
on SHED was further investigated. On the protein level,
SHED under basic culture conditions expressed TLRs 1,
2,3,4,6,8,9, and 10 with no expressions of TLRs 5 and 7.
According to their median protein expression, TLRS (rec-
ognizing single-stranded RNA [ssRNA]) was highest ex-
pressed, followed by TLR3 (recognizing double-stranded
RNA), TLR2 (recognizing bacterial lipoproteins/lipopep-
tides, peptidoglycan, and lipoteichoic acid), and TLR4
(recognizing bacterial lipopolysaccharides and heat-shock
protein 60), with minute expressions of TLR1 (recogniz-
ing bacterial tri-acylated lipopeptides), TLR10 (ligand re-
mains unknown), TLR6 (recognizing bacterial di-acylated
lipopeptides and lipoteichoic acid), and finally TLR9 (bac-
terial and viral unmethylated CpG motifs). The inflamma-
tory microenvironment significantly upregulated TLRS8
expression of SHED, elevating their sensitivity to sSRNA,
without altering the sequential order of their TLR expres-
sion as described previously. These findings were further
validated on the mRNA level, where the inflammatory mi-
croenvironment similarly significantly upregulated TLRS,
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while diminished TLR7 on the mRNA level. The clinical
significance of this heightened sensitivity for ssSRNA in
SHED under inflammatory microenvironment remains to
be elucidated.

Although earlier investigations demonstrated that
similarly in DPSCs under the same short-term inflamma-
tory microenvironmental stimuli TLR6 was significantly
downregulated,'* while in SCAP TLR3 was significantly
downregulated," inflammation altered their sequential
order of TLR expression quantitatively, making these cells
more responsive to different PAMPs and DAMPs under
inflammation than under basic culture conditions. The
currently observed unique absence of an inflammation-
mediated alteration in the sequential expression of TLRs
quantitatively under inflammation, in contrast to find-
ings on TLR expression profiles of DPSCs and SCAP,'*"
represents an interesting finding and can be linked to the
earlier reported insensitivity of ESCs, to which SHED
show close resemblance,’ to these major inflammatory
cytokines. Recent findings revealed that these pluripotent
cells demonstrate insensitivity to TNF-o and IL-1p,**>*
with only marginal sensitivity to IFN-y,** resulting in an
absence of intracellular translocation and downstream
activation of NFxB in response to these major inflamma-
tory cytokines.**** The observed minor alterations in TLR
expression profile on SHED in response to the inflamma-
tory “cocktail” suggest a similar marginal sensitivity, in
contrast to its well-established effectivity on DPSCs and
SCAP,'*"* and could demonstrate a novel finding linking
SHED further to ESCs immunologically.

In conclusion, current findings outline for the first
time a unique expression profile of TLRs on SHED in
inflamed and noninflamed microenvironmental set-
tings, which could modulate their immunological and
regenerative abilities clinically.'** Still, an oversimplifi-
cation of direct ligand-receptor relationships should be
avoided. An orchestrated cotransfection of several TLRs
could mutually supplement or constrain the identifica-
tion of definite PAMPs, pointing out that responses of the
cells to PAMPs could be directed through the full array
of the TLRs expressed on the cells, the quantity of the
PAMP, and the conjoint appearance of crucial cofactors.®
Further complexity arises from the fact that specific TLRs
when combinedly stimulated could serve as co-receptors
for other TLRs (as TLR1 and TLR6 for TLR2), constrain-
ing or energizing their cellular responses.*> Moreover, the
present experiment utilized only an inflammatory “cock-
tail” to mimic in vivo inflammatory microenvironmental
settings, which does not fully mimic clinical inflamma-
tion, in which these cytokines would conjointly appear
with DAMPs or PAMPs. This could have further altered
the described SHED TLR expression profile, through feed-
back loops of TLR expression. Further investigations are

613
R 11
essential to investigate the cellular reactions following the
stimulation of each of the delineated TLRs, singularly as
well as combined, in the presence or absence of their re-
spective ligands on the immunological and regeneration
qualities of the SHED.

AUTHOR CONTRIBUTIONS

Karim M. Fawzy El-Sayed contributed to conceptualiza-
tion, writing—original draft preparation, and supervision;
Karim M. Fawzy El-Sayed and Mohamed Mekhemar con-
tributed to methodology; Antje Geiken, Antonia Rudert,
and Johannes Télle contributed to formal analysis and in-
vestigation; Antonia Rudert contributed to data curation;
Christof E. Dorfer contributed to writing—review and
editing, project administration, and funding acquisition.

ACKNOWLEDGMENTS

The authors thank Mrs. Marquardt and Mrs. Paymard-
Stolz for their outstanding technical assistance. Open
Access funding enabled and organized by Projekt DEAL.

FUNDING INFORMATION
This work was supported by the Christian Albrechts
University, Kiel, Germany.

CONFLICT OF INTEREST STATEMENT
All authors have no conflict of interest to report.

DATA AVAILABILITY STATEMENT
All data are available from the corresponding author upon
reasonable request.

ETHICAL APPROVAL

The study's protocol was approved by the Ethical
Committee of the Medical Faculty of the Christian
Albrechts University of Kiel (IRB: D513/17).

ORCID
Karim M. Fawzy El-Sayed © https://orcid.
org/0000-0002-6261-3609

REFERENCES

1. Miura M, Gronthos S, Zhao M, et al. SHED: stem cells from
human exfoliated deciduous teeth. Proc Natl Acad Sci U S A.
2003;100:5807-5812.

2. Xie F, He J, Chen YY, Hu ZQ, Qin M, Hui TQ. Multi-lineage
differentiation and clinical application of stem cells from exfo-
liated deciduous teeth. Hum Cell. 2020;33:295-302.

3. Gazarian KG, Ramirez-Garcia LR. Human deciduous teeth
stem cells (SHED) display neural crest signature characters.
PLoS One. 2017;12:e0170321.

4. Ko CS, Chen JH, Su WT. Stem cells from human exfoliated
deciduous teeth: a concise review. Curr Stem Cell Res Ther.
2020;15:61-76.

85U8017 SUOWILLIOD A1) 3|qeo! dde aup Aq peuenob ae Sapiie YO ‘8Sn JO o 10} Aeiq18UlUO 48] 1M UO (SUORIPUOD-PUR-SLUBILICD" A3 IM A eIq | Ul UO//SdNL) SUORIPUOD pue Swe 1 8y} 88S *[6202/80/20] U0 AriqiauliuO A8]IM ‘IS BAIUN-SIYoR.d | Y-UelsLyD A 080T PITTTT OT/I0P/WO0 A8 IM AReIq 1l |uo//:Sdy WO papeoiumod ‘9 ‘€202 ‘XE9ZSIET


https://orcid.org/0000-0002-6261-3609
https://orcid.org/0000-0002-6261-3609
https://orcid.org/0000-0002-6261-3609

614 INTERNATIONAL JOURNAL OF
WI LEY PAEDIATRIC DENTISTRY

5.

10.

11.
12.

13.

14.
15.

16.
17.
18.

19.
20.

21.

22.

FAWZY EL-SAYED ET AL.

Gao X, Shen Z, Guan M, et al. Immunomodulatory role of stem
cells from human exfoliated deciduous teeth on periodontal re-
generation. Tissue Eng Part A. 2018;24:1341-1353.

Shi X, Mao J, Liu Y. Concise review: pulp stem cells derived
from human permanent and deciduous teeth: biological char-
acteristics and therapeutic applications. Stem Cells Transl Med.
2020;9:445-464.

Fawzy El-Sayed KM, Ahmed GM, Abouauf EA, Schwendicke
F. Stem/progenitor cell-mediated pulpal tissue regenera-
tion: a systematic review and meta-analysis. Int Endod J.
2019;52:1573-1585.

Kunimatsu R, Nakajima K, Awada T, et al. Comparative charac-
terization of stem cells from human exfoliated deciduous teeth,
dental pulp, and bone marrow-derived mesenchymal stem
cells. Biochem Biophys Res Commun. 2018;501:193-198.

Wang H, Zhong Q, Yang T, et al. Comparative characterization
of SHED and DPSCs during extended cultivation in vitro. Mol
Med Rep. 2018;17:6551-6559.

Liotta F, Angeli R, Cosmi L, et al. Toll-like receptors 3 and 4 are
expressed by human bone marrow-derived mesenchymal stem
cells and can inhibit their T-cell modulatory activity by impair-
ing notch signaling. Stem Cells. 2008;26:279-289.

DelaRosa O, Lombardo E. Modulation of adult mesenchymal
stem cells activity by toll-like receptors: implications on thera-
peutic potential. Mediators Inflamm. 2010;2010:1-9.

Fawzy El-Sayed KM, Boeckler J, Dorfer CE. TLR expression pro-
file of human alveolar bone proper-derived stem/progenitor cells
and osteoblasts. J Craniomaxillofac Surg. 2017;45:2054-2060.
Fawzy-El-Sayed K, Mekhemar M, Adam-Klages S, Kabelitz D,
Dorfer C. TIR expression profile of human gingival margin-
derived stem progenitor cells. Med Oral Patol Oral Cir Bucal.
2016;21:e30-e38.

Fawzy El-Sayed KM, Klingebiel P, Dorfer CE. Toll-like receptor
expression profile of human dental pulp stem/progenitor cells.
J Endod. 2016;42:413-417.

Fehrmann C, Dorfer CE, Fawzy El-Sayed KM. Toll-like receptor
expression profile of human stem/progenitor cells form the api-
cal papilla. J Endod. 2020;46:1623-1630.

Nagendrababu V, Murray PE, Ordinola-Zapata R,
et al. PRILE 2021 guidelines for reporting laboratory studies
in endodontology: explanation and elaboration. Int Endod J.
2021;54:1491-1515.

Jeon M, Song JS, Choi BJ, et al. In vitro and in vivo character-
istics of stem cells from human exfoliated deciduous teeth ob-
tained by enzymatic disaggregation and outgrowth. Arch Oral
Biol. 2014;59:1013-1023.

Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria
for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement.
Cytotherapy. 2006;8:315-317.

Rosa V, Zhang Z, Grande RH, Nor JE. Dental pulp tissue
engineering in full-length human root canals. J Dent Res.
2013;92:970-975.

Xuan K, Li B, Guo H, et al. Deciduous autologous tooth stem
cells regenerate dental pulp after implantation into injured
teeth. Sci Transl Med. 2018;10:eaaf3227.

Kanafi MM, Ramesh A, Gupta PK, Bhonde RR. Influence of
hypoxia, high glucose, and low serum on the growth kinetics of
mesenchymal stem cells from deciduous and permanent teeth.
Cells Tissues Organs. 2013;198:198-208.

Qiao YQ, Zhu LS, Cui SJ, Zhang T, Yang RL, Zhou YH. Local ad-
ministration of stem cells from human exfoliated primary teeth

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

attenuate experimental periodontitis in mice. Chin J Dent Res.
2019;22:157-163.

Yu S, Diao S, Wang J, Ding G, Yang D, Fan Z. Comparative anal-
ysis of proliferation and differentiation potentials of stem cells
from inflamed pulp of deciduous teeth and stem cells from
exfoliated deciduous teeth. Biomed Res Int. 2014;2014:930907.
Kim JC, Park JC, Kim SH, et al. Treatment of FGF-2 on stem
cells from inflamed dental pulp tissue from human deciduous
teeth. Oral Dis. 2014;20:191-204.

Werle SB, Lindemann D, Steffens D, et al. Carious deciduous
teeth are a potential source for dental pulp stem cells. Clin Oral
Investig. 2016;20:75-81.

Sebastian AA, Kannan TP, Norazmi MN, Nurul AA. Interleukin-
17A promotes osteogenic differentiation by increasing OPG/
RANKL ratio in stem cells from human exfoliated deciduous
teeth (SHED). J Tissue Eng Regen Med. 2018;12:1856-1866.
Fawzy El-Sayed KM, Paris S, Becker S, et al. Isolation and char-
acterization of multipotent postnatal stem/progenitor cells
from human alveolar bone proper. J Craniomaxillofac Surg.
2012;40:735-742.

El-Sayed KM, Paris S, Graetz C, et al. Isolation and character-
isation of human gingival margin-derived STRO-1/MACS(+)
and MACS(—) cell populations. Int J Oral Sci. 2015;7:80-88.
Raicevic G, Najar M, Stamatopoulos B, et al. The source of
human mesenchymal stromal cells influences their TLR
profile as well as their functional properties. Cell Immunol.
2011;270:207-216.

Dunne A, O'Neill LA. The interleukin-1 receptor/toll-like re-
ceptor superfamily: signal transduction during inflammation
and host defense. Sci STKE. 2003;2003:re3.

Verstrepen L, Bekaert T, Chau TL, Tavernier J, Chariot A, Beyaert
R. TLR-4, IL-1R and TNF-R signaling to NF-kappaB: variations
on a common theme. Cell Mol Life Sci. 2008;65:2964-2978.
Chen B, Gurung C, Guo J, Kwon C, Guo YL. Pluripotent
stem cells are insensitive to the cytotoxicity of TNFalpha and
IFNgamma. Reproduction. 2020;160:547-560.

McClellan A, Evans R, Sze C, Kan S, Paterson Y, Guest D. A
novel mechanism for the protection of embryonic stem cell de-
rived tenocytes from inflammatory cytokine interleukin 1 beta.
Sci Rep. 2019;9:2755.

Mekhemar M, Tolle J, Dorfer C, Fawzy El-Sayed K. TLR3 li-
gation affects differentiation and stemness properties of gin-
gival mesenchymal stem/progenitor cells. J Clin Periodontol.
2020;47:991-1005.

Hajjar AM, O'Mahony DS, Ozinsky A, et al. Cutting edge: func-
tional interactions between toll-like receptor (TLR) 2 and TLR1
or TLR6 in response to phenol-soluble modulin. J Immunol.
2001;166:15-19.

How to cite this article: Fawzy El-Sayed KM,
Rudert A, Geiken A, Tolle J, Mekhemar M, Dorfer
CE. Toll-like receptor expression profile of stem/
progenitor cells from human exfoliated deciduous
teeth. Int J Paediatr Dent. 2023;33:607-614.
doi:10.1111/ipd.13080

85U8017 SUOWILLIOD A1) 3|qeo! dde aup Aq peuenob ae Sapiie YO ‘8Sn JO o 10} Aeiq18UlUO 48] 1M UO (SUORIPUOD-PUR-SLUBILICD" A3 IM A eIq | Ul UO//SdNL) SUORIPUOD pue Swe 1 8y} 88S *[6202/80/20] U0 AriqiauliuO A8]IM ‘IS BAIUN-SIYoR.d | Y-UelsLyD A 080T PITTTT OT/I0P/WO0 A8 IM AReIq 1l |uo//:Sdy WO papeoiumod ‘9 ‘€202 ‘XE9ZSIET


https://doi.org/10.1111/ipd.13080

	Toll-­like receptor expression profile of stem/progenitor cells from human exfoliated deciduous teeth
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|SHED isolation
	2.2|Colony-­forming units
	2.3|Flow cytometric analysis and multilineage differentiation
	2.4|Inflammatory condition
	2.5|TLR expression on gene level
	2.6|TLR expression on protein
	2.7|Statistical evaluation

	3|RESULTS
	3.1|Microscopy, CFUs, surface marker expression profile, and multilineage potential
	3.2|TLR gene expression level
	3.3|TLR protein level

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICAL APPROVAL
	REFERENCES


