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Abstract

Aim: To evaluate the similarities and differences in barrier function of a peri-implant epithelium
(PIE) versus a native junctional epithelium (JE).

Materials and methods: A mouse model was used wherein titanium implants were placed sub-
occlusally in healed extraction sites. The PIE was examined at multiple timepoints after implant
placement, to capture and understand the temporal nature of its assembly and homeostatic status.
Muitotic activity, hemidesmosomal attachment apparatus, and inflammatory responses in the PIE
were compared against a JE. Additionally, we evaluated whether the PIE developed a Wnt-
responsive stem cell niche like a JE.

Results: The PIE developed from oral epithelium (OE) that had, by the time of implant
placement, lost all characteristics of a JE. Compared with a JE, an established PIE had more
proliferating cells, exhibited lower expression of attachment proteins, and had significantly more
inflammatory cells in the underlying connective tissue. Wnt-responsive cells in the OE contributed
to an initial PIE, but Wnt-responsive cells and their descendants were lost as the PIE matured.

Conclusions: Although histologically similar, the PIE lacked a Wnt-responsive stem cell niche
and exhibited characteristics of a chronically inflamed tissue, which contributed to its suboptimal
barrier functions compared with a native JE.
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Introduction

Osseointegration is essential for implant success but equally important is mucointegration
e.g., the attachment of soft tissues to the transmucosal portion of an implant (Klinge, Meyle,
& Working, 2006). A disruption in mucointegration can manifest as peri-implant mucositis
and, if not resolved, can progress to peri-implantitis (Berglundh et al., 2018; O’Neal, Sauk,
& Somerman, 1992; Ramanauskaite, Becker, & Schwarz, 2018) Peri-implantitis is
universally agreed to begin with a breakdown in this soft tissue attachment (Esposito,
Hirsch, Lekholm, & Thomsen, 1998; Lindhe, Meyle, & Group, 2008; Rosen & Froum,
2016; Schwarz, Derks, Monje, & Wang, 2018). Consequently, methods to strength and
maintain this soft tissue attachment are critical for the success of an implant.

Comparisons have been made between the peri-implant epithelium (PIE) and the junctional
epithelium (JE) around teeth. The JE is a continuously regenerating, non-keratinized
epithelial barrier that is permeable, proliferative, and adherent, and JE cells are routinely
shed to eliminate microbial invasion (reviewed in (Schroeder & Listgarten, 2003)).
Histological analyses (Berglundh et al., 1991; Donley & Gillette, 1991; Lindhe &
Berglundh, 1998) have emphasized the resemblance between a PIE and a JE, in that both are
continuous with their adjacent keratinized oral epithelia, and that both exhibit an interfacial
tissue containing hemidesmosomes and a basal lamina. Below the PIE and JE is a zone of
collagen-rich connective tissue, with well-organized marginal bone and small blood vessels.
These and other comparative analyses, however, have left open the question of whether the
barrier functions of the two tissues are equivalent. Some molecular markers expressed by
cells in the JE are also expressed by cells in the PIE (Fujiseki, Matsuzaka, Yoshinari,
Shimono, & Inoue, 2003) but it is unclear whether their levels of expression- and by
extension, their functions- are equivalent.

We focused on characterizing in both a developing and in a stable PIE, those features known
to contribute to epithelial barrier functions. One example is the continual production,
migration and shedding of epithelial cells that constitutes an efficient dynamic barrier to
microbial invasion. In the JE, we recently demonstrated that epithelial cells are continually
produced by a stem cell niche at the base of the JE (Yuan, Chen, Gauer, et al., 2020). We
demonstrated that daughter cells arising from this stem cell population differentiate and
contribute to the attachment apparatus that anchors the JE to the tooth surface via Laminin5-
expressing hemidesmosomes (Yuan, Chen, Van Brunt, et al., 2020). Once epithelial cells
reach their adult morphology, mitotic activity must be balanced by cell death and/or
extrusion (Guillot & Lecuit, 2013) and this sequence of events is also observed in the JE.
Cells at the tip of the JE express Caspase3 and TUNEL (Yajima-Himuro et al., 2014; Yuan,
Chen, Gauer, et al., 2020), guaranteeing cell turnover in the JE.

When a tooth is extracted, the JE is gradually replaced by oral epithelium (OE). The OE
differs from the JE in many respects: it is keratinized whereas the JE is not; its rate of
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proliferation is significantly lower than the JE; and it does not have an equivalent attachment
apparatus (Yuan, Chen, Van Brunt, et al., 2020). Although the OE contains stem cells, their
turnover rates are vastly different than the JE (Yuan et al., 2019).

What happens when an implant is placed into this healed OE? An epithelial interface clearly
forms around the dental implant, but whether it is functionally equivalent to a JE- or is more
similar to OE- is not known; this knowledge gap served as the impetus for our study. Using
an established mouse model of oral implant osseointegration (Coyac et al., 2020; Mouraret
et al., 2014; Pei et al., 2017), we undertook a multiscale analysis of the developing and
established PIE and compared it against a JE. Using histology, imaging, molecular, and
cellular analyses we gained insights into biological signals that have a role in shaping and
maintaining the barrier functions of these two epithelial attachments.

Methods and Materials

Experimental groups and animals

Surgeries

A detailed information including all experimental groups is shown in Supplemental Fig. 1
and table 1. All experimental protocols followed ARRIVE guidelines and were approved by
the Stanford Committee on Animal Research (#13146). Axin2CTeERTZ/* and R26RMTMG/*
mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). Mice were housed
in a temperature-controlled environment with 12-hour light/dark cycles.

Twenty-one days after tooth extraction (see Supplementary information), an implant was
placed in every healed site. A soft tissue flap was raised, a pilot hole was produced using a
0.38 mm diameter drill (Drill Bit City, USA) run at 1000 rpm with saline irrigation. The
osteotomy was expanded with a 0.50 mm diameter drill after which a screw-shaped titanium
alloy implant (Ti-6Al-4V) with a diameter of 0.62 mm (Retopin, NTI1 Kahla GmbH,
Germany) was manually placed. The implant was positioned ~0.6 mm above the alveolar
ridge and gingiva, in a sub-occlusal position. Healing of the soft tissue was examined on
post-implant days (PID) 1, 3, 7, 14, and 21. There was no evidence of infection or prolonged
inflammation at surgical sites, nor around implants. No antibiotics were given to operated
animals.

Statistical analyses

Results are presented as the mean + standard deviation of independent replicates. GraphPad
Prism was used for statistical analyses. Student’s t-test or one-way ANOVA was used.
P<0.05 was considered significant.

Details on lineage tracing, UCT image acquisition, tissue sample preparation, histology and
staining, immunohistochemistry, EdU injections and detection, and quantification protocols
can be found in supporting Supplementary information.
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Results

After tooth extraction, the JE is replaced by an OE

The soft tissue attachment apparatus surrounding the molars was evaluated before and after
tooth extraction. One distinguishing characteristic of a JE is its non-keratinized status (Fig.
1A) whereas the OE contains terminally differentiated keratinocytes identified by Filaggrin
immunostaining (Fig. 1B). Only JE cells facing the tooth surface expressed the
hemidesmosomal markers Laminin5 (Fig. 1C) and integrin R4 (Fig. 1D); OE cells did not.
EdU uptake demonstrated that cells in both the OE and JE are mitotically active (Fig. 1E)
but JE cells had a significantly higher rate of cell division (Supplemental Fig. 2).

Molars were extracted, leaving the surrounding soft tissues relatively intact (Fig. 1F). Hard
tissue repair was monitored by UCT (Fig. 1G) and soft tissue healing was monitored by
histology (Fig. 1H). By PED 7, clinical photographs showed minimal inflammation (Fig.
11), uCT confirmed that bone repair was underway (Fig. 1J), and histological analyses
demonstrated re-epithelialization was complete (Fig. 1K). On PED14, healing sites showed
no signs of redness or swelling (Fig. 1L), bone repair was still ongoing (Fig. 1M), and a
keratinized OE now occupied the space where a JE had once existed (Fig. 1N).

Using the same molecular markers e.g., Filaggrin, Laminin5, Integrin R4, and EdU, the
epithelium over the healed extraction site was re-assessed on PED14. The JE-specific
expression patterns had been replaced with OE expression patterns (Fig. 10-R): terminally
differentiated keratinocytes occupied the upper layers of the OE (Fig. 10). Laminin5
expression was now restricted to basal lamina cells, indicating their hemidesmosomal
attachment to the underlying integrin R4-expressing connective tissue (Fig. 1P,Q). Mitotic
activity at the healed site had returned to baseline levels e.g., those observed in an intact OE
(Fig. 1R, Supplemental Fig. 2). Thus, the JE disappears following tooth removal and is
replaced by OE.

Implant mucointegration is accomplished via a PIE whose structure resembles a JE

To evaluate a developing PIE, we positioned titanium implants in healed maxillary
extraction sites (Fig. 2A,B). Compared to its expression in a native JE, Laminin5 was low in
the healed OE (Fig. 2C). Into this healed OE, implants were placed at a sub-occlusal, supra-
gingival position (Fig. 2D). Implant placement triggered a robust epithelial repair response:
Between PID1 and 3, cells at the wound edge proliferated to produce a thickened epithelium
adjacent to the implant (Fig. 2E,F).

By PID7, interfacial tissues had organized themselves into a PIE (Fig. 2G). Analyses on
P1D14 showed little change in PIE morphology from PID7 (Fig. 2H). Histological
similarities were obvious between this PIE and a JE (compare Fig. 2H with 2I), prompting a
deeper comparative analysis of the interfacial tissues.

Although structurally similar, the PIE lacks essential barrier features of a JE

We began the comparative analysis by determining how the PIE formed from OE. The OE
wound edge was identified by Keratin5 (Fig. 3A); at this edge, robust cell proliferation was
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evident (Fig. 3B). Laminin5 was not expressed in the leading edge of the wound epithelium
(Fig. 3C). By PID3, keratinocytes reached the implant surface (Fig. 3); these keratinocytes
retained their exuberant mitotic activity (Fig. 3E); Laminin5 was minimally expressed in
these keratinocytes, but strongly expressed in the basal lamina (Fig. 3F). By PID7,
keratinocytes approximated the implant surface (Fig. 3G). Mitotic activity remained high
(Fig. 3H), and Laminin5 expression was still restricted to the basal lamina (Fig. 3I),
indicating that a hemidesmosomal attachment to the implant surface had not yet formed. By
PID14, neither Keratin5 nor PCNA expression patterns were significantly altered (Fig. 3J,K)
but some interfacial cells now expressed Laminin5 (Fig. 3L). Collectively, these data
indicated that a PIE was established by PID14.

This established PIE was compared to a native JE. In both sites, keratinocytes contributed to
the interfacial tissue (Fig. 3M) but PCNA expression was more widespread in cells of the
established PIE (Fig. 3K) than in a JE (Fig. 3N). Laminin5 was weakly expressed by
interfacial cells in the PIE compared to a JE (Fig. 30).

The PIE lacks a Wnt-responsive stem cell niche

A JE harbors a stem cell niche that supports the soft tissue attachment and the mitotic
activity of the tissue (Yuan, Chen, Gauer, et al., 2020; Yuan, Chen, Van Brunt, et al., 2020).
To determine whether the PIE had a Wnt-responsive stem cell niche similar to the JE’s
niche, the lineage tracing strain Axin2CeErN2/ R 26RMTMG/* \yas employed. A single dose of
tamoxifen was delivered to mice and the JE was evaluated (Fig. 4A). One day after
tamoxifen, a subset of basal lamina cells was labeled with GFP (Fig. 4B), demonstrating
their Wnt-responsive status. Seven days later, another subset of mice was examined; at this
point the entire JE was occupied with GFP*Ve cells (Fig. 4C). Since mice had only received
one dose of tamoxifen, these additional GFP*Ve cells were descended from the original Wnt-
responsive population. Three hundred days later, GFP*Ve cells still filled the entire JE (Fig.
4D), demonstrating that the original population of Wnt-responsive stem cells was still
producing descendants that maintained the JE barrier functions.

An equivalent analysis was performed for the PIE (Fig. 4E). Mice received a single dose of
tamoxifen one day preceding implant placement; one day after implant placement, a few
Wht-responsive, GFP*Ve cells were identified in the basal lamina and in the leading edge of
the OE wound (Fig. 4F). On PID3, descendants of the original Wnt-responsive population
had expanded near the implant (Fig. 4G). On PID7, the PIE was filled with progeny from the
original Wnt-responsive population (Fig. 4H) but thereafter, the number of GFP*V€ progeny
diminished. By PID14, only a few GFP*V€ cells were left in the PIE (Fig. 41). By PID21, the
PIE was devoid of GFP*Ve cells (Fig. 4J). GFP*V€ clones, however, were still evident in the
adjacent OE (Fig. 4J). Collectively, these data demonstrate that a Wnt-responsive stem cell
niche like the one that exists in the JE did not form around implants.

The PIE exhibits signs of chronic inflammation

Whnt-responsive stem cells initially contributed to a PIE but when cell turnover exhausted
this GFP*Ve population a persistent Wnt-responsive stem cell niche failed to take its place.
Why did the PIE fail to support the establishment of a stem cell niche? We considered this
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question by first examining the distribution of mitotically active cells that are produced by a
stem cell niche, in the PIE vs. in a JE.

Previous analyses (Fig. 3) indicated more proliferating cells occupied the PIE versus a JE.
Here a complementary strategy was used to label a subset of proliferating cells via EQU
incorporation. EdU was delivered to mice then 2h later, tissues were harvested and analyzed:
an established PIE had significantly more proliferating cells than a JE and moreover, these
mitotically active cells were not always restricted to the basal lamina like they were in a JE
(compare Fig. 5A,B, supplemental Fig. 3). The pattern of widely disseminated mitotically
active cells in the PIE was reminiscent of the elevated cell proliferation seen in chronically
inflamed tissues (Kiraly, Gong, Olipitz, Muthupalani, & Engelward, 2015).

Persistent inflammation is typically associated with fibrosis, prompting us to evaluate
collagen organization in the PIE. Picrosirius red staining highlighted the thickened collagen
fibers in the connective tissue underlying the PIE (Fig. 5C) vs. the thinner, more aligned
collagen fibers in the connective tissue underlying a JE (Fig. 5D). The intermediate filament
protein Vimentin is a marker of fibrotic, inflamed tissues (dos Santos et al., 2015) and its
expression was markedly higher in connective tissue facing the implant surface (Fig. 5E) as
opposed to connective tissue under a JE (Fig. 5F).

The expression pattern of Laminin5 was different in the PIE (Fig. 5G) compared with that in
the JE (Fig. 5H): in a JE, Laminin5 expression was highest in cells facing the tooth surface
(Fig. 5H), corresponding to a signal intensity peak at ~40 in the histogram (blue lines, Fig.
51). In the PIE, no such peak was observed; instead, the IHC signal was diffusely distributed
throughout the basal lamina and in cells facing the implant surface (gold lines, Fig. 51).

Using myeloperoxidase (Fig. 5J-L) and CD68 (Fig. 5M-0) as markers of neutrophils and
monocytes/macrophages, we confirmed that the number of inflammatory cells was
significantly higher in the PIE and adjacent connective tissue than in a JE and its associated
connective tissue (Fig. 5J,M; quantified in L,0). Collectively, these data supported the
conclusion that the PIE exhibited characteristics of a chronically inflamed tissue whose
barrier functions were compromised in comparison to a native JE.

Discussion

Across species, soft tissue-implant interfaces share common features

The connection between soft tissues and an implant e.g., mucointegration has been a subject
of considerable interest and for obvious reasons: this interface serves as the first biological
defense against the ingression of oral pathogens (reviewed in (Sculean, Gruber, &
Bosshardt, 2014)). In this preclinical study, sub-occlusal titanium implants were placed into
healed extraction sites and the process of mucointegration was followed over time. Imaging
and histology coupled with molecular/cellular assays were used to characterize the tissues
(Fig. 1). The PIE was examined around sub-occlusal implants while osseointegration was
ongoing (Fig. 2-4) and after osseointegration was complete (Fig. 5). At all timepoints,
comparisons were made with an intact JE.
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Berglundh and colleagues conducted a similar study in beagle dogs but only one timepoint
e.g., 3 months post implant, was analyzed (Berglundh et al., 1991). Size differences aside,
our findings in a rodent model are remarkably consistent with these data from a dog model.
In both species the peri-implant mucosa was keratinized and collagen fibers in the
underlying connective tissue were oriented parallel with the implant surface (Figs. 2,5).
Clinically, neither implants in dogs nor mice showed overt clinical signs of inflammation

(Fig. 2).

There were some noteworthy differences. Although Berglundh reported that peri-implant
and gingival tissues were free of inflammatory cell infiltrate, the analysis was limited to
histologic inspection (Berglundh et al., 1991). Using molecular markers for neutrophils and
macrophages, we found inflammatory cells infiltrated in both the PIE and underlying
connective tissue (Fig. 5). These data from a mouse model are consistent with analyses of
human peri-implant tissues, where investigators noted inflammatory cell infiltration and
robust epithelial cell proliferation in the biopsies (Degidi et al., 2012). We observed the same
two characteristics in the murine PIE (Figs. 3,5), leading us to conclude that our mouse
model is sufficiently representative of other mammals, including humans, which supports
the conclusion that the barrier functions of a JE are superior to those of the PIE.

The mechanoresponsiveness of the PIE and JE

Implants are osseointegrated whereas teeth exhibit a degree of physiological mobility in
bone made possible by the fibrous periodontal ligament; as a consequence, the soft tissues
attached to implants and teeth will also move differently when then implant/tooth is
subjected to loading. In experiments shown here, implants were not functionally loaded but
that does not exclude a role for mechanical influences on the form/function of a PIE.
Mastication has a measurable impact on the barrier function of the gingiva, as has recently
been demonstrated by Moutsopoulos and colleagues (Dutzan et al., 2017). They showed that
within the gingiva proper, some T helper cells functions were instigated in response to
masticatory forces (Dutzan et al., 2017). We speculate that masticatory forces also play a
role in JE homeostasis and likely influence PIE function as well. In that regard, it may be
informative to compare the PIE to an ankylosed tooth’s JE because both transmucosal
structures would be associated with an “osseointegrated” type of anchorage in bone. In such
a situation, masticatory-induced stress/strain distributions in peri-implant versus periodontal
soft tissues would be similar.

Surface matters

One of the most obvious differences between the PIE and a JE is the surface to which the
epithelia attach. Most studies evaluating the effects of implant surface composition on
mucointegration, however, are carried out in tissue culture dishes (Kantarci, Hasturk, & Van
Dyke, 2015; Sugawara et al., 2016); consequently, it is impossible to extrapolate from these
studies whether one surface supports a better attachment, or is better at preventing peri-
implant disease progression than another. Ultrastructural studies comparing implant surfaces
have identified hemidesmosomes in the PIE, leading investigators to conclude that epithelial
cells form a “firm attachment” to the implant surface (Gould, Westbury, & Brunette, 1984).
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It should be emphasized, however, that a direct measurement of attachment strength was not
performed.

Another point of direct clinical relevance is that fact that in this study, the titanium alloy
implants used did not undergo any surface modifications. It is reasonable to expect that
different surfaces will elicit different responses from interfacial cells, and such studies could
be especially informative because they may allow for ‘ranking’ of various surfaces with
regards to their ability to support and maintain more JE-like barrier functions.

Limitations of this study

In order to support claims that one surface is better at promoting/supporting an epithelial
attachment over another, there must be tools that are capable of actually measuring such
presumptive differences. In the absence of such mechanical strength-testing, a rigorous,
quantitative comparison of PIEs formed around implants with different surfaces will have to
rely on ultrastructural/molecular/cellular characterizations of the interfaces. In this regard, a
JE can serve as the “gold standard”: it constitutes a continuously regenerating defensive
barrier that is simultaneously adherent to a hard substrate and yet permeable, and that is
regularly shed to eliminate pathogen entry into the underlying connective tissues.

This study did not make use of human tissues but rather employed rodents as a model.
Previous studies evaluating the PIE have used dogs and primates, but both species are now
largely avoided for preclinical studies. This prompted us to ask, are there notable species-
specific differences in a PIE? To address this question, we used the JE from various species
as a comparator and found that the tissues from mice (Yuan, Chen, Gauer, et al., 2020; Yuan,
Chen, Van Brunt, et al., 2020), rats (Takamori et al., 2017), dogs (Berglundh et al., 1991),
primates (Braga & Squier, 1980) and humans (Overman & Salonen, 1994) are remarkably
similar from a histologic perspective. While interspecies differences are likely negligible,
what will invariably differ is the health status of the attachment apparatus from different
species. In humans, the peri-implant tissues available for analysis are typically diseased
whereas in rodents, they are typically healthy. Therefore, future studies will take into
account how mechanical disruptions and bacterial accumulation adversely affect a JE- and a
PIE.

Conclusions

Unlike periodontitis, there are no established treatments for peri-implantitis (Albrektsson &
Wennerberg, 2019); therefore primary prevention of the disease is of critical importance
(Renvert & Quirynen, 2015). Prevention depends upon a clear understanding of disease
etiology; our approach is to understand as much as possible about the tissue responsible for
mucointegration e.g., the PIE, and then build on these data to devise methods that enhance
its barrier function. Using a mouse model, we demonstrated that mucointegration of an
implant is accomplished via a PIE that histologically resembled a JE but whose barrier
functions, as shown by three lines of evidence, were inferior. First, the PIE lacks a Wnt-
responsive stem cell niche. Since daughter cells arising from this niche form the JE
attachment to the tooth (Yuan, Chen, Gauer, et al., 2020; Yuan, Chen, Van Brunt, et al.,
2020), loss of this niche is significant, as shown by the spotty hemidesmosomal attachment
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apparatus in the compared to that in a JE. Third, inflammatory cells populated the PIE
connective tissues whereas in a JE, inflammatory cells were restricted to the epithelium.
Together, these lines of evidence support the conclusion that the PIE is a sub-optimal barrier
compared to a JE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevance
Scientific rationale for this study:

Mucointegration is critical for implant success but how the peri-implant epithelium (PIE)
forms and how its functions compare to a junctional epithelium (JE) are not known.

Principal findings:

Although histologically similar to a JE, the PIE established around titanium alloy
implants used here was less effective as a barrier. Around teeth, the barrier functions of a
JE depend upon a stem cell population; the PIE lacked this stem cell population.

Practical implications:

Improving the defensive characteristics of a peri-implant epithelium, to more closely
mimic the barrier functions of a native JE, are key to dental implant success.
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Figure 1. After tooth extraction, JE barrier characteristics arereplaced with OE barrier
functions.

(A) A representative tissue section stained with pentachrome to illustrate keratinized OE
(red color), non-keratinized JE (pink), alveolar bone (yellow gold) and connective tissue/
PDL. In the OE and JE (the black box area in A), immunohistochemical localization of (B)
the terminal keratinocyte marker Filaggrin, (C) the hemidesmosomal markers Laminin5 and
(D) Integrin p4; and (E) mitotically active cells that have incorporated EdU. (F) The mxM1
extraction socket viewed clinically and (G) using uCT imaging. (H) Representative tissue
section stained with Masson’s trichrome from the post-extraction day (PED) 0 extraction
socket. (1) Clinical, (J) uCT, and (K) histological assessment of the PED?7 site. (L) Clinical,
(M) uCT, and (N) histological assessment of the PED14 site. In this OE, examined 14 days
after tooth extraction e.g., PED14, immunohistochemical localization of (O) Filaggrin, (P)
Laminin5, and (Q) Integrin p4. (R) Mitotically active cells are identified by EdU. Dotted
white lines indicate the demarcation between the epithelium and connective tissue.
Abbreviations: ab, alveolar bone; e, enamel; je, junctional epithelium; oe, oral epithelium;
pdl, periodontal ligament; mxM1, maxillary first molar; M2, maxillary second molar. Scale
bars: 50 um.
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Healed extraction site, PED21 )

Post-implant day 1

Figure 2. Implant mucointegration is accomplished via a PIE whose structureresemblesa JE.
(A) A uCT imaging showing the healed extraction socket on PED21. (B) A representative

tissue section stained with pentachrome showing that keratinized OE covered the healed
mxM1 extraction site by PED21. (C) Compared to the JE around mxM2, healed OE
exhibited low levels of Laminin5. (D) Site preparation for implant placement. The healing of
the soft tissue around implant were examined by pentachrome staining on (E) PID1, (F)
PID3, (G) PID7, and (H) PID14. (1) A representative tissue section stained with
pentachrome showing the intact JE around tooth. Dotted white lines indicate the
demarcation between the epithelium and connective tissue. Abbreviations: as in Fig. 1 and
IM, implant; PIE, peri-implant epithelium. Scale bars: 50 pm.
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Figure 3. Although structurally similar, the PIE lacks essential barrier features of a JE.
Healing of soft tissues around implants was examined using immunostaining for (A) the

keratinocyte marker Keratin5 (B) the proliferating cell marker PCNA and (C) the
hemidesmosomal marker Laminin5 on PID1; (D,E,F) on PID3; (G,H,l) on PID7 and (J,K,L)
on PID14. The formation of the PIE was compared to (M) Keratin5, (N) PCNA, and (O)
Laminin5 expression in a JE.
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Figure 4. The PIE lacks a stem céll niche.
(A) Schematic of lineage tracing. 3M old Axin2CTeERTZ/ - p26RMTMG/* mice were given a

single dose of tamoxifen and GFP*Ve cells were analyzed (B) 1 day, (C) 7 days, and (D) 300
days later. (E) Schematic of lineage tracing in the mice with implants.

AXin2CreERT2/* - p26RMTMG/* mice were given a single dose of tamoxifen one day before
implant placement. GFP*V€ cells were analyzed on (F) PID1, (G) PID3, (H) PID7, (I)
PID14, and (J) PID21. Dotted white lines indicate the demarcation between the epithelium
and connective tissue. Abbreviations: as in Fig. 2. Scale bars: 50 pum.
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Figure 5. The PIE exhibits signs of chronic inflammation.
Mitotically active cells were labeled by EdU in (A) the PID14 PIE and (B) the JE. The

fibrosis of the connective tissue was examined by (C,D) Picrosirius red staining and (E,F)
Vimentin staining. The attachment to (G) the implant and (H) the tooth was evaluated by
Laminin5 staining. (I) Histogram of Laminin5 expression. Immunostaining for
Myeloperoxidase (MPQO), a marker for neutrophils, in the (J) PIE and (K) JE. (L)
Quantification of MPO*Ve cells in the JE, PIE and connective tissue beneath them.
Immunostaining for CD68, a marker for macrophages and monocytes, in the (M) PIE and
(N) JE. (O) Quantification of CD68 expression in the JE, PIE and connective tissue beneath
them. Dotted white lines indicate the demarcation between the epithelium and connective
tissue. Abbreviations: as in Fig. 2 and den, dentin; ct, connective tissue.
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