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Abstract

Aims: (a) The aim of this study was to investigate both the formation of dense con-
nective tissue within the dental pulp, and its association with pulpal inflammation
in teeth with advanced carious lesions; and (b) to investigate in vitro whether inflam-
mation affects the expression of markers related to chondrogenesis/osteogenesis in
pulp cells.

Materials and methods: Radiology and Histology: Forty-six teeth with advanced
carious lesions were radiographically investigated for intra-pulpal radiodense struc-
tures. Specimens were processed for histology and stained with haematoxylin/eosin
and proteoglycan-specific stains. The intra-pulpal connective tissue was scored
as pulp stones or ectopic connective tissue. Cell culture: pulpal cells from human
third molars (n = 5) were cultured in chondrogenic medium +/— TLR2/4 agonists.
Expression of the genes IL6, TLR2/4, SOX9, COL1A1, COL2A1, TGFB1, RUNX2 and
ALPL was assessed by qPCR. Proteoglycan content within cultures was assessed
spectrophotometrically.

Results: Radiodense structures were discovered in about half of all pulps. They were
associated with ectopic connective tissue (X2 = 8.932, p = .004, OR = 6.80, 95% CI:
[1.84, 25.19]) and with pulp stones (y* = 12.274, df = 1, p<.001, OR = 22.167, 95%
CI: [2.57, 200.00]). The morphology of the ectopic tissue resembled cartilage and
was associated with inflammatory infiltration of the pulp (x* = 10.148, p = .002,
OR = 17.77, 95% CI: [2.05, 154.21]). After continuous stimulation of cultured cells
with TLR2/4 agonists, the expression of two inflammatory markers increased: IL6
at Days 7 (p = .020) and 14 (p = .008); TLR2 at Days 7 (p = .023) and 14 (p = .009).
Similarly, expression of chondrogenic markers decreased: SOX9 at Day 14 (p = .035)
and TGFBI at Day 7 (p = .004), and the osteogenic marker COL1A1 at Day 7 (p =.007).
Proteoglycan content did not differ between unstimulated and stimulated cells.
Conclusions: Ectopic connective tissue resembling cartilage can form in teeth af-
fected by advanced carious lesions. This tissue type is radiographically visible and is
associated with inflammatory infiltration of the pulp. Although TLR2/4 agonists led
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to an inflammatory response in cell culture of pulp cells, the effect on the expression

of osteogenic/chondrogenic markers was limited, suggesting that immune cells are

DEMANT ET AL.
needed for connective tissue formation in vivo.
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INTRODUCTION

A study of teeth with radiographically advanced stages of
carious lesions has shown a dense ectopic connective tis-
sue type within the pulpal stroma (Demant et al., 2021).
This tissue resembled neither pulp stones nor phenotypes
of tertiary dentine (i.e. reactionary or reparative dentine).
Furthermore, a histological investigation showed that
the ectopic tissue was limited to teeth with extremely
deep carious lesions, as defined by the European Society
of Endodontology (European Society of Endodontology
(ESE) et al., 2019).

Currently, it is not known whether this tissue type is
associated with irreversible inflammatory damage to the
pulpal tissue, or to what extent it is structurally dense
enough to be systematically radiographically visible. If the
ectopic tissue is associated with irreversible pulpal dam-
age, and if it can indeed be visualized using conventional
radiographic techniques, these findings might be included
in the diagnosis of the status of the pulp prior to interven-
tion. Although it is well known that clinical assessment of
the pulp is a challenging task (Mejare et al., 2012), such in-
formation would be relevant for diagnostic purposes when
investigating the inflammatory status of the pulp.

Hard-tissue formation within the pulpal tissue is a
well-known phenomenon, and the tissue formed has tra-
ditionally been defined either as tertiary dentinogenesis or
as pulp stones. Tertiary dentinogenesis is viewed as a re-
sponse either of the odontoblasts (reactionary dentinogen-
esis), or in the event of the demise of the odontoblasts, of an
odontoblast-like cell (reparative dentinogenesis; Bjorndal
et al., 1998; Bjorndal & Darvann, 1999; Smith et al., 1995).
Pulp stones are masses of dense connective tissue that form
within the pulpal tissue; their aetiology has been explained
as reactions to pulpal damage or as part of normal pulpal
development (Moss-Salentijn & Klyvert, 1988).

The formation of ectopic dense connective tissue
within a soft-tissue compartment has also been reported
to occur in other parts of the body, especially after severe
soft-tissue damage. The process, which has been termed
heterotopic ossification (Cholok et al., 2018), could also
be driven by a mutation of the gene ACVRI (activin A re-
ceptor type 1) in the bone morphogenetic protein (BMP)
pathway, as with fibrodysplasia ossificans progressiva

(Schoenmaker et al., 2021). Heterotopic ossification is
currently believed to be induced by acute inflammation
caused by soft-tissue damage, which leads to the priming
of stromal/fibroblastic cells within the local microenviron-
ment and to their differentiation into a cartilage or bone-
like phenotype (Dey et al., 2018). It is therefore tempting
to speculate that the formation of ectopic connective tis-
sue within the dental pulp represents a similar process,
in that pulpal inflammation caused by the advanced cari-
ous lesion may lead to the formation of a tissue much like
that seen during heterotopic ossification. However, this
would challenge the commonly held concept of the odon-
toblast/odontoblast-like cell being the principal driver for
hard-tissue formation within the pulp, and thereby the
understanding that the tissue formed should be seen as a
variety of dentine. It has also been proposed that the ecto-
pic formation of dense connective tissue within the pulp
represents a dystrophic scar-like matrix caused by the un-
regulated and passive calcification of damage or necrotic
areas of the pulpal tissue (Ricucci et al., 2014).

The odontoblast has been shown to express toll-like
receptors (TLR), which suggests that the odontoblast is
a modulator of immune function and thereby serves as a
coordinator of the activation of both the innate and adap-
tive immune system (Farges et al., 2015). It is not known
whether direct signalling through the odontoblast leads to
the formation of ectopic connective tissue, or whether this
phenomenon results from a complex inflammatory mod-
ulation of the pulpal microenvironment much like the ac-
tivity seen in heterotopic ossification. It would therefore
be interesting to investigate whether inflammatory stim-
ulation of pulpal stromal cells would bring about changes
in the gene expression of connective tissue markers re-
lated to osteogenesis and/or chondrogenesis. The first
hypothesis (hypothesis i) was that the ectopic connective
tissue found in cases of extremely deep carious lesions is
associated with irreversible inflammatory damage to the
pulpal tissue, and resembles cartilage and/or bone, much
like the ectopic tissue found in cases of heterotopic ossifi-
cation. The second hypothesis (hypothesis ii) was that the
expression of genes related to the formation of cartilage
and/or bone would be upregulated by culturing pulpal
stromal cells under experimental conditions mimicking
inflammation and chondrogenesis.
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The first aim of the study was to describe the distribu-
tion of pulp stones and ectopic connective tissue and any
association between these structures and pulp inflamma-
tion in carious teeth; and to establish whether the ectopic
connective tissue can be described as either cartilage and/
or bone. The second aim was to experimentally investi-
gate whether inflammatory stimulation of mesenchymal
stromal cells from the dental pulp with TLR2/4 agonists
would cause an upregulation of a panel of genes related to
inflammation, chondrogenesis and/or osteogenesis, com-
pared with unstimulated cells.

MATERIALS AND METHODS

The manuscript of this laboratory study was written ac-
cording to preferred reporting items for laboratory stud-
ies in Endodontology 2021 guidelines (Nagendrababu
et al., 2021); an overview can be seen in Figure 1.

The histological investigation comprised 46 perma-
nent molars with extensive carious lesions. These had
been extracted in a group of young individuals (aged 12-
18years) as part of a dental mission on Mactan Island, the
Philippines. The extractions were purely based on thera-
peutic indications, and not related to this study. The in-
clusion criteria for the extracted teeth were as follows: (a)
teeth with extensive carious lesions, and (b) the extraction
could be carried out without damaging the tooth. In the
clinical setting, no attempt was made to grade the penetra-
tion depth of the carious lesions. The cell-culturing part of
this study was based on mesenchymal stromal cells har-
vested from healthy third molars extracted as part of rele-
vant treatment also not related to this study. The inclusion
of both groups of teeth was undertaken in accordance with
ethical principles, including the World Medical Association
Declaration of Helsinki (version 2008), and approved by
the Department of Education Lapu-Lapu, Mactan Island,
the Philippines. The biological human material was fully
anonymized, and the inclusion of the extracted teeth and
cell lines in this study was reviewed and approved by the
Danish National Committee on Health and Research
Ethics under protocol number H-1-2012-FSP.

Histology

After extraction, the teeth were immediately fixed in 4%
neutral buffered formalin (VWR) for a minimum of 24h
and prepared for macroscopic photography and histo-
logical processing according to the previously published
protocol (Demant et al., 2021). Briefly, a radiograph was
first obtained of each specimen in a buccal-lingual direc-
tion using a Planmeca Prosensor. HD, Planmeca ProX

intraoral X-ray unit and the Planmeca Romexis software
(Plandent). The exposure time was 0.6 s, with 6KV and
8 mA as parameters. Each tooth was then sectioned in
half through the central part of the occlusal cavitated le-
sion in a mesio-distal direction, using a high-precision
saw (MIKRO-TRENN). Each sectioned half was photo-
graphed, and the specimens were subsequently decalcified
in 10% EDTA (pH 6.9) and processed for histology. Each
macroscopically sectioned half was sectioned serially into
4 um sections, starting from the central part of the carious
lesion until complete exhaustion of the specimens. The
number of obtained sections varied greatly from specimen
to specimen due to differences in tooth type and section
plane. The sectioning procedure was carried out using a
sliding microtome (Leica Biosystems). A detailed descrip-
tion of the tissue processing methods has been described
elsewhere (Demant et al., 2021).

Histological evaluation

Haematoxylin and eosin (HE) staining was used to exam-
ine tissue architecture, and specifically (a) the presence/
absence of a pulp stones, defined as bodies of dense con-
nective tissue with a circular, layered appearance with-
out cellular inclusions; and (b) the presence/absence of
ectopic connective tissue, defined as dense, connective
tissue resembling neither a classic pulp stone nor tertiary
dentine matrix. Finally, the presence or absence of inflam-
matory cells within the pulpal stroma was scored, as de-
scribed elsewhere (Demant et al., 2021). Approximately
every fifth section was stained with HE. All analyses were
carried out based on the section with the most severe tis-
sue reaction.

Although the histological specimens had been de-
mineralized prior to sectioning, the term ‘ectopic min-
eralized connective tissue’ was used as a general term,
as these structures could also be visualized by means
of radiology. In order to determine whether the ectopic
mineralized connective tissue was related to cartilage
or bone, the specimens were stained according to estab-
lished protocols with Safranin O/Fast Green (Sigma).
Safranin O stains proteoglycans intensely orange to red
Schmitz et al. (2010). As well as staining with Safranin
O/Fast Green, selected specimens were stained with
Alcian Blue van Gieson in order to detect the presence
of proteoglycans in areas of the specimens that stained
blue and to detect the presence of collagen in areas that
stained intensely red (Quintarelly et al., 1964; Scott
et al., 1964). They were also stained with Toluidine Blue
O, where areas of metachromatic staining that caused
a change in colour from blue to purple indicated the
presence of a cartilaginous matrix (Schmitz et al., 2010).
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PRILE 2021 Flowchart

RATIONALE/JUSTIFICATION

A characterization of intra-pulpal calcification in teeth with advanced carious lesions showing ectopic
i ue that seems to be structurally related to cartilage or bone,

AIM/HYPOTHESIS
a) To describe pulp stones and ectoplc connemve tissue and the presence of pulp inflammation, and b) to establish in vitro
affects the

whether

of markers related to chondrogenesis or osteogenesis in pulpal stromal cells.

Hypothesis i) The ectopic connective tissue is an indicator of irreversible pulp inflammation resembling cartilage as of the type

noted in heterotopic ossification.

and

Hypothesis i) The culturing of pulpal stromal cells that mimick i

genes related to the formation of cartilage or bone.

is increases the expression of

1

ETHICAL APPROVAL

(APPROVED)

SAMPLES

Sample 1) 46 extracted teeth (n=46) with untreated extremely deep carious lesions, processed for
histology. Sample 2) Five cell lines (n=5) of pulpal stromal cells harvested from sound human third molars.

EXPERIMENTAL AND CONTROL GROUPS, including INDEPENDENT VARIABLES

Sample 1) Radiographi
absence of intrapulpal
Histology: Group 3) Presence o

up 1) presence of intrapulpal radiodense structures; Group 2)
res

Group 4) Presence of ectopic connective tissue.

Sample 2) Cell-culture study: Control (cells cultured in basal media); Unstimulated (cells cultured in
chondrogenic medium); Stimulated (cells cultured in chondrogenic medium + TLR agonists).

OUTCOME[S) ASSESSED, including DEPENDENT VARIABLES AND TYPE

structures with the coronal pulp;

Histological assessment: +/- presence of a classic pulp stone, +/- presence of ectopic connective tissue; +/-

Sample 1) +/- presence of
inflammatory infiltration.
Sample 2) Changes in gene betwi

IL6, TLR2/4, CI

groups for the following gene-types:

and
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1

METHOD USED TO ASSESS THE OUTCOME(S) AND WHO ASSESSED IT/THEM
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Histological an;
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-anin O/Fast green: visualization of
lage-like structure:
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each tooth post-
rstand fourth authors.
thor and the laboratory technicians, All teeth
ffin and processed for histology. Stainings:
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RESULTS

There was a significant association between an inflammatory infiltrate and the presence of an ectopic connective tissue structure.

The ectopic connective tissue consisted of a cartilage-lke tissue.
Sample 2) Cell culture
Gene expression analysis:

ith TLR2/4

[ is: The treatment with TLR2/4

i increased
0.5707t0 2.017), as well as to a significant increase in expression of TLRZ at day 7
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of 1L6 at day 7 (p=0.020, 95% CI: 0.925 to 6.225) and at day
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to a significant decrease in expression of S0X9, a key transcription factor for

chondrogenesis, at day 14 (p=0.035, 95% CI: -0.103 o 006) and TGFB1, a growth factor involved in chondrogenesis, at day 7 (p=0.004, 95% Cl: -

17.86 to -6.433).

Osteogenesis: Treatment with TLRZ/4 agonists led to a significant decrease in the expression of COL1A1, the major matrix protein of bone at day 7

(p=0.007, 95% CI: -204.6 to -61.74). Th

et i U ity i

Proteoglycan content: There was no si
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CONCLUSION(S )

Within the limits of the study, hypothesis (i) was confirmed and hypothesis (ii) was rejected.
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FIGURE 1 PRILE 2021 flowchart

Stained and mounted tissue samples were visualized
using an Axio Scan.Z1 slide scanner (Zeiss). The histo-
logical scorings were carried out by the first author and
SVE. In case of disagreement, the scoring was discussed
until concensus was reached.

Radiographic evaluation

Conventional periapical radiographs were used to as-
sess the degree of carious lesion penetration accord-
ing to the definitions made by the European Society of
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Endodontology (ESE) et al. (2019). Furthermore, the ra-
diographs were used to score the presence or absence of
discrete, radiodense structures within the coronal pulp
(Figure 2). Only teeth with clearly visible, well-demarcated
radiodense structures within the coronal pulp were scored
as positive (Figure 2a—c). No attempts were made to dis-
tinguish between the histologic variables ‘pulp stones’
and ‘dense connective tissue’ radiographically. The asso-
ciation between the presence of radiodense structures and
the histological variables specified above was investigated.
Radiographic scoring was carried out by the first author
and LB.

Cell culture

Upon extraction, the teeth (n = 5) were disinfected with
ethanol, and remnants of the periodontal ligament were
scraped off with dental scalers. The teeth were wrapped in
sterile gauze and subsequently cracked in a vice. The pul-
pal tissue was removed using sterile tweezers and minced
into smaller pieces with a scalpel blade. The pulp tissue
was washed once in Hank's Balanced Salt Solution (LIFE
technologies) supplemented with 5% (v/v) foetal bovine
serum (FBS; FCS, HyClone) and centrifuged at 400g for
10 min. The supernatant was removed, and the pellet
digested with 5 ml collagenase/dispase solution (colla-
genase: 3 mg/ml, dispase: 4 mg/ml dissolved in phosphate-
buffered saline (PBS; Sigma)) for 60min in a 37°C water
bath with vortexing every 15min in order to help break
up the tissue. After digestion, the sample was washed
twice in HBBS supplemented with 5% FBS, and dissolved
in growth medium (DMEM high glucose (LIFE technolo-
gies) supplemented with 10% FBS, 2mmol/L L-glutamine
(LIFE Technologies) and 100 U/ml penicillin/streptomy-
cin (Sigma)). The cell suspension was then seeded onto
100mm Petri dishes, expanded in 10 ml growth medium

and incubated at 37°C in 5% CO, and >90% humidity until
80% confluency. Medium was changed twice per week.

Chondrogenic differentiation was induced accord-
ing to Beier et al. (2019). Pulp cells from five biologi-
cal replicates were cultured in DMEM supplemented
with 100nmol/L dexamethasone (Sigma); 0.17 mmol/L
L-ascorbate-2-phosphate (Sigma); 0.35mmol/L proline
(Sigma); 0.91 mmol/L pyruvate (Sigma); 1 mlITS-G Premix
(1 mg/ml insulin, 0.55mg/ml transferrin, 0.67pug/ml
sodium selenite, (LIFE Technologies)); 5 ng/ml TGF-
beta 3 (PeproTech); and 500ng/ml BMP-6 (PeproTech).
Cells were cultured at 1x10° cells per well in a 48-well
plate. For each cell line, each condition was cultured in
duplicate.

To investigate the effect of inflammation on chondro-
genic differentiation, the following was added to the chon-
drogenic medium: 1 pg/ml TLR2 agonist, PAM2CSK4 and
#14E14-MM (Invivogen); together with 1 pg/ml TLR4
agonist (LPS from Porphyromonas gingivalis, Ultrapure,
Version #14F18-MM (InvivoGen)). This was done for the
duration of the culture at 7 and 14 days according to pre-
viously published work (Karlis et al., 2020). Media were
refreshed twice a week. RNA samples were collected at
the start of the experiment, that is before the addition of
chondrogenic medium at baseline (¢t = 0), then at 7days
(t =7) and finally at 14 days (¢t = 14).

Quantitative assessment of proteoglycan

In order to assess the content of proteoglycan (a major
component of the extracellular matrix of cartilage) and
to evaluate the difference between groups (unstimulated
cells vs. cells stimulated with TLR2/4 agonists), the chon-
drogenic monolayers were washed twice with PBS and
fixed with 4% neutral buffered formalin for 10 min. After
three washing steps with PBS, the cells were stained with

FIGURE 2 Radiodense structures in the pulp chamber. The radiodense structures lying freely within the pulp stroma were seen either

as distinct structures (a, b) or as areas whose radiodense appearance was more diffuse (c). An example of a pulp chamber with no radiodense

changes (d)
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a 0.1% Safranin O staining solution (Safranin O, diluted
in dd H,0) for 30min. After removal of the Safranin O
solution, plates were washed thrice with PBS. Absorbed
Safranin O was washed out in 200 pl isopropanol per well
and incubated for 30 min. with gentle agitation. As each
condition was cultured in duplicate, the isopropanolol
from each well within the duplicate was pooled. Finally,
100l per sample were transferred in triplicates (total
300ul) to an optical plate, and absorbance was quanti-
fied as optical density (O.D.) in a microplate reader at
540nm. The measured signal was corrected by the DNA
concentration of the individual wells as assessed using the
CyQuant® Kit (Invitrogen) according to the manufactur-
er's protocol.

RNA isolation and real-time quantitative
polymerase chain reaction (qPCR)

Cells were cultured for 7 and 14days in 48-well plates.
Three wells were pooled for each experimental condition.
RNA was isolated using the RNeasy Mini Kit (QIAGEN)
following the manufacturer's instructions. The reverse
transcriptase reaction was performed using the First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific,

TABLE 1 Primer sequence for quantitative PCR

1217
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where according to the manufacturer's protocol, using
Oligo(dT)18 and D(N)6 primers). qPCR was performed
on the LC480 light cycler (Roche). Three nanogram of
cDNA were used in a total volume of 20 pl containing Light
Cycler SybrGreenl Master mix (Roche) and 1 pmol/L of
each primer. A standard two-step QPCR program was per-
formed at an annealing temperature of 60°C. Sequence
information for all primers is listed in Table 1. The experi-
mental conditions were not affected by expression of the
house-keeping gene hydroxymethylbilane synthase HMBS
(Hydroxymethylbilane synthase, previously known as
PBGD [porphobilinogen deaminase]). Samples were nor-
malized for the expression of HMBS by calculating the ACt
(Ctgene-of-interest — Ctrmps); expression of the various genes
relative to the house-keeping gene was expressed as 2~(Ac

Data analysis and statistics

Where necessary, associations between dichotomous vari-
ables were assessed using Pearson's chi-squared or Fisher's
exact test (degrees of freedom = 1). The effect size was
reported by computing the odds ratio (OR) with 95% con-
fidence intervals (CI). For the analysis of gene-expression
data, the paired-samples t-test (two-tailed) was used to test

Gene Sequence 5'-3’ Amplicon length (bp) Ensemble gene ID

HMBS 5" TgCAgTTTgAAATCATTgCTATETC 3’ 84 ENSG00000113721
5" AACAggCTTTTCTCTCCAATCTTAgA 3’

IL6 5" ACAGCCACTCACCTCTTCA 3’ 207 ENSG00000136244
5" ACCAGGCAAGTCTCCTCAT 3’

TLR2 5/ ggCTTCTCTETCTTgTgACCg 3/ 75 ENSG00000137462
5" gAgCCCTgAgggAATggAg 3’

TLR4 5’ CTgCAATggATCAAggAACCAg 3’ 51 ENSG00000136869
5 CCATTCgTTCAACTTCCACCA 3’

TGFBI 5’ CACCCgCgTgCTAATgET 3’ 100 ENSG00000105329
5" CTCggAgCTCTgATETgTTgAA 3’

SOX9 5" CCCAACGCCATCTTCAAGG 3’ 242 ENSG00000125398
5" CTGCTCAGCTCGCCGATGT 3’

COL2A1 5" TGTCAGGGCCAGGATGT 3’ 256 ENSG00000139219
5" CTCCTTTCTGTCCCTTTGG 3’

COLI1A1 5" TCCAACGAGATCGAGATCC 3’ 190 ENSG00000108821
5" AAGCCGAATTCCTGGTCT 3’

RUNX2 5" ATGCTTCATCGCCTCAC 3’ 156 ENSG00000124813
5" ACTGCTTGCAGCCTTAAAT 3’

ALPL 5" GCTTCAAACCGAGATACAAGCA 3’ 101 ENSG00000162551

5" GCTCGAAGAGACCCAATAGGTAGT 3’

Abbreviations: HMBS, hydroxymethylbilane synthase; IL6, interleukin 6; TLR2, toll-like receptor 2; TLR4, toll-like receptor 4; TGFBI, transforming growth
factor, beta 1; SOX9, SRY-box transcription factor 9; COL2A1, collagen type II alpha 1 chain; COL1A1, collagen type I alpha 1 chain; RUNX2, RUNX family
transcription factor 2; ALPL, alkaline phosphatase, biomineralization associated. The first oligonucleotide sequence per gene represents the forward primer,

and the second sequence represents the reverse primer.
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for statistical difference between unstimulated and stimu-
lated cells. Interrater agreement was calculated using the
Cohen's Kappa method (x) and evaluated as described
elsewhere (Landis & Koch, 1973). For all mentioned cal-
culations, values were considered to be significantly dif-
ferent when p <.05. All calculations were done out using
the SPSS statistics package, edition 28 (IBM Corp.).

RESULTS

Assessment of interrater agreement showed complete
agreement (k = 1.00) for the assessment of ‘pulp stones’
(x = 1.00; p<.001) and ‘Inflammatory infiltration’
(x = 1.00; p<.001). The following variables had rela-
tively lower k-values: ‘ectopic connective tissue’ (k = 0.84;
p<.001), ‘Radiodense structures’ (x = 0.83; p<.001) and
‘penetration depth’ (xk = 0.78; p<.001). All results besides
penetration depth were evaluated as ‘nearly perfect’ and
penetration depth as ‘substantial’.

Radiology and histology: Radiodense structures were
identified in 56.5% (n = 26) of the teeth. These structures
were almost exclusively foundin the coronal partof the pulp
(n = 24). Histologically, the total sample contained fewer
pulp stones (32.6%, n = 15) than ectopic mineralized con-
nective tissue (45.7%, n = 21). Some teeth contained both
a pulp stone and ectopic connective tissue (21.7%, n = 10).
In-depth analysis revealed that the radiodense structures
and the presence of ectopic mineralized connective tissue
were significantly associated (X2 =18.128,df =1, p<.001,
OR = 24.429, 95% CI: [4.47, 133.53]; Figure 4a,b). The
same was true for pulp stones and radiodense structures
(X? =12.274,df = 1, p<.001, OR = 22.167, 95% CI: [2.57,
200.00]). A significant association was shown between
inflammatory infiltrates and the presence of an ectopic
connective tissue structure (X2 = 13.638,df = 1, p<.001,
OR = 18.46, 95% CI: [2.14, 159.47]; Figure 4c-f). In con-
trast, an inflammatory infiltrate was not significantly

associated with the presence of a pulp stone. Penetration
depth of the carious lesion was neither associated with the
presence of radiodense structures, nor with the presence
of a pulp stone. However, increased penetration depth was
associated with the presence of ectopic connective tissue
(Fisher's exact; p = .01).

The ectopic connective tissue consisted of a dense ex-
tracellular matrix in which cells arranged in lacunae were
embedded in a manner reminiscent of chondrocytes. The
ectopic structures ranged in size from small aggregates
composed of a few such lacunae (Figure 3a—c) to large
masses consisting of many lacunae (Figure 3d). A minority
of lacunae were demonstrated to be arranged as doublets
(Figure 3b). Overall, the lacunal unit (Figure 3a) consisted
of a centrally positioned basophile cell nucleus surrounded
by two types of extracellular matrix: one type a lightly baso-
philic matrix with a honeycomb-like or reticular structure,
and the other a dense, strongly basophilic matrix somewhat
layered in appearance that was arranged as a circular struc-
ture around the central nucleus. In some cases, however, this
matrix had more of a semi-lunar morphology. Irrespective of
its appearance, the second densely basophilic matrix was al-
ways located within the honeycomb-like matrix. The ectopic
connective tissue either lay freely within the stroma, or was
attached to the dentine of the pulp chamber wall. In the latter
case, there was always a clear line of demarcation between
the dentine and the ectopic connective tissue structures.

Staining of the ectopic connective tissue structures
with Safranin O/Fast green caused the central lacuna and
its surrounding matrix to stain intensely red, indicating
the presence of proteoglycans (Figure 4d). These find-
ings were confirmed by two rounds of staining. The first
used Alcian Blue van Gieson (Figure 4e), in which case
the lacunal structure itself stained light blue, indicating
the presence of proteoglycans; the surrounding matrix
stained intensely red, indicating a collagen-rich matrix.
The second used Toluidine Blue (Figure 4f), where meta-
chromatism of the honeycomb-like matrix was clear.

FIGURE 3 (a)Basic structure of the ectopic connective tissue was the lacunal unit consisting of a central basophilic element in a

honeycomb-like matrix. The unit was surrounded by a dense capsule. (b) Not many units were found as doublets, which could indicate an

unstable phenotype. The lacunal units were often arranged in groups that ranged from a small number of lacunae (c) to many units (d). In

both cases, the units were separated from each other by an inter-unit matrix each of various density.
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FIGURE 4 Histological examples of ectopic connective tissue. Ectopic mineralized connective tissue was visible both radiographically (a*)
and macroscopically (b). The appearance of the ectopic connective tissue was cartilage-like, with cells arranged in lacunae (c). The presence of

a glycosaminoglycan-rich matrix was confirmed by staining with Safranin O (d), Alcian Blue van Gieson (e) and Toluidine Blue (f).

Chronic exposure of pulpal cells to
TLR2/4 agonists

Quantitative assessment of
proteoglycan content

Having shown histologically that ectopic connective tis-
sue was associated with an inflammatory infiltrate, it was
next investigated whether pulp stromal cells harvested
from sound third molars could, under the influence of
an inflammatory stimulus, be induced in vitro to differ-
entiate into structures that resembled cartilage or bone.
Pulp stromal cells of passage 4 were cultured in the pres-
ence or absence of TLR2/4 agonists mimicking a chronic
inflammation. Measurement of the proteoglycan content
showed no significant difference, either at Day 7 or at Day
14, between the unstimulated cells and cells stimulated
with TLR2/4 agonist (Figure 5).

Gene-expression analysis

Verification of inflammatory stimulation: The inflamma-
tory activation of the investigated cells was verified by
assessing the change in expression of IL6 (Interleukin
6) upon stimulation with the TLR2/4 agonists. This
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FIGURE 5 Quantification of proteoglycan content by O.D.

of safranin O staining. To take account of differences in cell
numbers, the O.D. measurement was normalized against the DNA
concentration. Neither at t = 7days or t = 14 days was there a
significant difference in proteoglycan content between cells treated
with TLR2/4 agonists and the control.

treatment led to a significant increase in expression of
IL6 at Day 7 (p = .020, 95% CI: [0.93, 6.23]) and at Day
14 (p = .008, 95% CI [0.5707, 2.017]). Investigation of the
ability of the TLR2/4 agonists to induce the expression of
their own receptors (TLR2 and TLR4) also showed that
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the treatment led to a significant increase in expression of
TLR2 at Day 7 (p = .020, 95% CI: [0.03, 0.24]) and at Day
14 (p = .009, 95% CI: [0.48, 1.89]). There was no signifi-
cant change in expression of TLR4 between the control
and the stimulated group (Figure 6a). Chondrogenesis:
At Day 7, the treatment with TLR2/4 agonists had pro-
duced a significant decrease in the expression of TGFBI
(Transforming growth factor, beta 1), a growth factor
involved in chondrogenesis (p = .004, 95% CI: [—17.86,
—6.43]). At Day 14, the treatment with TLR2/4 agonists
had produced a significant decrease in expression of
SOX9 (SRY-box transcription factor 9), a key transcrip-
tion factor for chondrogenesis (p = .035, 95% CI: [—0.10,
—0.01]). At Days 7 and 14, there was no apparent effect
of the TLR2/4 agonists on the expression of COL2A1
(Collagen type IT alpha 1 chain) (Figure 6b). Osteogenesis:
At Day 7, treatment with TLR2/4 agonists had produced
a significant decrease in the expression of COLIAI
(Collagen type I alpha 1 chain), the major matrix protein
of bone (p = .007, 95% CI: [—204.60, —61.74]). At Days 7
and 14, there was no effect of TLR2/4 agonist treatment
on the expression of RUNX2 (RUNX family transcription
factor 2). Likewise, at Days 7 and 14, expression of ALPL
(Alkaline phosphatase, biomineralization associated)
had not been significantly influenced by the inflamma-
tory condition (Figure 6c¢).

DISCUSSION

This study showed that the formation of hard connective
tissue within the pulp can be grouped either into pulp
stones or into structures of ectopic mineralized connec-
tive tissue that were only seen in cases with inflammatory
infiltration of the pulpal stroma. This is in line with pre-
viously published results, showing that extremely deep
carious lesions are associated with the presence of pulpal
mineralization (Demant et al., 2021), and that increased
penetration depth is associated with pulpal inflammation
(Reeves & Stanley, 1966). Comparision of our radiographic
and histological findings showed that the presence of ra-
diodense structures within the coronal pulp as visualized
on conventional radiographs was significantly associ-
ated with the presence of histologically verified ectopic
connective tissue structures as well as with pulp stones;
however, only ectopic connective tissue was associated
with increased penetration depth and the presence of an
inflammatory infiltrate. These findings indicate that it is
not clinically possible to discern between pulp stones and
ectopic connective tissue based on a conventional periapi-
cal radiograph. However, if radiodense structures are pre-
sent in the coronal pulp on a radiograph of a tooth with a
severely progressed carious lesion, it is more probable that

these structures are ectopic connective tissue, and that the
pulp stroma is inflamed. It is therefore speculated that
any findings of radiodense structures within the coronal
pulp should be included in preoperative diagnostic assess-
ments of teeth with an initial uncertain pulpal diagnosis,
especially in cases of advanced caries. The presence of a
radiodense structure in the coronal pulp would indicate
irreversible pulpal damage. Such an approach would be
in line with earlier published results accompanied by the
recommendation that the radiographically defined lesion
depth ‘extremely deep’ should be used as a cut-off level
beyond which at least parts of the pulp is believed to be
irreversibly damaged (Demant et al., 2021). It is of course
important to note that because it is not possible to discern
between ectopic connective tissue and pulp stones radio-
graphically, such findings should never stand alone in the
assessment of pulpal health. In a tooth with no carious
lesion or other obvious signs of damage, the finding of a
coronal radiodense structure might be a pulp stone and
not a sign of pathology.

Histologically, the ectopic connective tissue described
in this study had a distinct morphology, in which cells
embedded within the extracellular tissue matrix were ar-
ranged in lacunae (Figure 3a-d). The fact that very few
of the lacunal structures were found in doublets would
seem to indicate that this phenotype is not stable. The
lacunae-like structures described suggest that the ectopic
connective tissue structures is related more to cartilage
or bone than to dentine. Previous research has suggested
that hard-tissue formation in the pulp after the death of
the odontoblast should not be regarded as regeneration of
a dentine matrix, since the hard-tissue matrix thus pro-
duced lacks features that are considered to be a hallmark
of dentine, such as the presence of dentine tubuli. Instead,
it suggests that the phenomenon should be regarded more
as repair than regeneration (Ricucci et al., 2014). The cur-
rent results support the notion that the ectopically formed
mineralized connective tissue does not seem to be a vari-
ant of dentine. Furthermore, the present results indicate
that the tissue is not a passive repair-like process leading
to the simple diffusion-dependant mineralization of a
fibrotic scar, but is a controlled process with distinct de-
velopmental steps (Figure 3a-d). A distinct and ordered
morphology is a common feature of active biomineral-
ization as compared to passive biological mineralization,
which often has an amorphous morphology (Weiner &
Dove, 2003).

As the specimens used in this study were demineral-
ized before histological processing, it cannot be concluded
whether the ectopic connective tissue represents an in-
termediate step towards a more stable and mineralized
phenotype such as the one seen in heterotopic ossification
(Dey et al., 2018).
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FIGURE 6 Gene expression of genes relating to inflammation (a), chondrogenesis (b) and osteogenesis (c)

Although the current finding of cartilage-like struc-
tures within the dental pulp to our knowledge is the
first of its kind, it seems possible that pulpal stromal
tissue can undergo metaplastic transformation leading
to a cartilage-like phenotype. Pulpal stromal cells have
in vitro been shown to able to differentiate into both
chondrogenic and osteogenic cells (Karaoz et al., 2011;
Laino et al., 2005; Nemeth et al., 2014). This pluripo-
tency mirrors the ectomesenchymal origin of the pulp
(Nanci, 2012). The fact that such structures have not
been noticed in teeth before might be due to the fact that
the specimens of the current investigation are teeth with
untreated active carious lesions coming from a group of
relatively young individuals.

The fact that the ectopic mineralized connective
tissue structures were in some cases attached to the

dentinal walls of the pulp chamber—albeit with a clear
demarcating line—may indicate that, relative to tertiary
dentine (reactive and/or reparative), the tissue rep-
resents a different and separate route on a common de-
velopmental pathway. This pathway seems to be induced
by inflammatory stimulation of the pulpal tissue. The
attached and/or embedded denticles described in the lit-
erature (Moss-Salentijn & Klyvert, 1988) might be exam-
ples of such attached ectopic connective tissue, but ones
that has been noted at another stage of its formation.
In this investigation, pulp stones were not significantly
associated with inflammation, which corroborates ear-
lier published findings in which pulp stones were re-
ported to be present in nonerupted and noncarious teeth
(Moss-Salentijn & Klyvert, 1983). Together, this would
potentially classify pulp stones as a part of normal
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dental development. To take the differences in aetiology
into account, it therefore seems appropriate to apply a
general terminology that differentiates between pulp
stones and other types of ectopic mineralized connec-
tive tissue. The terms used in this article—‘pulp stone’
versus ‘ectopic mineralized connective tissue’—seem
convenient.

This study failed to show any clear effect of in-
flammatory stimulation on the expression of genes re-
lated to chondrogenesis (Figure 6b) and osteogenesis
(Figure 6¢). A main finding of our investigation of the
changes in gene expression between stimulated and un-
stimulated cells was that stimulation with TLR2/4 ago-
nists led first and foremost to significant upregulation of
the genes related to inflammation (in both IL6 and TLR2;
Figure 6a). The results of the gene-expression analysis
were corroborated by those of the spectrophotometric
assessment of proteoglycan content in cell cultures,
which showed no significant difference between stim-
ulated and unstimulated cells (Figure 5). Historically,
the odontoblast/odontoblast-like cell has been regarded
as responsible for hard-tissue formation within the
pulp; the fact that these cells have been shown to ex-
press TLRs (Durand et al., 2006) has made it tempting to
assume a binary relationship between the stimulation
with an external noxious stimulant and the upregula-
tion of connective tissue-matrix production. This might
be too a simple an explanation. Unlike the inability to
show any upregulation of genes related to chondro-
genesis and osteogenesis (hypothesis ii), the finding of
upregulation of genes related to inflammation is still
in line with the literature on heterotopic ossification
showing that inflammation and tissue damage are pre-
requisites for the onset of heterotopic ossification and
precede its formation (Dey et al., 2018). It should be em-
phasized that the relatively simple set-up of the in vitro
cell-culturing experiments, in which a monoculture
of pulpal stromal cells was stimulated with two pure
formulations of TLR2/4 agonists, may have been too
simple, unlike in vivo inflammation, where inflamma-
tory cells and a multitude of different bacterial strains
interact. This simplification may be the reason for the
observation of no clear pattern in the upregulation of
genes related to chondrogenesis/osteogenesis. Future
investigations should be based on more advanced ex-
perimental set-ups, employing co-cultures of pulpal
stromal cells and inflammatory cells under different
culturing conditions, and focusing on the ways in which
the interaction between mesenchymal stromal cells and
inflammatory cells and mediators might translate into
hard-tissue formation. The interaction between the
mesenchymal stromal cells (in the pulp or elsewhere)

and the resident or homing immune cells and mediators
seems to be absolutely imperative for the induction of
connective tissue formation. Finally, if the formation of
ectopic mineralized connective tissue within the pulp
is indeed an example of heterotopic ossification, which
the histological part of this investigation could indeed
indicate, the tooth might serve as an excellent model for
further research into this phenomenon.

CONCLUSION

The formation of ectopic mineralized connective tissue
within the dental pulp is associated with severe inflam-
matory damage to the pulpal stroma. The resulting tis-
sue type does not in any way seem similar to dentine,
but instead resembles cartilage or maybe a precursor
to bone, much like what is seen in heterotopic ossifi-
cation, thereby confirming hypothesis i. Although the
TLR2/4 agonist stimulation of pulpal mesenchymal
stromal cells led to an increase in the expression of
inflammatory markers, it had a limited effect on the
expression of osteogenic and chondrogenic markers,
thereby disproving hypothesis ii. Ectopic mineralized
connective tissue seems to be more dependent on com-
plex interactions between immune cells and pulpal
mesenchymal cells than on direct stimulation of the
pulpal stromal cells.
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