Formation of Normal Gingival
Epithelial Phenotypes Around Osseo-
Integrated Oral Implants in Humans

Ian C. Mackenzie* and Maurizio S. Tonettit

THE ORAL, ORAL SULCULAR, AND JUNCTIONAL epithelia of the natural gingiva each
possess distinct patterns of differentiation that are demonstrable both ultrastructurally
and by their individual patterns of macromolecular synthesis. The supracrestal tissues
reformed around oral implants structurally resemble those of natural gingiva but little
is known about phenotypic changes occurring in the epithelia. To investigate whether
peri-implant epithelia acquire similar patterns of differentiation to those of natural
gingiva, biopsies from the supracrestal regions of five oral implants were examined
by immunofluorescent methods using a panel of monoclonal antibodies with specific-
ities for individual -cytokeratins and ICAM-1, macromolecules which act as markers
of the three gingival epithelial phenotypes. The observed staining patterns indicated
the formation of oral, oral sulcular, and junctional epithelia which were phenotypically
indistinguishable from those of natural gingival epithelia. This degree of reprogram-
ming of epithelial gene expression is a surprising observation and the potential mech-
anisms leading to the development of those new epithelial phenotypes are discussed
in the context of what is known about the development of natural gingiva, in terms
of the possible effects of inflammation, and in relation to the known connective tissue
influences on epithelial differentiation. J Periodontol 1995;66:933-943.
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Technical and clinical advancements in oral implants,
mainly associated with successful manipulation of the os-
seous/implant interface,' have led to the expectation of
long-term maintenance of oral implants.> These advances
have increased the importance of secondary factors, such
as infection of the marginal peri-implant tissues, which
may be associated with the late failure of implants.® Teeth
are highly-evolved structures and one of their unique an-
atomical features is their ‘“‘trans-epithelial’’ position: the
crown of a tooth lies within the external environment of
the oral cavity whereas the root lies embedded within the
oral tissues.* The epithelium, which elsewhere forms a
continuous barrier between the internal and external en-
vironments, is thus disrupted and the gingival epithelia
form a specialized cuff around the neck of the tooth.
While this dento-gingival attachment generally provides
an adequate functional seal, it forms a site that is prone
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to the inflammation and tissue breakdown associated with
periodontal disease.® Oral implants being similarly placed
in a ‘““trans-epithelial” position are also prone to inflam-
mation of the marginal tissues and involvement in a pro-
cess of tissue breakdown resembling that occurring
around natural teeth.?

The ultrastructure of gingival epithelia of the normal
human dentition was definitively described by Schroeder
and Listgarten’ with the epithelia of this region being
classified as 1) the junctional epithelium (JE), 2) the oral
sulcular epithelium (OSE), and 3) the oral gingival epi-
thelium (OGE). While the OSE and the OGE are similar,
respectively, to non-keratinized and keratinized oral epi-
thelia, the JE is a highly unusual epithelium. It lacks the
distinctive patterns of maturation seen in the other oral
epithelia and forms an attachment apparatus, consisting
of a basal lamina and hemi-desmosomes, against the non-
vital, calcified surface of the tooth.”

The molecular markers that characterize regionally-
specific patterns of differentiation in stratified squamous
epithelia are typically expressed as newly-formed cells
which emigrate from the basal into the suprabasal strata.®®
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Staining with antibodies directed against such differenti-
ation products therefore provides a measure both of re-
gional differences between epithelia and of the stage of
differentiation of particular cells within an epithelium."
Distinct phenotypic differences between each of the three
gingival epithelia have been demonstrated by such meth-
ods: some macromolecules are expressed by all three gin-
gival epithelia but it has been found that each epithelial
region expresses some markers not expressed by the other
regions.!'"'* The JE pattern of marker expression is pri-
marily characterized by the absence of suprabasal differ-
entiation markers typical of the other gingival epithelia
and suprabasal expression of cell surface carbohydrates
and cytokeratins that are characteristic of simple, rather
than oral, epithelia.'"'* The JE also expresses various oth-
er markers, such as ICAM-1, transferrin receptors, and
collagen VIII, that are either not expressed, or are ex-
pressed at lower levels, by the other oral epithelia.'® The
precise significance of this unusual JE phenotype is as yet
uncertain but it seems probable that it is related to various
physiological aspects of sulcular function as well as to
the maintenance of physical attachment to the tooth.
The apparent importance of this specialized dento-gin-
gival attachment apparatus to the health of normal teeth
has led to questions about the nature of the epithelial seal
that is formed around implants.!-* Attention has focused
mainly on the anatomical structure of the ‘“‘gingival” soft
tissues reformed around the implant and on the devel-
opment of an epithelial attachment to the implant surface.
Histological and ultrastructural studies indicate that the
superficial portion of the supracrestal tissues around an
implant reorganize into a structure resembling normal
gingiva and that the pattern of epithelial organization
structurally matches that of the natural dentition: the oral
epithelium is continuous with sulcular epithelium which
is continuous, most apically, with junctional epithelium.
There is some evidence that the patterns of differentiation
of the epithelia formed around implants are similar to
those of normal gingiva.?® Several studies have shown
that epithelium attaches to the surface of metallic, ceram-
ic, and other types of implant materials with the devel-
opment of a basal lamina and hemi-desmosomes similar
to those present at the dento-gingival junction.?*?’
Normally, when the surface continuity of an epithelium
is disrupted, lateral migration of epithelial cells at the
wound margin is activated®® and ceases only when the free
edges of epithelium meet and continuity is restored.? It
seems to be generally assumed that the “free edge” of
junctional epithelium that forms around a normal tooth is
prevented from migrating beyond the cemento-enamel
junction by the cementum or the density of the periodon-
tal ligament fibers inserted into it: in the absence of sim-
ilar fiber insertion into the surface of an implant, it has
been questioned why the epithelium around an implant
does :not migrate apically along the implant surface, at

least to the level of osseointegration.'®-? It has previously
been suggested that simple “physical” obstruction of an
epithelium by collagen fibers would by itself be inade-
quate to prevent apical migration of epithelium and that
an intrinsically passive or non-migratory property may be
associated with the unusual phenotype expressed by junc-
tional epithelium.3*3' Apical migration of the junctional
epithelium does of course occur in periodontal disease in
association with inflammation and loss of attachment but
the mechanism of this event is unclear. The patterns of
epithelial differentiation that develop around an implant
therefore appear to be of interest, first because these struc-
tures form in the absence of either odontogenic epitheli-
um or periodontal ligament, which have been implicated
in the formation of normal JE,>3° and second, because
comparison of the gingival epithelia of normal teeth with
that of implants might be of value in understanding nor-
mal gingival function.

MATERIALS AND METHODS

Biopsies

The tissues examined in the present study were part of a
series of biopsies taken originally to study the expression
of vascular adhesion molecules.?? These biopsies were ob-
tained, with informed consent, from systemically healthy
volunteers. The implants for biopsy were selected accord-
ing to the clinical criteria of 1) absence of detectable bac-
terial plaque accumulation; 2) probing depths < 3 mm;
and 3) absence of suppuration or bleeding on probing.
The biopsies were taken from around the margins of
transmucosal titanium implants* 6 to 9 months following
implantation in partially edentulous individuals. Achieve-
ment of osseointegration was verified according to clini-
cal and radiographic criteria. Each subject contributed one
biopsy which was immediately embedded and snap frozen
in liquid nitrogen. Frozen sections were cut in a cryostat
at 6 pm, air-dried overnight, and briefly prefixed in ace-
tone. Only sections that showed crestal and sulcular epi-
thelia cut in the appropriate plane were included in the
study. The results presented here are based on the ex-
amination of biopsies of tissues around implants of five
separate patients. These were compared with the results
for biopsies of clinically-uninflamed gingiva from the
buccal surface of nine natural human teeth which were
collected and similarly processed as previously de-
scribed.!"'> Specimens were collected according to a pro-
tocol approved by the institutional Committee for Protec-
tion of Human Subjects.

Immunohistochemical Procedures
Sections of each implant and natural gingival specimens
were stained using a panel of antibodies with defined

*ITI Bonefit, Straumann Institute, Waldenburg, Switzerland.
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Figure 1. Sections of natural (A) and implant (B) gingiva stained with hematoxylin to show general structure.
Both tissues show low levels of inflammation but the implant gingiva shows a greater length of OSE and a
thicker and less regular JE which, apically, has artifactually separated from the CT (arrow). Immunofiu-
orescent staining of the region of junction between the OGE and OSE of implant gingiva for K10 (C) shows
expression restricted to the suprabasal cells of the OGE. Staining for K19 in both natural (D) and implant
(E) gingiva shows strong reactivity in all strata of the JE. The implant gingiva also shows some staining of
basal cells of the OSE and OGE, a pattern found in inflamed specimens of natural gingiva (scale for A,B

= 0.4 mm, for C = 100 um, and for D,E = 0.6 mm).

specificities for individual cytokeratins, for ICAM-1 and
for laminin as listed in Table 1. Information about the
sources and specificities of these antibodies, and the de-
tails of the staining methods used, have been published
previously.''¢ In brief, sections were stained by applying
each mAb, usually as the undiluted culture supernatant,
to sections that were then incubated overnight in a moist
chamber at 4°C. After washing in three changes of phos-
phate-buffered saline, pH 7.4 (PBS), over 15 minutes,
mAb binding was visualized using second-layer antibod-
ies against mouse or rat immunoglobulins, as appropriate
to the primary mAb, conjugated to fluorescein isothio-
cyanate.® Sections were incubated with second-layer an-
tibodies at a dilution of 1:80 in PBS and were mounted
in buffered glycerin (pH 7.4) containing paraphenylene-
diamine as an anti-fading agent.'> Control reactions for
the specificity of staining of each of the primary antibod-
ies consisted of staining oral mucosa with the second-
layer conjugate alone and substitution of the primary
mAb with mouse mAbs of known irrelevant specificities.
Comparison of the staining patterns for each different

§i)akopatts, Copenhagen, Denmark.

mAb within each specimen provided an additional inter-
nal control for confirmation of specificities.

RESULTS

With routine histological staining, each of the implant bi-
opsies examined showed a structure that was basically
similar to that of normal human gingiva (Figs. 1A and
1B). The oral aspect of the biopsies was covered with a
differentiating epithelium with well-formed rete, corre-
sponding to the OGE of normal gingiva, which was con-
tinuous with an epithelium of similar histological appear-
ance, but with few rete, which extended for a variable
distance down into the sulcular region. This epithelium,
corresponding to the OSE of normal gingiva, was contin-
uous apically with a hypochromatic epithelium, typically
with a smooth epithelial-connective tissue interface (Fig.
1B), that showed little sign of differentiation. The
extent to which the full length of this epithelium, which
corresponded to the JE of normal gingiva, was included
in the biopsies could not be ascertained but, in several
sections, the most apical part of the epithelium had arti-
factually separated from the connective tissue (Fig. 1B).
Although the basic patterns of epithelial organization
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Table 1. Comparison of Patterns of Cytokeratin Expression in the Oral Gingival (OGE), Oral Sul-
cular (OSE) and Junctional (JE) Epithelia Around Teeth and Around Implants.
OGE OSE JE
Implant Tooth Implant Tooth Implant Tooth

All stratified epithelia

K5 (Basal 2) + + + + + +

K14 (LL001) + + + + + +
Cornified epithelia

K1 (polyclonal) + + - - - -

K10 (RKSE60) + + - - - -
Non-cornified epithelia

K4 (6B10) +- +— + + +— -

K13 (1C7) - - + + + +
Simple epithelia

K19 (LP2K) - - +- +- + +

K8 (Troma 1) - - - - +— +

K18 (LE 61) - - - - +- +

ICAM-1 (CD54) - — - — + +

Laminin + + + + +-— +

The first column indicates the individual cytokeratins examined, the type of epithelium in which they are
normally expressed, and the monoclonal antibodies used (see text). Data are also included for the adhesion
molecule ICAM-1 and for laminin, a basal lamina component. Staining patterns indicated as either + or —
are those that appeared consistent for each of the specimens examined. Staining patterns indicated as +—
are those that showed, as described in the text, variation within each epithelial region or from one specimen

to another.

were similar for the tooth and the implant biopsies, the
implant specimens tended to show a greater length of ep-
ithelium abutting the implant surface than was found
abutting the tooth surface. This was due partly to a more
apical extension of the OSE and partly to a more exten-
sive JE which was also usually thicker than that of natural
gingiva.

Immunohistochemical staining demonstrated three dis-
tinct epithelial phenotypes in both natural and implant
gingiva and, apart from minor differences of intensity of
the staining reactions, the findings were consistent for all
of the specimen examined. The staining patterns observed
are summarized in Table 1. For K1 and K10, the cyto-
keratins typically expressed as differentiation markers in
cornifying epithelia, both natural and implant gingiva
showed suprabasal staining of the OGE (Fig. 1C), but not
of the OSE or JE. Natural and implant gingiva also
showed a similar pattern of staining of the junctional ep-
ithelium for K19, a keratin that is typically found in sim-
ple epithelia and, variably, in basal cells of oral epithelia
(Figs. 1D and 1E). All strata of the JE were strongly
stained but neither the implant or natural gingiva showed
staining for K19 in the OGE or OSE except in patches
of basal cells. Staining for K8 and K18 (Figs. 2A and
2B), cytokeratins that are expressed in simple epithelia,
but not in oral epithelia except in Merkel cells, was absent
from OGE and OSE of implant and natural gingiva. The
JE of natural gingiva showed variable but moderately
strong staining of suprabasal cells for K8 and K18 and
similar, but somewhat weaker, staining was also seen in
the JE formed around implants. In the OGE of both nat-

ural and implant gingiva, elliptical cells staining strongly
for K8 and K18, presumably Merkel cells, were present
as individual cells or clusters at the tips of the rete. An
unusual feature of the implant gingiva was that such cells
were also occasionally seen in the OSE region.

Both natural and implant gingiva showed similar pat-
terns of staining for K4 and K13, the cytokeratins ex-
pressed as differentiation markers in non-cornifying epi-
thelia (Fig. 2C through F). Strong staining of all supra-
basal cells for K4 was present in the OSE region and there
was staining of scattered individual cells in the adjacent
region of the OGE. The natural gingival specimens typ-
ically showed a sharp line of demarcation between the
OSE cells, which stained for K4, and the JE cells which
were unstained. However, the implant specimens showed
a less precise demarcation with staining of scattered cells
in the coronal part of the JE. In natural gingiva there was
strong staining for K13 in the OSE region and strong, but
somewhat less intense, staining of the JE. A similar pat-
tern of staining of the OSE and JE was seen in implant
gingiva. Staining for K5 and K14, the pair of the cyto-
keratins typically expressed by basal cells of all stratify-
ing epithelia, was seen in all epithelial regions of both
implant and natural gingiva. In both implant and natural
gingiva, staining for K5 was seen throughout the full
thickness of the JE whereas staining was restricted to the
basal and parabasal cells of OSE and OGE.

In natural human gingiva, ICAM-1 is expressed on the
surface of JE cells but not by OSE or OGE and an es-
sentially similar pattern of staining was seen in implant
gingiva (Fig. 3). In the OGE region, the epithelium was
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unstained but weak staining was present on the surface
of endothelial cells of the sub-epithelial capillaries. Typ-
ically, staining was absent from the OSE but, in some
regions where there appeared to be sub-epithelial collec-
tions of inflammatory cells, staining of the epithelium was
present and was stronger on the basal than the suprabasal
cells. All cells of the JE of the implant specimens showed
some staining for ICAM-1 with the strongest staining
seen for suprabasal cells in the coronal region. Typically
there was a clear line of demarcation between the strongly
stained JE and the unstained OSE (Fig. 3C).

The epithelial-connective tissue interface of all regions
of natural and implant gingiva showed staining for lam-
inin (Fig. 4). In the OGE and OSE regions there was
smooth continuous staining of the basement membrane
zone and staining of the sub-epithelial capillaries. Beneath
the coronal region of the JE there was clear staining of
the basement membrane but there were strongly stained
irregular structures lying close to, or in contact with, the
basement membrane. These structures appeared to be cap-
illaries but were less regularly organized than in the OGE
and more closely associated with epithelial basement
membrane. In the apical region of the JE there was often
weaker and patchy staining for laminin.

DISCUSSION

Previous histological and ultrastructural studies have
shown that the “gingiva” formed from the alveolar mu-
cosa around dental implants is anatomically similar to the
gingiva around normal teeth.'®?' The present study indi-
cates that this anatomical rearrangement is associated
with new patterns of epithelial gene expression that lead
to phenotypic patterns characteristic of the JE, OSE, and
OGE of natural gingiva. Although relatively few speci-
mens were examined, the consistency of the basic marker
patterns found in each of the specimens of implant gin-
giva examined allows confidence in this conclusion. Ex-
cept for some minor differences in the sharpness of de-
marcation of one region from another, natural and implant
gingival epithelia were basically indistinguishable in
terms of the cytokeratins used as phenotypic markers. The

e

Figure 2. Immunofluorescent staining of natural (A,C.E) and implant
(B,D,F) gingiva for K18, K4, and K13. Natural gingiva shows moderate
staining of suprabasal JE cells for K18 (A) and a similar but weaker
staining pattern is seen in the implant gingiva (B) which also shows a
strongly stained elliptical cell, probably a Merkel cell, in the basal re-
gion of the OSE (arrow). Strong staining for K4 is restricted to supra-
basal cells of the OSE in both natural (C) and implant gingiva (D). Both
of these specimens show only a short length of OSE with some extension
of scattered stained cells into the OGE region. There is a sharp demar-
cation between JE and OSE in the natural gingiva but the implant gin-
giva shows a less sharp demarcation with some scattered stained cells
in the coronal part of the JE. Staining for K13 is seen in suprabasal
cells of the JE and OSE of both natural (E) and implant (F) gingiva
(scale for A,B = 0.2 mm, for C,D = 0.3 mm and for E,F = 0.5 mm).
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Figure 3. Implant gingiva stained for ICAM-1. In the OGE region (A) there is no epithelial staining but
weak staining of capillary endothelium is seen (arrow). Typically, staining for ICAM-1 was absent from the
OSE but inflamed specimens of OSE (B) showed staining of (inflammatory) cells in the connective tissue
and quite strong staining of basal and parabasal epithelial cells (arrows). The JE of all specimens showed
staining for ICAM-1 which was strongest coronally and towards the tooth surface (C) and there was typically
a clear line of demarcation between the JE and the sustained OSE (scale for A = 100 um, for B = 150
um, and for C = 120 um).

Figure 4. Immunofluorescent staining of the OSE (A) and the JE (B) regions of implant gingiva for laminin.
Clear staining of epithelial and capillary basal lamina is seen in the OSE and JE. However, the JE shows
close epithelial approximation of irregularly disposed capillaries and weaker staining (arrow) for epithelial
basal lamina in the apical region (scale = 100 um).

JE around implants also expressed ICAM-1, an additional
phenotypic marker of the JE of natural teeth.'®** The con-
trol specimens of natural gingiva were not matched for
age or sex with the implant specimens as previous studies
have shown that gingival epithelial differentiation is not
significantly altered by these parameters. Inflammation
has not been found to significantly affect the basic pattern

of differentiation of gingiva* and the inflammatory status
of the implant and gingival specimens was not clinically
assessed in detail as it could be subsequently assessed
from the tissue sections.

In view of the usual phenotypic stability of adult epi-
thelia, the acquisition of new phenotypes by the mucosal
epithelium surrounding an implant is an interesting ob-
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servation, but one that is rather difficult to explain. This
difficulty is compounded by the present lack of infor-
mation about the factors that control epithelial differen-
tiation and function around a natural tooth. Ten Cate'”
discussed the formation of gingival epithelial anatomy
around implants within the context of basic patterns of
epithelial behavior and the development of the dentogin-
gival junction of natural teeth. His observations are ex-
tended by those of the present study and it appears that
the “experiment” of placing an implant through the oral
mucosa points to some interesting conclusions. First, al-
though the JE formed during the eruption of natural teeth
is probably derived from cells of the reduced enamel ep-
ithelium,” its presence around implants indicates that its
formation does not require the participation of odonto-
genic epithelium: this supports conclusions previously
drawn from the observed reformation of JE following gin-
givectomy.>>3¢ Secaond, the presence of JE and OSE phe-
notypes around an implant suggest that these epithelial
structures do not represent a specifically “‘dental” phe-
nomenon: neither particular properties of a tooth, as such,
nor of periodontal ligament connective tissue are neces-
sary for their formation. Third, the reformation of gingi-
val epithelia around an implant is associated with repro-
gramming of the basic patterns of epithelial macromolec-
ular synthesis and these are probably of functional sig-
nificance. However, the relevant functional attributes of
these epithelial phenotypes remain to be elucidated. Fi-
nally, although the expression of the various markers ex-
amined indicate a marked similarity, it remains uncertain
whether the epithelial phenotypes formed around implants
are identical in all respects to those of natural teeth.

Developmental interactions between an epithelium and
its underlying connective tissue essentially determine the
phenotype that it expresses throughout adult life but var-
ious factors such as wounding, inflammation, and other
pathological changes can subsequently modify its basic
pattern of differentiation.’’** Wounding activates migra-
tory behavior and alters patterns of epithelial differenti-
ation and, in the epidermis for example, wounding in-
duces expression of K19, and of K6 and K16, keratins
that are considered markers of hyperproliferation in epi-
dermis but are normally expressed by mucosal epithe-
lia.*4! Some parallels can also be drawn between the pat-
terns of integrin expression in wounded epidermis* and
in normal human gingiva.** However, although wounding
has been shown to lead to loss of some of the normal
differentiation markers of mucosal epithelia,® as yet, little
is known about the general effects of wounding on the
mucosal epithelial phenotype.

Ten Cate!” has suggested that connective tissue inflam-
mation determines the character of the sulcular epithelium
and, in part, the anatomy of the JE. Inflammation is
known to alter the normal patterns of keratin expression
of gingival epithelia:*® in particular, it increases the ex-

pression of K4 and K13, the keratins typical of the OSE
phenotype, and leads to the basal, and some suprabasal,
expression of K19, a keratin strongly expressed both ba-
sally and suprabasally by the JE. Similar changes in ker-
atin expression are also seen in the oral epithelium grow-
ing into the openings of sinus tracts associated with peri-
apical lesions.* Direct comparison of the implant biopsies
with the biopsies from natural teeth should be treated with
caution, as the latter were taken from newly-erupted teeth
selected for the absence of clinical inflammation. Possi-
bly, small anatomical differences, such as the tendency to
a greater depth of the sulcular region around implants
than natural teeth, observed in this and some other stud-
ies,'® could be a result of previous or persistent low levels
of inflammation.>? Similarly, the observation of a less pre-
cise demarcation between JE, OSE, and OGE phenotypes
could be an effect of inflammation as inflamed human
periodontal pockets may show some apical encroachment
of the OSE and some loss of the sharpness of demarcation
between the JE, OSE, and OGE.** However, the same
basic anatomical distribution of JE, OSE, and OGE is
maintained and other observations also suggest that al-
though inflammation may lead to sulcus deepening, it
may not be a major factor in determining the basic pat-
terns of gingival epithelial differentiation. In rodents, for
example, the JE, OSE, and OGE have a distinct anatom-
ical arrangement that is demonstrable in both normal and
germ free animals.*3#¢ These epithelia have simple, non-
cornified and cornified patterns of keratin expression that
parallel those in human gingiva3®?' and these patterns of
keratin expression are essentially similar in germ-free rats
(unpublished observations). Nevertheless, as Schroeder
and Listgarten’ and Ten Cate'” have pointed out, reduced
levels of gingival inflammation are associated with loss
of epithelium with the typical appearance of OSE and the
observations of Bosch et al.*® indicate that inflammation
reduces expression of K1 and enhances expression of K4
and K13 in gingival epithelium. It thus appears to produce
a shift from the OGE towards the OSE phenotype. Pos-
sibly, therefore, inflammation is associated with the ex-
pression of the OSE phenotype in both natural human
gingiva and around implants.

The JE phenotype does not correspond to that of any
other oral epithelium. Structurally the JE is a stratifying
epithelium and it expresses K5 and K14, keratin markers
that are typical of stratifying epithelia. Its unusual features
are its suprabasal expression of K8 and K18, keratins typ-
ically expressed only by simple epithelia, and its basal and
suprabasal expression of K19, a transitional keratin® that is
typically expressed by simple epithelia and basally by
some stratifying epithelia.'? Co-expression of simple and
stratifying epithelial keratins occurs in odontogenic epithe-
lia¥ and is common in various cysts derived from odon-
togenic epithelia.*® It does not typically occur in adult oral
mucosal epithelia but simple epithelial keratins are nor-
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Figure 5. Diagram of the postulated relationships of epithelium to superficial and deep connective tissues
in normal tissue (A), in experimental mucosal transplants (B), and around implants (C). In normal mucosa
(A), the epithelium is supported by a layer of sub-epithelial connective tissue (SCT) which separates it from
the deeper connective tissue (DCT). The SCT provides permissive stimuli for normal epithelial growth and
differentiation and differs from DCT which lacks such stimuli. When pieces of full thickness mucosa are
transplanted to DCT sites (B), a junction is formed between the transplanted SCT and the DCT of the graft
bed. The epithelium differentiates normally-over its transplanted SCT but at the edge of the transplant, where
epithelium is brought artificially into contact with DCT, it shows abnormal migration and differentiation
due to a lack of permissive stimuli from DCT. A small edge of epithelium grows a short distance onto the
DCT but further outgrowth does not occur and this edge of epithelium (between arrows) shows mixed
expression of stratifying and simple epithelial keratins.?*%* A similar unusual epithelial-connective tissue
relationship results from implant placement (C). The presence of the implant prevents the normal healing
pattern of epithelial migration to close the surface of the wound. Instead, epithelial migration is deflected
down the interface between the implant and the SCT. When the epithelium grows down beyond the SCT to
reach the DCT (between arrows) its relationship to SCT and DCT is similar to that shown in panel B and
its acquires the ‘“‘edge’’ pattern of differentiation. The unusual co-expression of simple and stratifying epi-
thelial keratins seen in JE corresponds to the ‘“‘edge’ phenotype and it is assumed that JE therefore acquires
the same stable, non-migratory character as edge epithelium.

mally expressed by the oral epithelia during development®
and such expression is maintained or acquired in special-
ized epithelial structures such as taste buds.® Simple epi-
thelial keratins are also expressed by the stratifying epi-
thelia of oral leukoplakias and squamous cell carcinomas.>’
However, apart from demonstrating that mucosal epithelia
have the capacity to express simple epithelial keratins,
these observations do not appear to explain how such ex-
pression is acquired by the JE that is formed around im-
plants. Inflammation does not appear to induce expression
of simple epithelial keratins in oral epithelia® and a struc-
ture similar to JE can be experimentally produced in the
absence of inflammation in vitro.>' Inflammation may in-
duce expression of ICAM-1%2 but is reported to induce
ICAM-1 expression primarily on basal cells,”® as seen on
the OSE in the present study, rather than suprabasally, as
seen in the JE. Further, it appears that although the JE
expression of ICAM-1 can be modified by inflamma-
tion,5* it is constitutively expressed by uninflamed JE
both in vivo'é and in vitro.*!

The essential roles of epithelial-mesenchymal interac-
tions during embryonic development have been exten-
sively studied. It is apparent that cascades of reciprocal
interactions occur between epithelium and mesenchyme
and, as a result of regionally-specific mesenchymal sig-
nals, an adult epithelium acquires a stable regionally-spe-
cific phenotype.** However, adult tissues retain some ca-
pacity to generate and respond to further epithelial-mes-

enchymal interactions: for example when epithelia are re-
combined with connective tissue from another region,
they acquire new patterns of differentiation that are ap-
propriate to the region of origin of the connective tis-
sue.* Such interactions are considered ‘‘directive” in
that the connective tissue specifies a particular pattern of
differentiation which the epithelium can then express, for
example in vitro, in the absence of further regionally spe-
cific signals from its connective tissue.*® In the present
studies, implants were placed through the mucosa of the
edentulous alveolar ridge which is typically covered by a
cornified epithelium corresponding to that of the OGE
surrounding the implant. Possibly placement of an im-
plant could generate additional types of directive signals
from the alveolar mesenchyme that specify the new pat-
terns of OSE and JE differentiation but the mechanism
by which this could occur is unknown.

There are, however, other types of mesenchymal influ-
ences that are not of a directive nature and have been
termed ‘‘permissive.””” For example, embryonic epi-
dermis or endoderm fails to differentiate if isolated from
its mesoderm but normal development may be supported
by recombining it with mesoderm from other regions.*°
It has also been shown that embryonic mesenchymes dif-
fer in the degree to which they are able to provide such
permissive influences.®® There is evidence that similar
permissive interactions are necessary for the maintenance
of epithelial differentiation in adult tissues and, in partic-
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ular, that superficial and deep connective tissues differ in
their abilities to support epithelial growth and differenti-
ation. For example, when adult epithelial cells are isolated
and grown in vitro, they typically fail to express fully
their in vivo phenotype but may do so if they are co-
cultured with dermal, but not deep, connective tissues.®!
Work with both human and murine tissues suggests that
dermal fibroblasts produce a diffusible stimulus to differ-
entiation.®'%* A good demonstration of the differing abil-
ities of deep and subepithelial connective tissues to sup-
port the growth of either murine and human epithelia is
seen when full thickness oral mucosa is transplanted to
deep connective tissue sites in vivo.3!*+%> The epithelium
differentiates normally over its transplanted connective
tissue, but it fails to show either normal migration or dif-
ferentiation on the surrounding deep connective tissue.
Limited migration onto the deep connective tissue around
the transplant leads to a small, stable outgrowth of epi-
thelium which is stratified and maintains expression of
K5 and K14, the basic stratifying epithelial markers, but
lacks the differentiation pattern of the normal epithelium.
However, it shows suprabasal expression of simple epi-
thelial keratins and thus acquires a phenotype similar to
that of junctional epithelium.?3!

It thus appears that “‘subepithelial”” and ‘“‘deep” con-
nective tissues differ functionally in their abilities to sup-
port epithelial growth and differentiation and recent work
suggests that this difference may be due to the expression
of stimulatory cytokines such as keratinocyte growth fac-
tor.%¢7 Further, the absence of such permissive stimuli
from deep connective tissues leads to failure of epithelial
migration and acquisition of a new *“default” phenotype
which corresponds to that of junctional epithelium. This
behavior may at least partially explain development of the
JE phenotype around implants. Figure 5 compares the re-
lationships of epithelium to superficial and deep connec-
tive tissues in normal tissues, in experimental mucosal
transplants, and in implants. It can be seen that the normal
wound healing response of lateral migration of epithelium
to restore epithelial continuity is prevented by the pres-
ence of an implant. Instead, the epithelium can only mi-
grate down the connective tissue surface adjacent to the
implant and in so doing, migrates beneath the zone of
connective tissue permissiveness to reach the deep con-
nective tissue. Here, due to the absence of permissive
stimuli, it acquires the “‘edge” phenotype described above
which is associated with stable non-migratory behavior
and expression of markers similar to natural JE.

Previous work has shown that the intrinsic biological
properties of epithelium enable it to attach to a wide va-
riety of materials and that the oral mucosa can establish
a satisfactory functional attachment to oral implants.!’
The present work shows that implant placement is addi-
tionally associated with the development of new epithelial
‘phenotypes with a spatial distribution that closely corre-

sponds to that of natural gingiva and the formation of JE
around the implant which is similar to the non-migratory

- “edge” of epithelium formed in experimental transplants

to deep connective tissue. The latter observation appears
to answer the question of why there is only limited mi-
gration of epithelium down an implant/connective tissue
interface despite the absence of physical obstruction by
collagen.20:3031:68 Tt would also make it unnecessary to pos-
tulate ‘“‘connective tissue integration’ to prevent epithelial
migration.'” The conclusion that permissive interactions
are necessary for epithelial migration and differentiation
would also appear to be of interest to the progression of
periodontal disease around both implants and natural
teeth. Currently, apical migration of epithelium seems to
be considered a passive event that invariably follows de-
struction of connective tissue attachment to the tooth.
However, if the above interpretation of JE behavior is
substantiated, destruction of connective tissue attachment
would not by itself lead to epithelial migration: generation
of additional specific epithelial activation factors, possibly
components of the inflammatory response, would be nec-
essary for this component of disease progression.
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