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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-1β, 103 U/
mL IFN-γ, 50 ng/mL TNF-α, and 3 × 103 U/mL IFN-α; 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.1,2 Their ease of isolation from the dental pulp of natu-
rally shedding primary teeth, resemblance to neural crest 
cells3 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,4 and immunomodulatory properties5 made 
SHED especially attractive in regenerative medicine.6,7 
Compared with dental pulp stem/progenitor cells (DPSCs), 
residing in adult dental pulp tissue, SHED were reported 
to demonstrate higher proliferation rates8 with a greater 
potential of population doublings1 and higher osteogenic 
differentiation capacity,9 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.10 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.10,11 
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),12 gingival mesenchymal stem/progen-
itor cells (G-MSCs),13 DPSCs,14 and stem cells from the 
apical papilla (SCAP).15 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.16

2.1  |  SHED isolation

SHED isolation was conducted, relying on the previ-
ously described explant technique.17 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 15 min in clean culture flasks (Sarstedt, Nümbrecht, 
Germany) for adhesion. Basic medium (minimum es-
sential medium Eagle-alpha modification (α-MEM), 
Sigma-Aldrich, USA) enriched with 15% fetal calf serum 
(PAN-Biotech, Aidenbach, Germany), 2 mM L-glutamine 
(Gebco, Oklahoma, USA), 100 mg/mL Streptomycin 
(Biochrom, Berlin, Germany), 100 U/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).

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.
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2.2  |  Colony-forming units

SHEDs were cultivated in basic medium at a density of 
1.63 cells/cm2. After 14 days, 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.14,15,18 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 25 ng/mL interleukin 1 beta (IL-1β), 103 U/
mL interferon gamma (IFN-γ), 50 ng/mL tumor necrosis 
factor alpha (TNF-α), and 3 × 103 U/mL interferon alpha 
(IFN-α, all from PeproTech, Hamburg, Germany).13–15 

SHED were cultivated for 18 h 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 (1 μg/μL) 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 μL, 
containing 4 pmol TLR primer, 10 μL Fast Start Essential 
DNA Probes Master (Roche Diagnostics, Mannheim, 
Germany), and 5 μL 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.15 Relative quantification of gene expression levels 
was done using the 2−ΔΔCT 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). 

T A B L E  1   Age and gender of SHED donors.

Patient's number Gender
AGE in 
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 14a

10 Female 17a

aRetained primary teeth extracted for orthodontic reasons.

T A B L E  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 TLR5 H. sapiens

144018 ENST00000381950 TLR6 H. sapiens

146314 ENST00000380659 TLR7 H. sapiens

145852 ENST00000218032 TLR8 H. sapiens

143252 ENST00000360658 TLR9 H. sapiens

148515 NM_001017388 TLR10 H. sapiens

102083 ENST00000373316 PGK1 H. sapiens
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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, Lörrach, 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). 

F I G U R E  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).
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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 Δfluorescence intensity, interquartile 

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.2 
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.20 
Compared with DPSCs, SHED show enhanced prolifera-
tion and differentiation even under challenging microen-
vironmental conditions (including high glucose, hypoxia, 
and low serum supply).21 They further demonstrate a 

F I G U R E  2   TLR mRNA expression levels determined by quantitative polymerase chain reaction (qPCR) 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).
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greater proliferation level and differentiation aptitude9 
and higher basic fibroblast growth factor (bFGF) and bone 
morphogenetic protein-2 (BMP-2) expressions,8 aside from 
a higher potential for mineralized tissue formation. SHED 
exhibit cell-to-cell immunomodulatory/anti-inflammatory 
attributes5,22 and robustness to inflammatory challenges. 
SHED isolated from inflamed pulpal tissue23,24 and pulpal 
tissue of carious teeth25 demonstrated proliferation and 
differentiation potentials comparable to those stemming 
from uninflamed primary pulps, with IL-17A further en-
hancing their proliferation and differentiation.26

Similar to previous studies on AB-MSCs,27 DPSCs,13 G-
MSCs,28 and SCAP15 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).2

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.29–31 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-α, 
IL-1β, IFN-α, and IFN-γ) 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, TLR8 (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 TLR8 
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 TLR8, 

F I G U R E  3   TLRs’ protein levels in SHED and SHED-i: (A) Protein level (median Δfluorescence intensity) of TLRs 1–10 in uninflamed 
microenvironment. (B) Protein expression (median Δfluorescence 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).
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while diminished TLR7 on the mRNA level. The clinical 
significance of this heightened sensitivity for ssRNA 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,14 while in SCAP TLR3 was significantly 
downregulated,15 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,14,15 
represents an interesting finding and can be linked to the 
earlier reported insensitivity of ESCs, to which SHED 
show close resemblance,4 to these major inflammatory 
cytokines. Recent findings revealed that these pluripotent 
cells demonstrate insensitivity to TNF-α and IL-1β,32,33 
with only marginal sensitivity to IFN-γ,32 resulting in an 
absence of intracellular translocation and downstream 
activation of NFκB in response to these major inflamma-
tory cytokines.32,33 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,14,15 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.11,34 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.35 
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.35 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 

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.
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