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In mucosal barriers, tissue cells and leukocytes collaborate to form specialized niches that support
host-microbiome symbiosis. Understanding the spatial organization of these barriers is crucial for
elucidating the mechanisms underlying health and disease. The gingiva, a unique mucosal barrier with
significant health implications, exhibits intricate tissue architecture and likely contains specialized
immunological regions. Through spatial transcriptomic analysis, this study reveals distinct
immunological characteristics between the buccal and palate regions of the murine gingiva, impacting
natural alveolar bone loss. The microbiota primarily affects gingival immunity in the buccal region.
Additionally, a significant influence of the microbiota on the junctional epithelium facing the oral biofilm
offers new insights into neutrophil recruitment. The microbiota also regulates the proliferation and
barrier-sealing function of the gingival epithelium. This underscores the presence of immunological
niches in the gingiva, with the microbiota differentially influencing them, highlighting the high

complexity of this oral mucosal barrier.

Mucosal barriers play a crucial role in sustaining life by serving as the
primary defense against various challenges, including those posed by the
local microbiota. These barriers are comprised of epithelial layers, which can
either be monolayered, as observed in the intestine and lungs or multi-
layered, as seen in the oral cavity'”. Each epithelium has a unique immu-
nological network promoting symbiotic relationships with its microbiota™’.
This symbiosis is established through intricate interplay during the initial
colonization of commensal microbiota after birth, shaping the barrier
immunity throughout adulthood*™.

In the oral mucosa, postnatal colonization is characterized by sub-
stantial fluctuations in the load and composition of the microbiome until
weaning, a process essential for the proper development of physiological and
immunological functions of the epithelium’. Unlike other mucosae, the oral
mucosa contains a distinctive barrier—the gingiva. Formed around the only
hard tissue exposed to the external environment—the teeth, the gingiva
poses complex challenges to the immune system. These challenges involve

coping with masticatory mechanical forces damaging the gingival epithe-
lium, along with managing the formation of bacterial plaque on the tooth
surface'™"". Several studies have demonstrated the involvement of the
microbiota in recruiting and regulating the function of neutrophils within
the gingival epithelium”'>". The microbiota also facilitates the recruitment
of various leukocytes to the gingival epithelium, encompassing Langerhans
cells (LCs), innate lymphoid cells (ILCs), CD8" T cells, and y8T cells'>'**".
This underscores the close relationship between the microbiota and the
gingival epithelium, suggesting the potential for a broader impact of com-
mensal bacteria on this important oral barrier.

Spatial transcriptomic technologies have emerged as an effective
approach to studying tissue architecture and function'"”. These methods
have been applied to investigate the human gingiva, revealing distinctly
specialized epithelial and stromal compartments with unique gene expres-
sion signatures in health and periodontitis™”". In this context, the steady-
state microbiome associated with the human oral mucosa displays regional
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differences”, indicating functional specialization of different epithelial
regions based on their specific microbial challenges. This fosters the
emergence of an updated perspective that challenges the traditional view of
the oral epithelium as a passive physical structure merely housing leukocytes
responsible for host defense. Instead, it acknowledges the active involvement
of epithelial cells in surveilling the oral barrier, endowed with the ability to
adapt and respond to various challenges in a region-specific manner*****. To
uncover new insights into how the microbiota impacts the gingiva, parti-
cularly the gingival epithelium, this study conducted spatial and single-cell
transcriptomic analyses on gingival tissues from germ-free (GF) and specific
pathogen-free (SPF) mice. The analysis reveals the inherent diversity within
the gingival epithelium, identifying distinct immunological features
between the buccal and palate epithelial regions of the gingiva that influence
natural alveolar bone loss. Additionally, it unveils a role for the microbiota in
influencing gingival epithelial properties, such as barrier sealing and the
induction of immunological function in the junctional epithelium facing the
dental biofilm. These findings highlight the existence of microbiota-
dependent and independent mucosal niches in the gingiva, which are
essential for maintaining local homeostasis.

Results

Characterization of gingival cell clusters through single-cell RNA
sequencing

To investigate the type of cells residing in the gingiva, we excised and pooled
maxillary gingival mucosal tissues surrounding the three molars from 8-
week-old SPF and GF mice (Fig. 1A). In order to construct a comprehensive
cellular map of the gingiva, we conducted single-cell RNA sequencing

SPF and GF mice

® Basal

(scRNA-seq) and obtained expression profiles for SPF (16,810 cells) and GF
(6,070 cells) mice. The integration of SPF with the GF data revealed nine
transcriptionally distinct clusters (Fig. 1B). The categorization of these nine
distinct clusters utilized canonical markers, as detailed in Fig. 1C. Epithelial
cells, which represent the majority of cells, were discerned based on the
expression of recognized epithelial markers, such as Krt4, Krt5, Krt15, Krt18,
and Krt76. Other clusters included endothelial cells (Pecam1, Cldn5, Cdh5,
Vwf,and Cd34), lymphatics (Ccl21a and Prox1), muscle cells (Ckm), stromal
fibroblasts (Dcn, Collal, Colla3, and Lum) and Merkel cells (Ncaml,
Snap25, Gngl3, Omp, Stomi3, Gfy, and Gnal). Additionally, diverse immune
subsets were identified, including T cells (Cd3d/e/g), B cells (Cd79a, Igic2,
and Ms4al), and myeloid cells (Lyz2) (Fig. 1C).

Subsequently, attention was directed towards the epithelial cluster,
given its role as the outermost barrier in the gingiva. As depicted in Fig. 1D-
E, the epithelial cluster was subdivided into nine subclusters based on
previous transcriptomic data: the junctional epithelium (Odam) and basal
epithelium (Coli7al, Krt15), with the latter further subdivided to pro-
liferating basal epithelium that also expresses Mki67. Other epithelial
clusters comprised the spinous (Dsgla), granular (Tgm3), and cornified
(Lor, Lce3e/f/c) epithelial layers. A subset of cells expressing Krt76 was
identified in differentiating, non-proliferative cells, referred to as suprabasal
epithelium, as reported in humans and mice**. The analysis also revealed
two clusters expressing Krt18 segregated from clusters representing strati-
fied epithelium. One of these clusters was generally termed non-squamous
epithelium” . The expression of Muc5b/19 in addition to KrtI8 by the
other cluster, identified it as glandular epithelium®' of minor salivary glands
located in the submucosa®™. This cluster was further divided into two
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Fig. 1 | Single-cell transcriptomic profiling of the gingival barrier. A Schematic
representation of the gingival tissues collected from 8-week-old murine molars. JE
junctional epithelium, SE sulcular epithelium, OE oral epithelium, LP lamina pro-
pria. B UMAP visualization of major cell types identified in the gingiva via scRNA-
seq. C Dot plots illustrate the expression of cluster-defining genes and the percentage
of cells expressing each gene. Expression values are normalized and presented as

scaled averages. D UMAP visualization of major cell types expressing epithelial-
related genes. E Dot plots display the expression of epithelial cluster-defining genes
and the percentage of cells expressing each gene. Expression values are normalized
and presented as scaled averages. F Dot plots presenting the primary biological
pathways enriched in each epithelial cluster and the percentage of genes expressing
each pathway.
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Fig. 2 | The buccal and palatal gingiva exhibit distinct structural and functional
features. A Representative H&E image of a gingival cross-section from 8-week-old
SPF mice utilized for spatial analysis, illustrating general tissue morphology and
delineating the various tissue compartments. B Spatial feature plots display the
expression of distinct genes that delineate the buccal or palatal regions of the gingiva.
C Validation of the expression of the indicated genes in epithelial tissues isolated
separately from the buccal and palatal regions of 8-week-old mice. Graphs represent
transcript levels quantified via QPCR and normalized to the palatal epithelium,
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depicted as the mean + SEM (n = 5). Representative data from two independent
experiments. D UMAP plots illustrate the mean expression of genes associated with
the buccal and palatal regions of the gingiva. A UMAP demonstrating the segre-
gation of the epithelial cluster into the buccal and palatal regions is provided.

E Differentiation trajectory of epithelial cells constructed using the slingshot R
package. F GESA demonstrates differential pathways between epithelial clusters
associated with the buccal and palatal regions of the gingiva.

subclusters based on the expression of genes related to chemosensing,
olfactory (Omp, Gnal, Gfy, Chga)™", and neuronal (Gngl3, Stoml3)*>*
functions (data not shown).

Next, ClusterProfiler analysis was employed to identify unique
Gene Ontology (GO) pathways for each epithelial subtype (Fig. 1F). As
anticipated, most subclusters showed involvement in skin development,
reflecting the resemblance between the epidermis and gingival epithe-
lium. The basal and spinous epithelium were associated with keratino-
cyte differentiation, while the granular and cornified epithelium were
linked to keratinization processes. The formers were also enriched with
genes involved in wound healing, possibly due to mechanical damage
caused by masticatory mechanical forces'’. The wound-healing singling
was also evident in the junctional epithelium located adjacent to the oral
plaque, which was also linked to glutathione metabolism, indicating its
participation in antioxidant defense and various cellular processes”.
Immune-related pathways were identified in the basal, junctional, and
non-squamous epithelia as well as the glandular epithelium, the latter
was also associated with protein localization, secretion, and the regula-
tion of inflammation and neuron differentiation. The suprabasal epi-
thelial cluster appeared distinct, not aligning with skin development
pathways. Rather, this cluster upregulated translation and ribosomal
activity pathways, which in epithelial cells are important for achieving
successful cell regeneration after injury™. Collectively, these findings

highlight the gingival heterogeneity and the specialization of each epi-
thelial region.

The buccal and palate epithelial regions of the gingiva exhibit
unique structural and functional characteristics

Considering that the gingiva is covered by epithelia originating from
the buccal and palate oral mucosal tissues, our subsequent inquiry
focused on whether these areas can be distinctly identified in the
gingiva and if they exhibit diverse features. Leveraging Visium spatial
analysis, we identified several genes with high expression in the
buccal gingiva (Ada, Barx2, and Krt23) and the palatal gingiva
(Cryba2, Krt24, Krt10, and Krt76), primarily localized within the
spinous and granular clusters (Fig. 2A, B). The differential expression
of these genes was validated through a quantitative PCR (qPCR) assay
conducted on isolated buccal and palatal gingival regions (Fig. 2C).
The mean expression of the noted genes further facilitated the
identification of the buccal and palatal epithelial regions through
transcriptomic analysis (Fig. 2D). Next, we continued to perform
pseudotemporal trajectory analysis on the various epithelial sub-
clusters. The analysis revealed that the proliferating basal cell cluster
gives rise to both types of epithelia, and the pseudotemporal pro-
jection initiated to branch in the basal cell cluster (Fig. 2E). A similar
trajectory of the buccal and palatal gingival epithelium was observed
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Fig. 3 | Distinct physiological immune responses in the buccal and palatal gingiva
impact natural alveolar bone loss. A tSNE flow cytometry plot illustrating the
principal leukocyte subsets present in the gingival epithelium of both buccal and
palatal regions in 8-week-old SPF mice. Representative data from two independent
experiments. B Flow cytometry plots and C corresponding graphs showcasing the
frequencies of major leukocyte subsets within the epithelium of buccal and palatal
gingiva. Data represented as mean frequencies + SEM (n = 6). Representative out-
comes from two independent experiments. D and E Relative expression of the noted
genes in the buccal and palatal gingiva of 8-week-old SPF mice. Graphs depict
transcript levels quantified via qPCR and normalized to the buccal region, presented
as mean + SEM (n = 5). Representative data from two independent experiments.
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H Identification of significantly upregulated and downregulated gene pathways
through GSEA among the epithelium of the distinct gingival regions (family-wise
error rate [FWER] < 0.05). I Representative uCT images and corresponding graphs
illustrating the exposed root area in the buccal and palatal regions of the maxilla
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sentative data from three independent experiments. *P < 0.05,

*¥*P<0.01, ¥**P<0.001.

in SPF and GF samples when analyzed separately (data not shown). In
contrast, the junctional epithelium was not linked to the proliferating
basal cells, suggesting a distinct developmental origin. The buccal
epithelial region includes the typically defined layers of basal, spi-
nous, granular, and cornified cell clusters. The palate region, on the
other hand, consists of distinct basal, suprabasal, and granular cell
clusters. Notably, although both the buccal and palate regions are
keratinized in mice, the analysis excludes the cornified cluster in the
projection of the palate region, potentially stemming from differences
in the level of keratinization in each tissue that affect the availability
of the RNA transcripts. Next, we conducted a gene set enrichment
analysis (GSEA) to identify differences in biological pathways
between the buccal and palatal epithelial regions. As depicted in Fig.
2F, analysis of all clusters associated with each epithelium revealed
the upregulation of immunological pathways in the buccal gingival
epithelium in comparison to the palate region of the gingiva. This
includes IFN-a, IFN-y, and inflammatory responses that are known
to affect local immunity'"”. Additionally, pathways related to cell
growth and proliferation such as mTORCI signaling, unfolded pro-
tein response, heme metabolism, and MYC target V1 were upregu-
lated in the buccal region. An upregulation of the xenobiotic
metabolism, reflecting microbiota-mediated modification of ingested
compounds*, was observed in the buccal region. Supplementary Fig.
1 further demonstrated changes in biological pathways specific to
each epithelial cluster in the buccal and palate regions of the gingival
epithelium. Taken together, these data suggest that, despite origi-
nating from similar precursors, the buccal and palate gingival

epithelium follow distinct developmental routes, resulting in struc-
tural and functional differences that can affect local immunity.

Local immunity differs between the buccal and palate gingival
regions, implicating natural alveolar bone loss

Since the transcriptomic analysis indicated variations in immunological
pathways between the buccal and palate regions of the gingival epithelium,
we aimed to address this aspect directly. To accomplish this, the gingival
epithelium was collected from 8-week-old mice, and the buccal and palate
regions were isolated and subjected to flow cytometry analysis separately. In
Fig. 3A, tSNE plots illustrate the presence of various innate and adaptive
subsets of leukocytes in each region. Further analysis revealed the presence
of higher frequencies of total CD45" leukocytes in the buccal epithelium
compared to the palate (Fig. 3B, C). Additionally, while the buccal epithe-
lium contains higher percentages of LCs and ILCs than the palate epithe-
lium, the latter consists of elevated frequencies of B cells and neutrophils. To
gain insight into the activity of the immune system in each region, mRNA
was isolated from each region to quantify various immunologically related
genes. As depicted in Fig. 3D, a reduction in the expression of Foxp3, Ifng,
Ccl2, and 1110 was observed in the palate compared to the buccal gingiva
epithelium. In addition, the ratio between Il17a and Foxp3, which signifies
the immunological status of the oral mucosa®, was elevated in the palate
region (Fig. 3E). Next, the buccal and palate regions of 8-week-old gingiva
were excised separately, and the epithelium (containing epithelial cells and
local leukocytes) was isolated and subjected to bulk RNA-seq analysis.
Principal component analysis (PCA) and hierarchical clustering indicated a
significant difference between these two regions of the gingival epithelium
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Fig. 4 | Microbiota influence on gingival epithelial cell proliferation and func-
tion. A and B UMAP representation of major cell types identified in the gingiva of 8-
week-old SPF and GF mice via scRNA-seq. The graph illustrates the proportion of
each cell type in both mouse groups. C and D UMAP visualization of various
epithelial cell populations in the gingiva of SPF and GF mice. The graph denotes the
proportion of each cell type in the respective mouse groups. E GESA reveals distinct
pathways expressed in basal cells and proliferating basal cells within the gingiva of

SPF and GF mice. F Representative images and a graph depict the counts + SEM of
BrdU-positive cells in the buccal and palatal gingival epithelium of 8-week-old SPF
and GF mice (n =5) at the 5-h mark following BrdU injection. Representative data
from two independent experiments. JE, junctional epithelium, OE oral epithelium,
LP lamina propria. G Interaction network among the major cell types in SPF and GF
mice, constructed by CellPhoneDB. Thicker lines indicate more interaction with
other types of cells. **P < 0.01; ***P <0.001.

(Fig. 3F, G). As depicted in Fig. 3H, the epithelium of the buccal gingiva
demonstrated elevated immunological signaling such as IFN-y, IFN-a, IL-2/
STATS5, IL6/JAK/STATS3, allograft rejection, inflammatory response, and
TNF-o/NF,B pathways. Of note, the IFN-y response, the most altered
pathway in the analysis, was shown to be secreted by gingival CD4" T cells,
playing a crucial role in maintaining epithelial integrity'. Metabolic path-
ways such as oxidative phosphorylation, fatty acid metabolism, cholesterol
homeostasis, and reactive oxygen species signaling were also increased in the
buccal compared to the palate region of the gingiva. Interestingly, the buccal
also demonstrated elevated levels of wound repair pathways, for instance,
PI3K/AKT/MTOR signaling.

Next, the high presence of neutrophils and increased I117a/Foxp3 ratio
along with the reduction in immunoregulatory (IL-2/STAT5, Foxp3, and
1110) and anti-osteoclastogenic (IFN-y) pathways, proposed that the palate
gingival region is more susceptible to immune-mediated natural alveolar
bone loss. To address this issue directly, we conducted pCT scans on the
maxilla of 18-month-old mice. As illustrated in Fig. 31, the exposed tooth
root area, representing the loss of alveolar bone, was higher in the palatal
area compared to the buccal. Notably, elevated boneloss in the palatal region
of the gingiva was already observed in 8-week-old mice, and this effect was
further increased in 16-week-old mice (Fig. 3]). These findings suggest that,
in addition to structural changes, there are distinct differences in mucosal
immunity between the buccal and palate regions of the gingival epithelium,
leading to a substantial impact on the adjacent alveolar bone.

The microbiota regulates the proliferation of gingival epithelial
cells and cell-cell interactions

To evaluate the impact of the microbiota on the gingival epithelium, we
conducted a comparative analysis of various cell clusters in 8-week-old GF
and SPF mice. The analysis unveiled an augmented relative frequency of
epithelial cells in the GF samples (Fig. 4A, B). Within the epithelial clusters,
there was an increase in the relative fraction of the basal epithelial cells in GF
mice, accompanied by a reduction in proliferating basal cells (Fig. 4C, D and
Supplementary Fig. 2). Random subsampling of the SPF and GF samples to
achieve equal cell numbers in each group showed that the overall cell
composition and cluster structures remained consistent with those observed
in the full dataset (Supplementary Fig. 3). This observation suggests that the

microbiota plays a role in regulating epithelial turnover and proliferation
kinetics. Supporting this notion, GESA indicated a decrease in KRAS
downregulated genes within the cluster of proliferating basal cells—a sig-
naling pathway crucial for cell proliferation and differentiation (Fig. 4E).
Conversely, in the elevated basal cell cluster, an upregulation of pathways
associated with cell growth was observed in GF mice. In line with this, the
spinous and suprabasal epithelial clusters showed a relative increase in GF
mice, although the GESA analysis did not reveal any changes in their cellular
pathways in GF mice. To examine directly the impact of the microbiota on
epithelial cell proliferation in vivo, we injected BrdU into SPF and GF mice,
5h later gingival cross-sections were prepared for immunofluorescence
analysis. As depicted in Fig. 4F, BrdU" cells were mainly detected in the basal
layer of the epithelium of both SPF and GF mice. However, the number of
BrdU™ cells was significantly higher in the SPF epithelium compared to the
GF epithelium, in both the buccal and palatal gingiva (Fig. 4F). This aligns
with our observation that both regions originate from the same pool of
proliferating basal cells. Next, a CellPhoneDB analysis was used to profile
the communication among cell types in SPF and GF gingival tissues. The
analysis revealed stronger cell-cell interactions in GF mice compared to SPF
mice (Fig. 4G and Supplementary Fig. 4). This could be attributed to
increased tissue damage in GF mice caused by masticatory forces, stemming
from improper microbiota-dependent maturation of the gingival epithe-
lium after birth”"'. These data demonstrate that exposure to the microbiota
regulates cell-cell interaction in the gingiva and facilitates the proliferation
rate of the gingival epithelium.

The microbiota exerts a greater influence on immunological
function in the buccal gingiva compared to the palatal gingiva
In addition to the influence of the microbiota on gingival epithelial cells, the
analysis unveiled changes in the leukocyte clusters in the gingiva of 8-week-
old GF mice (Fig. 5A). Turning our attention to T and innate lymphocytes,
well-known for their role in modulating gingival immunity", we initially
characterized their various subsets. The analysis identified clusters of CD8"
(Cd8a, Cd8b1, Tcra) CDA™ (Cd4, Tera) T cells, with a significant proportion
of CD4" T cells representing regulatory (Treg) cells (Cd4, Foxp3, Ctla4,
Tnfsf4) (Fig. 5B, C). Additionally, yOT cells, specifically IL-17-producing
Vy6" cells (Tcrd, Cxcr6, Cd16311, 1117a), natural killer (NK) cells (Gzma,
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Fig. 5 | Inmune response of the buccal gingiva is more influenced by the
microbiota in comparison to the palatal gingiva. A UMAP representation of the
various leukocytes identified in the gingiva of 8-week-old SPF and GF mice. B and
C UMAP representation of lymphocytes (excluding B cells) in the gingiva, upon
integration of SPF and GF data. A selected set of key genes related to the various
lymphocytes are also presented. D and E UMAP representation of gingival leuko-
cytes in SPF versus GF mice. The graph illustrates the proportion of each cell type in
both mouse groups. F Flow cytometry plots and graphs show the frequencies + SEM
of CD4" and Foxp3* CD4" T cells (Treg) in the gingiva of 8-week-old SPF and GF
mice (n =5). Representative data from two independent experiments. G tSNE flow
cytometry plots display the main subsets of leukocytes present in the gingival

epithelium of the buccal and palatal regions of 8-week-old SPF and GF mice.
Representative data from two independent experiments. H Graphs depict the fre-
quencies of the main leukocyte subsets in the epithelium of the buccal and palatal
gingiva of SPF and GF mice. Data are presented as the mean frequencies + SEM
(n="5). Representative results from two independent experiments. I Relative
expression of the noted genes in the buccal and palatal gingiva of 8-week-old SPF and
GF mice. Graphs present the transcript levels quantified by gPCR and normalized to
the buccal region of SPF mice and depicted as the mean + SEM (n = 5). Repre-
sentative data from two independent experiments. *P < 0.05,

**P<0.01, ***P<0.001.

Nkg7, Ncrl, KirklI), and innate lymphoid cells (ILC), predominantly ILC1
(Thyl, Ctsw, Ifng, Tnfsf10, Nkg7, Ncrl, Klrk1), were identified (Fig. 5B, C).
The analysis further revealed that while CD8 and non-Treg CD4 cells were
reduced in GF mice, the frequencies of ILCs and Treg cells were not reduced
(Fig. 5D, E). The comparable frequencies of Treg cells from total cells were
further verified by flow cytometry (Fig. 5F). Next, given the relatively low
leukocyte numbers in the scRNA-seq data, we incorporated flow cytometry
analysis of gingival epithelial tissues to support the investigation of the
impact of the microbiota on local leukocytes. This approach also allowed us
to concentrate on the epithelium of the buccal and palate gingival regions.
As illustrated in Fig. 5G-H, the microbiota exhibited no significant influence
on the frequencies of total CD45" leukocytes in the gingival epithelium,
although a trend of reduction can be observed in the buccal region. How-
ever, while the frequencies of B cells and neutrophils in the palate gingiva of
GF and SPF mice were comparable, the levels of these cells in the buccal
region were significantly diminished in GF mice. CD8 T cells, which are
present in higher frequencies in the buccal gingiva, were reduced in the
buccal gingiva of GF mice but left unaffected in the palate region. Ly6C
expressing CD8 T cells, representing a small population of short-lived
T cells”, were also reduced in the buccal region but upregulated in the palate
gingiva of GF mice. The y8T cells were significantly reduced due to the
absence of the microbiota in both regions of the gingival epithelium. Con-
cerning CD4" T cells, the overall population was unchanged in the epi-
thelium of GF mice compared to SPF mice regardless of the specific region.
To further dissect the immunological functions affected by the microbiota,
we quantified the expression of key immunological genes in the gingival

epithelium. Figure 5I demonstrates that expression of I117a and Tnfa was
upregulated by the microbiota in both regions of the gingival epithelium,
while Tnfa expression was higher in the buccal than the palatal region
regardless of the microbiota. Additionally, the levels of Foxp3 and Ifng were
higher in the buccal compared to the palate gingival epithelium, and the
microbiota had no impact on their expression levels. These findings
underscore the capability of the microbiota to shape the immunological
landscape of the gingival epithelium. Additionally, the data suggest a region-
specific impact, emphasizing heightened responsiveness of the buccal epi-
thelial region to the microbiota.

The microbiota shapes the structure and function of the junc-
tional epithelium

The junctional epithelium, a distinctive region of the gingiva positioned
close to the dental plaque, prompted an exploration into the potential
regulatory role of the microbiota on its structure and function. Through
Visium spatial analysis, distinct gingival regions, comprising the junctional,
sulcular, and oral epithelium, along with the underlying lamina propria,
were delineated in both the buccal and palate regions of the gingiva (Fig. 6A).
This identification relied on gene expression patterns, including Odam,
Bc037156, and U90026, which were subsequently validated through qPCR
(Fig. 6B, C). Notably, the expression of these genes was higher in the buccal
than the palatal gingival epithelium. The visium analysis also indicates that
the microbiota is crucial for the development of the junctional epithelium,
since areas defined as the junctional epithelium were less visible, particularly
in the buccal region (Fig. 6D). Indeed, the spatial expression of genes such as
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Fig. 6 | The microbiota shapes the structure and function of the junctional
epithelium. A Representative H&E image of a gingival cross-section from an 8-
week-old SPF mouse demonstrating the capability of the spatial analysis to discern
distinct anatomical regions within the gingiva. B Spatial feature plots showing
expression of distinct genes that define the junctional epithelium in the buccal or
palatal regions of the gingiva. C Validation of the expression of the specified genes in
epithelial tissues isolated from the buccal and palatal regions separately using qPCR
(n=5). Representative data from two independent experiments. D Spatial and
scRNA-seq integration allows for demarcation of the junctional epithelium in SPF
and GF gingiva. E Spatial layout showing expression of distinct genes defining the
junctional epithelium in the buccal or palatal gingiva of SPF and GF mice. F qPCR
validation of the expression of the specified genes in epithelial tissues isolated from

the buccal and palatal regions of 8-week-old SPF and GF mice (n = 5). Repre-
sentative data from two independent experiments. G UMAP layout depicting Odam
expression to demarcate the junctional epithelium in SPF and GF mice (Inset,
enlargement of the junctional epithelium). H UMAP plots demonstrate the mean
expression of microbiota-dependent and independent genes as specified. I GESA
demonstrates the distinctive pathways expressed by the junctional epithelium of SPF
and GF mice. J Dot plots depicting the main biological pathways expressed by the
microbiota-dependent and -independent clusters of the gingival epithelium.
Expression values are normalized and scaled averages. K Interaction network of
junctional epithelial cells with the other major cell types in the gingiva of SPF and GF
mice, constructed by CellPhoneDB. Thicker lines indicate more interaction with
other types of cells. *P < 0.05, **P < 0.01, ***P < 0.001.

§100a8, $100a9, and Sprr2d that are enriched in the junctional epithelium
were reduced in GF mice (Fig. 6E). qPCR also verified the reduction in the
expression of the noted genes in GF mice and further demonstrated that
while all three genes were reduced in the buccal region, Sprr2d was also
reduced in the palate region (Fig. 6F). Utilizing the scRNAseq analysis,
Odam expression, which identifies the junctional epithelium, was reduced in
GF mice (Fig. 6G). Interestingly, two sub-clusters can be visualized in the
junctional epithelium, while the lower cluster was considerably diminished
in the GF mice (Fig. 6G, insets). This enables the identification of genes
whose expression is microbiota-dependent (S100a8, S100a9, Sprr2d,
Slc6al4, Argl, Ppbp, Dynap, and Nmesl) and independent (Cdol, Slc7all,
Chill, and Cxcl5) within the junctional epithelium (Fig. 6H).
Subsequently, GESA was conducted on epithelial cells from the junc-
tional epithelium of SPF versus GF mice. As depicted in Fig. 61, the analysis
revealed notable changes in cell growth and proliferation pathways, coupled
with the upregulation of oxidative phosphorylation and protein secretion
pathways in GF mice. Conversely, there was a reduction in pathways related
to hypoxia and cholesterol hemostasis in this group. These findings suggest a
metabolic shift in epithelial cells due to the absence of microbiota, poten-
tially impacting both epithelial renewal and integrity”’. Additionally, the
analysis revealed a reduction in immunological pathways such as IFN-y,
TNF-q, and IL-16 singling as well as IL2/STATS5 signaling associated with T
regulatory cell development, all known to shape oral mucosal immunity*.
Further exploration using GO analysis unveiled additional immunological
pathways reduced in the junctional epithelium of GF mice. As depicted in

Fig. 6], microbiota-dependent immunological pathways in junctional epi-
thelia cells involve antimicrobial humoral response, symbiotic interactions,
processes related to migration of inflammatory cells, and neutrophil che-
motaxis. A CellPhoneDB analysis further demonstrated stronger cell-cell
interactions of the junctional epithelium with other cell types in GF mice
than in SPF mice (Fig. 6K and Supplementary Fig. 5). Taken together, these
findings demonstrate that the microbiota plays a crucial role in the devel-
opment of the junctional epithelium, with a notable impact on the buccal
region.

CXCL7, rather than CXCL1 or CXCL2, mediate microbiota-
dependent neutrophil recruitment by the junctional epithelium
Concerning neutrophil chemotaxis, Cxcll, a gene encoding the neutrophil-
attracting chemokine CXCLI1, exhibited preferential expression in the
junctional epithelium (Fig. 7A). Accordingly, Ly6G-positive cells, indicative
of neutrophils, were visualized by immunofluorescence staining in the
junctional epithelium at the buccal and palatal regions, with a higher
number of neutrophils detected on the palatal side (Fig. 7B). However, the
microbiota did not influence the expression of CxclI (Fig. 7C). Moreover,
Cxcll expression was restricted to the upper subcluster of the junctional
epithelium that is considered microbiota-independent (Fig. 7D). Next, the
expression of neutrophils-attracting chemokines was examined in the
buccal and plate regions of GF and SPF mice. As demonstrated in Fig. 7E,
Cxcll expression was comparable in both regions. Cxcl2, on the other hand,
was highly expressed in the buccal region, while the microbiota reduced the
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Fig. 7 | Microbiota-dependent expression of CXCL7 in junctional epithelial cells.
A Spatial plot depicting the expression of Cxcl1 in the junctional epithelium of buccal
and palatal gingiva in 8-week-old SPF and GF mice. B Immunofluorescence staining
of buccal and palatal gingival cross-sections with antibodies against Ly6G (red) and
DAPI (blue) for nuclear visualization. The accompanying bar graph shows the mean
number of Ly6G" cells + SEM (n = 4-5) in the palatal and buccal gingiva. Repre-
sentative image from three independent experiments. Scale bar, 50 um. C Expression
levels of Cxcll 4+ SEM in the gingival tissue isolated from 8-week-old SPF and GF
mice (n =5) using QPCR. D UMAP plots demonstrating the expression of CxclI in
the junctional epithelium clusters of SPF and GF mice. E Quantification of CxclI and
Cxcl2 expression in the buccal and palatal gingiva of 8-week-old SPF and GF mice.
Graphs present the transcript levels quantified by qPCR and normalized to the
buccal region depicted as the mean + SEM (n = 5). Representative data from two
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independent experiments. F Selected receptor-ligand interactions between neu-
trophils and the microbiota-dependent and microbiota-independent clusters of the
junctional epithelium. G UMAP plots signifying the expression of Cxcl7 and CxcI2 in
the junctional epithelium clusters of SPF and GF mice. H UMAP plots demon-
strating the expression of Cxcl2 by major cell types in the gingiva of SPF mice.

I Quantification of Cxcl7 expression in the buccal and palatal gingiva of 8-week-old
SPF and GF mice. Graphs present the transcript levels quantified by qPCR and
normalized to the buccal region depicted as the mean + SEM (n =5).

J Immunofluorescence staining of buccal and palatal gingival cross-sections col-
lected from 8-week-old SPF and GF mice with antibodies against CXCL7 (red) and
DAPI (blue). Representative images and a graph display the immunofluorescence
intensity as the mean + SEM (n = 4-5). Scale bar, 50 um. Representative data from
two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

expression in both regions. To further investigate the interaction between
neutrophils and the junctional epithelium, a receptor-ligand analysis was
conducted. Figure 7F illustrates the most significant receptor-ligand
interactions in the upper (microbiota-independent) and lower (microbiota-
dependent) subclusters. Notably, the interaction between CXCR1 and PPBP
(CXCL?7), which is involved in neutrophil recruitment, was found to be
influenced by the microbiota. Following this observation, the expression of
Cxcl7 was predominantly confined to the lower cluster of the junctional
epithelium (Fig. 7G). Conversely, Cxcl2 was almost absent in the junctional
epithelium; instead, the primary cluster expressing this chemokine was the
myeloid cell cluster (Fig. 7H). A qPCR analysis further demonstrated that
Cxcl7 expression was affected by the microbiota in both the buccal and
palate regions, while the expression in the buccal, which is more microbiota-
dependent, was higher than the palate (Fig. 7I). Moreover, immuno-
fluorescence staining confirmed the specific expression of CXCL7 protein in
the junctional epithelium, which was diminished in GF mice (Fig. 7J). These
results imply that junctional epithelial cells mediate neutrophil recruitment
through CXCL1 independently of the microbiota, whereas CXCL7 mediates
this process in a microbiota-dependent manner.

The microbiota enhances the sealing of the gingival epithelium
and regulates the development of the glandular epithelium

We have shown previously that the oral epithelium is sealed during the
weaning period, represented, in part, by elevated expression of tight junction
proteins’. We thus asked whether the microbiota affect the sealing process in
the gingival epithelium. First, the scRNA-seq analysis shows that the cluster
of cornified cells, which provides a permeability barrier*’, was reduced in GF

mice (Fig. 8A). As depicted in Fig. 8B, genes associated with the cornified
cluster such as Lce3e, Lce3c, Lee3c, and Lor were downregulated due to the
absence of the microbiota. The downregulation of some of these genes in GF
mice was further confirmed by qPCR (Fig. 8C). To directly evaluate the
influence of the microbiota on the permeability of the gingival epithelium, a
FITC solution was applied to the gingiva, and the penetration of the
fluorescent dye into the tissue was examined 30 min later. Cross-sections of
the gingiva, prepared from both the buccal and palate sides, revealed a
greater intensity of FITC labeling in the gingival epithelium of GF mice,
highlighting the crucial role of the microbiota in epithelial sealing (Fig. 8D).
Next, we assessed the expression of tight junction proteins, specifically
claudin 4 and tight junction protein 1 (Tjpl, also known as ZO-1), through
immunofluorescence staining. Consistent with the increased permeability
observed in GF mice, the expression levels of these proteins were down-
regulated in these mice, as depicted in Fig. 8E. In addition to tight junction
proteins, cholesterol metabolism plays a crucial role in the development of
the cornified layer™. To investigate this further, we conducted qPCR analysis
to measure the expression levels of genes associated with cholesterol
metabolism, including Adig, Adipor2, and Apoe. As illustrated in Fig. 8F, the
expression levels of these genes were found to be decreased in the epithelium
of GF mice compared to the SPF group. Besides the gingiva, the microbiota
also governed the non-squamous and glandular epithelial clusters, as evi-
denced by the significant reduction in the latter in GF mice, while the non-
squamous cells appeared to be augmented (Supplementary Fig. 6A).
Pseudotemporal trajectory analysis revealed that glandular epithelial cells
stem from non-squamous epithelial cells (Supplementary Fig. 6B), sug-
gesting that the observed increase in non-squamous cells in GF mice is due

npj Biofilms and Microbiomes| (2024)10:142


www.nature.com/npjbiofilms

https://doi.org/10.1038/s41522-024-00625-2

Article

A B C Lce3e Lce3f
SPF GF Lce3c Lce3f Lor %
L 1 3 2.0 25 *
[ * L
D o
5 o 3 15 . e 2.0 .
9] @ 1 .
| [4 H .
N‘ 0 .5 % o 15
o 7] 1.0
< @ [} . 10
= N 2 2 .
S -5 ‘2 2 % i . o .
L i H ¢ 05
-10 ¥ | Cornified Cornified 0 s =
T T T T T T T T T T T T 0.0 T T 0.0 T
-5 0 5 10 -5 0 5 10 SPF GF SPF GF SPF GF SPF GF SPF  GF SPF  GF

D
Palate
2
B
=4
g8
E
(0]
o
&
Q
@
14
o
Buccal 2
F Adig Adipor2
8 * 3 *%
= . S
S
3 6 e .
© 24,
o
3 4 . 1
2 1 :
5 2 . g 05 .
& H
r;;i] ;.;
0 T T 0 T T 0 T T
SPF GF SPF  GF SPF  GF

Fig. 8 | Impaired gingival epithelial sealing in GF mice. A UMAP plots delineating
the cornified epithelial cells in SPF and GF mice. B Violin plots displaying the
expression of the specified genes in the two groups of mice. C Validation of gene
expression in gingival epithelial tissues from 8-week-old SPF and GF mice via qPCR.
Graphs depict transcript levels quantified and normalized to the SPF epithelium,
represented as mean + SEM (n = 5). Representative data from two independent
experiments. D Representative images and graph demonstrating FITC penetration
into the gingival epithelium of 8-week-old SPF and GF mice, 30 min post-
application of FITC solution on the gingiva. The bar graph presents fluorescence
intensity quantification as mean + SEM (n =5). Scale bar, 50 pum. Representative
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data from two independent experiments. E Immunofluorescence of gingival cross-
sections from 8-week-old SPF and GF mice stained with monoclonal antibodies
directed against ZO-1 (green), claudin 4 (red), and Hoechst (blue) for nuclear
visualization. The bar graph shows fluorescence intensity quantification as

mean = SEM (n =5). Representative image from three independent experiments.
Scale bar, 50 um. F Expression levels of specified genes in the gingival epithelium of
8-week-old SPF and GF mice. Graphs depict transcript levels quantified by qPCR
and normalized to SPF mice, presented as mean + SEM (n = 5). Representative data
from two independent experiments.

to diminished differentiation capacity into glandular epithelial cells. This
notion is supported by the GESA, which demonstrates heightened cellular
and developmental pathways in non-squamous epithelial cells of SPF mice
compared to GF mice (Supplementary Fig. 6C). Collectively, these findings
imply that the microbiota plays a crucial role in sealing the gingival epi-
thelium. The microbiota also governs the differentiation of glandular epi-
thelial cells.

Discussion

While originating from similar precursors, the buccal and palatal regions of
the gingival epithelium differentiate into distinct types of stratified epithelia
with varying immunological activities. This divergence may be attributed to
the respective interactions of each epithelium with the microbiota, given the
less keratinized nature of the buccal epithelium, leading to more complex
immunological signaling”. Consequently, the lack of microbiota results in
reduced frequencies of several leukocytes in the buccal gingival epithelium
(e.g neutrophils, B cells, and CD8" T cells), contrasting with the palate side
where no such reduction occurred. Moreover, the buccal gingiva also contains
higher levels of LCs than the palate region, the major antigen-presenting cells
of stratified epithelia®’. The development of LCs in the vicinity of the dental

plaque is enhanced by the microbiota'"", supporting the stronger interaction

of the buccal gingiva with the microbiota. The elevated levels of CD8" T cells
and ILCs in the buccal gingival epithelium of SPF mice also align with this
notion, as both cell types have been shown to play a role in preventing viral
infection in the oral mucosa**. This implies that the buccal and palatal
gingival epithelia constitute immunologically distinct regions, potentially
influencing pathological processes within this oral barrier.

Under steady-state conditions, neutrophils are rarely present in the
oral epithelium of adult mice, with the exception of the gingival epithelium
where they are primarily located in the junctional epithelium®". The present
study further substantiates this by showing the specific expression of
neutrophil-attracting chemokines in this region, and by visualizing the
neutrophils in the junctional epithelium of both the palate and buccal sides.
Interestingly, despite the lower association of the palate gingiva with the
microbiota compared to the buccal region, the palate exhibited higher fre-
quencies of neutrophils. This observation may contribute to the increased
kinetics of natural alveolar bone loss found in the palate region, as neu-
trophils have been implicated in this process’. The elevated neutrophil
population in this region is likely associated with the increased levels of
vOT cells, which are the predominant producers of the neutrophil-recruiting
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cytokine IL-17 in the gingiva and are involved in periodontal bone loss'**.
Moreover, neutrophils can enhance the survival of B cells expressing the
receptor activator for nuclear factor k B ligand (RANKL), which has the
capacity to induce bone loss™*. Indeed, our analysis revealed higher fre-
quencies of B cells in the palate region of the gingiva. Since the frequencies of
both neutrophils and B cells in the palate gingiva are not reduced in GF mice,
this supports the view that natural bone loss is less influenced by microbiota
and more by masticatory forces'"'". Regardless, the reasons for the higher
abundance of neutrophils in the palate region remain unclear. This may
arise from greater masticatory forces exerted on the palate side of the maxilla
compared to the buccal side, which could influence epithelial function.
Supporting this notion, masticatory forces have been reported to affect
gingival epithelial cell growth and the wound-healing process™. Alter-
natively, the physiological process of neutrophil clearance from circulation
to maintain neutrophil homeostasis, partially mediated by the gingiva™,
could be more robust in the palate region of the gingiva.

This study unveiled a substantial impact of the microbiota on the
junctional epithelium, with an entire subcluster of this region significantly
reduced in GF mice. This reduction might be attributed to the incapacity of
certain cell populations to develop in GF mice, aligning with a previous
study reporting a decreased size of the junctional epithelium in GF mice
compared to conventionalized mice”. In this regard, commensals are
known as active participants in the development of the structure and
function of host tissues, particularly in mucosal sites™. Alternatively, the
diminishment could result from the downregulation of microbiota-
dependent genes that segregate the junctional epithelium into two distinct
subclusters. Regardless, the spatial analysis indicates that the junctional
epithelium in the buccal region is more affected by the microbiota.
Accordingly, neutrophils, primarily located in the junctional epithelium,
were reduced only in the buccal region. This refines earlier observations
indicating reduced neutrophils in the GF gingiva”, suggesting a region-
specific reduction. However, the mechanism contributing to this differential
process remains unclear. While Cxcl2 is downregulated in GF mice, in
agreement with other reports™, this chemokine is predominantly
expressed by myeloid cells such as neutrophils, LCs, and monocytes. These
myeloid cells were reported to express CXCL2%"* and are present in or near
the junctional epithelium and their numbers are reduced in GF mice'""*".
Thus, another chemokine likely recruits neutrophils in a microbiota-
dependent fashion. Indeed, the present study demonstrates that CXCL7 is
expressed in epithelial cells of the junctional epithelium and is regulated by
the microbiota. In this regard, CXCRI, the receptor of CXCL?7 is expressed
by murine gingival neutrophils and involved in periodontal bone loss”,
while CXCL7 is reported to be associated with murine periodontitis™.

The analysis further reveals stronger cell-cell interactions in the gingiva
of GF mice compared to the SPF group. We have previously demonstrated
that exposure to the microbiota during the neonatal period is crucial for the
proper maturation of the oral epithelium™’ and for the recruitment of gingival
leukocytes, particularly in the epithelium'"**"*. This process is essential for
preparing the gingiva for the weaning period, during which masticatory
forces are initiated for the first time in life. In the absence of microbiota, the
gingiva is not perfectly sealed, as demonstrated in the present study, and its
ability to cope with the damage caused to the epithelium by mastication is
imperfect'. This might explain the stronger cell-cell interactions detected in
the GF mice, as the gingiva requires extra activity to compensate for the
impaired development of the epithelium during neonatal life.

The findings from the mouse model provide valuable insights into the
human oral mucosa, as both species share key immunological and structural
features in their mucosal barriers. Notably, CXCL7 is expressed in human
gingiva and is upregulated during periodontitis, suggesting it may be
similarly regulated by the microbiota as observed in mice”. Moreover, in
both healthy individuals and periodontitis patients, the residual alveolar
bone on the buccal side of the maxillary anterior teeth is thicker than on the
lingual side, aligning with our observations in mice®. These findings
highlight that the distinct immunological niches identified in murine

gingiva reflect regional variations in human gingival immunity, reinforcing
the utility of mouse models in uncovering mechanisms of oral homeostasis
and disease that are likely translatable to humans.

In summary, through spatial and transcriptomic analysis, this study
has elucidated unique developmental and immunological characteristics
inherent to the buccal and palate regions of the gingiva. Additionally, it
sheds light on the influence of the microbiota on the diverse niches con-
stituting the gingival epithelium, thereby advancing our understanding of
this crucial oral mucosal barrier.

Methods

Mice

C57BL/6 (B6) mice were bred and maintained in the central animal
facility at the Hebrew University Faculty of Medicine (Jerusalem, Israel).
The mice were maintained under SPF conditions and analyzed at various
ages as described in the text. All animal protocols were approved by the
Hebrew University Institutional Animal Care and Use Committee
(IACUC). Germ-free (GF) B6 mice were maintained in sterile isolators
at the Weizmann Institute of Science, and the GF studies were approved
by the IACUC of the Weizmann Institute of Science. Both GF and SPF
mice, 8 weeks of age unless otherwise specified, were used for all
experiments.

Isolation of tissue leukocytes

The gingival tissues were excised. In some experiments, gingival tissues were
incubated in 1 mL of 4 mg/ml Dispase in PBS 4 0.04% BSA until fully
distended for 30 min. The epithelium was carefully separated using forceps
and a binocular microscope. Tissues were then minced and treated with a
Collagenase type II (2 mg/mL; Worthington Biochemicals) and DNase I
(1 mg/mL; Sigma) solution in PBS plus 2% FCS for 25 min at 37°C in a
shaker bath. A total of 20 uL of 0.5 M EDTA per 2 mL sample was added to
the digested tissues and incubated for an additional 10 min. The cells were
then washed, filtered with a 70-uM filter, stained with antibodies, run in
Aurora (Cytek) flow cytometer, and further analyzed generating plots and
tSNE plots using Flow]Jo software (BD Biosciences).

Antibodies

Antibodies Source Identifier

Rat PE anti-mouse CD3 BioLegend Cat# 100206;
RRID: AB_312663

Armenian hamster FITC anti-mouse  BioLegend  Cat# 118106;

TCR y/8 RRID: AB_313830

Mouse Pacific Blue anti- BioLegend Cat# 109820;

mouse CD45.2 RRID: AB_492872

Mouse PE anti-mouse, human BioLegend Cat# 144204;

Langerin (CD207) RRID:
AB_2561499

Armenian hamster Brilliant Violet BioLegend Cat# 109241;

605 anti-mouse TCR B chain RRID:
AB_2629563

Rat PerCP/Cyanine 5.5 anti-mouse I- BioLegend Cat# 107626;

A/I-E RRID: AB_
2191071

Rat APC anti-mouse Ly-6G BioLegend Cat# 127614;
RRID:
AB_2227348

Rat Brilliant Violet 711 anti-mouse BioLegend Cat# 118233;

CD326 (EpCAM) RRID:
AB_2632775
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Rat PE/Cyanine7 anti-mouse Ly-6C ~ BioLegend  Cat# 128018;
RRID:
AB_1732082
Armenian hamster Brilliant Violet BioLegend Cat# 104543;
anti-mouse CD69 RRID:
AB_2629640
CD207 (Langerin) Monoclonal Invitrogen — Cat# 14-2073-82;
Antibody (eBioRMUL.2), RRID: AB_493943
eBioscience™
Anti-gamma H2A X (phosph S139)  abcam Cat# ab26350
antibody [9F3]
Rat PE/Cyanine7 anti-mouse/human  BioLegend Cat# 103222;
CD45R/B220 RRID: AB_ 313005
Rat Brilliant Violet 711" anti-mouse ~ BioLegend  Cat# 128037;
Ly-6C RRID: AB_
2562630
Rat PE/Cyanine7 anti-mouse/ BioLegend Cat# 101216;
human CD11b RRID: AB_312799
Rat APC/Cy7 anti-mouse CD4 BioLegend Cat# 100414;
RRID: AB_ 312699
Rat PE/Cyanine5 anti-mouse CD8a  BioLegend  Cat# 100709;
RRID: AB_312749
Rat Brilliant Violet 650TM anti- BioLegend Cat# 101259;
mouse/human CD11b RRID: AB_
2566568
Rat PE/DazzleTM 594 anti-mouse BioLegend Cat# 127647;
Ly-6G RRID: AB_
2566318
Armenian hamster APC/Cyanine7 BioLegend Cat# 117324;

RRID: AB_ 830649
Cat# 750281;

anti-mouse CD11c¢

Rat anti-Mouse I-A/I-E BUV496 M5/ BD

114.15.2 Biosciences RRID: AB_
2874472

Rat BD741261 BUV563 anti- BD Cat# 741261;

mouse CD103 Biosciences RRID: AB
2870808

Rat Alexa Fluor® 488 anti- BioLegend Cat# 126406;

mouse FOXP3 RRID: AB_
1089113

Rabbit Anti-CXCL7/PBP antibody Abcam Cat# ab206406

Immunofluorescence staining

For whole-mount staining, gingival tissues were incubated in 1 mL of 4 mg/
ml Dispase in PBS + 2% FCS until fully distended for 30 min, and epithe-
lium was carefully separated using forceps and binocular microscope. Tis-
sues were then fixed in ice-cold 95% ethanol for 40 min. For frozen section
staining, the mandibles were fixed overnight at 4 °C in 4% paraformalde-
hyde/PBS solution, decalcified for 2-3 weeks in EDTA, embedded in OCT,
and cryo-sectioned into 10-pm-thick sections. The cross sections, as well as
the whole tissues, were washed 3 times in PBS, blocked in blocking buffer
(5% FCS, 0.1% Triton X-100 in PBS) for 1h at room temperature, and
incubated with a primary antibody overnight at 4 °C. Following three
washing steps in PBS, the samples were incubated with a secondary antibody
diluted 1:200 in blocking buffer for 2 h at room temperature, washed 3 times,
stained with DAPI and mounted. For paraffin sections, the salivary glands
were fixed overnight at 4 °C in 4% paraformaldehyde/PBS solution, and
then the tissues were dehydrated using 70%, 80%, 90%, and 100% ethanol

and then xylene to dissolve the alcohol. Next, the tissues were embedded in
paraffin and micro-sectioned into 7 uM-thick sections. Slides were depar-
affinized with xylene, and 100%, 95%, 80% and 70% ethanol washed 3 times
with PBS, blocked in blocking buffer (PBS, 10% FCS, 10% BSA, 2% triton X-
100) for 1.5h at room temperature and incubated with primary anti-rat
antibodies overnight at 4°C. Following 3 washing steps in PBS, the samples
were incubated with secondary antibodies: Donkey anti-rabbit IgG (Invi-
trogen) or donkey anti-rat IgG (Invitrogen) diluted 1:200 in blocking buffer
for 2h at RT, washed 3 times, stained with DAPI and mounted. As a
negative staining control, the primary antibody was omitted and replaced by
blocking buffer. Signals were visualized and digital images were obtained
using a Nikon TL microscope for the cross sections and a Nikon spinning
disk confocal microscope for the wholemount tissues.

Micro-computed tomography (UCT) analysis

The hemi-maxillae were secured in an acrylic mold using orthodontic wax
for stability during acts scans, which were conducted at 8 um resolution
using the pCT instrument Skyscan1272 (Bruker microCT, Kontich, Bel-
gium). Air served as the scan medium to optimize the contrast between the
sample and the background. 3D reconstruction and analysis of the uCT
images were executed using Dragonfly software [Version 2022.2 for Win-
dows; Object Research Systems (ORS) Inc., Montreal, Canada] with
Tiff files.

RNA extraction and qPCR

For RNA isolation, the excised gingival tissues and tongues were homo-
genized in 500 pl TRI reagent (Sigma) using an electric homogenizer (IKA
labortechnik) and RNA was extracted according to the manufacturer’s
instructions. cDNA synthesis was performed using the qScript cDNA
Synthesis Kit (Quanta-BioSciences). gPCR reactions (10 uL volume) were
performed using Power SYBR Green PCR Master Mix (Quanta-BioS-
ciences) and specific primers to the examined gene. The following reaction
conditions were used: 10 min at 95 °C, 40 cycles of 15 s at 95 °C, and 60 s at
60 °C. The samples were normalized to GAPDH as control mRNA, by
change in cycling threshold (ACT) method and calculated based on 274,

RNA-Seq differential expression analysis

In brief, 1-2 pg RNA was used for the library construction. For quality
control of RNA vyield and library synthesis products, the RNA ScreenTape
and High Sensitivity D1000 ScreenTape kits (both from Agilent Technol-
ogies), Qubit® RNA HS Assay kit, and Qubit® DNA HS Assay kit (both from
Invitrogen) were used for each specific step.; KAPA Stranded mRNA-Seq
Kit Hlumina® Platforms kit (Roche) was used for library preparations
according to manufacture protocol, and the final DNA library was eluted in
30 uL of elution buffer. Libraries were normalized and pooled together.
Multiplex sample pool was loaded in NovaSeq 6000 SP Reagent Kit v1.5
(100 cycles) (Illumina). Run conditions were in single end and 122 bp length
and loaded on NovaSeq 6000 system machine (Illumina).” Binary Base Call
(BCL) output files from a Novaseq600 machine were converted to FASTQ
format raw reads, using BCL to FASTQ (bcl2fastq v2.20.0.422 Copyright (c)
2007-2017 Mlumina, Inc.).

Raw reads were processed according to the QuantSeq User Guide
recommendations, reads were trimmed at their 5’ end to remove the first 12
bases, then low quality and technical bases were removed from the 3’ end
using cutadapt (version 1.12). Finally, low-quality reads, with more than 30
percent of the bases with quality below 20, were filtered out using the FASTX
package (version 0.0.14). Processed reads were aligned against the mouse
genome using TopHat (v2.1.1)”. The genome version was GRCm38, with
annotations from Ensembl release 89. Htseq-count (version 0.6.0)** was
then used for quantification of raw counts per gene per sample, excluding
short or otherwise unwanted gene types, such as rRNA or miRNA. Nor-
malization and differential expression analysis were performed with the
DESeq2 package (version 1.12.4)%. Genes with a sum of counts less than 10
over all samples were filtered out prior to normalization. Differential
expression, comparing 8-weeks to 1-week-old mice, was calculated with
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default parameters, except not using the independent filtering algorithm.
Statistical significance 6 thresholds were taken as an adjusted p-value
(padj) < 0.1. Exact commands with the full parameters used can be found
underthe GEO accession.

Gene set enrichment analysis (GSEA)

Whole differential expression data were subjected to gene set enrichment
analysis using GSEA”. GSEA uses all differential expression data (cut-off
independent) to determine whether a priori-defined sets of genes show
statistically significant, concordant differences between two biological states.
GSEA was run against the hallmark gene set collection from the molecular
signatures database (MSigDB, v6.2, July 2018).

Epithelial permeability essay

20 mg of FITC (Sigma) was dissolved in 100 ul DMSO (sigma), and the
solution was diluted in acetone (1:1). Mice were anesthetized, and 40 ul of
the solution was carefully applied to the gingiva. The gingival tissues were
excised and embedded in OCT for frozen block preparation, and coronal
sections were generated. Images were obtained using confocal microscopy,
and epithelial permeability was assessed based on FITC fluorescence
intensity in cross sections as measured using FIJI image.

Single-cell RNA-seq (scRNA-seq) (10x Chromium)

Library preparation. The gingival epithelial tissues were collected from 4
SPF and 4 GF mice and processed as described above, except that EDTA
was not used. The samples were then subjected to the Chromium Next
GEM Single Cell 3" GEM, Library & Gel Bead Kit v3.1 (10x Genomics,
CA, USA) and libraries were prepared for sequencing following manu-
facturer company instructions. Sequencing was done using Illumina
Nextseq500 platforms with the following sequencing conditions: 28 bp
(Readl) and 54 bp (Read2).

Single-cell analysis methods

CellRanger pipeline”' (v6.0.1, 10x genomics) with default parameters was
used for demultiplexing, alignment (mml0 reference genome, 2020-A
version, downloaded from 10x website), filtering, barcode counting, and
UMI counting. The Seurat R package’® (v4.0.4) was used for downstream
analysis and visualization. Gene-cell matrices were filtered to remove cells
with more than 25% of reads mapped to mitochondrial genes, less than 250
genes and more than 6000 genes, <500 UMIs, and more than 50,000 UML
In addition, genes detected in fewer than 10 cells were excluded from the
analysis. After implementing these quality control measures, a total of 4,161
GF cells, 10,300 SPF cells, and 16,835 genes were retained for further ana-
lysis. To remove doublets, cells with an unusually high number of genes/
UMIs or those showing co-expression of specific marker genes were
manually filtered. Next, the scDblFinder package in R was used to com-
putationally identify doublets, marking 600 doublets in GF and 1515 in SPF
samples. After manual filtering, 464 potential doublets in GF and 679 in SPF
remained. These were evenly distributed across clusters, indicating that no
specific cluster was disproportionately affected by doublets. To further
evaluate the impact of the remaining doublets, they were entirely removed,
and the analysis was rerun. The results confirmed a high degree of con-
sistency with the original clusters.

The expression data was normalized using Seurat’s NormalizeData
function, which normalizes the feature expression measurements for each
cell by the total expression, multiplies this by a scale factor (10,000), and then
log-transforms the results. The top 2000 highly variable genes were iden-
tified using Seurat’s FindVariableFeatures function with the ‘vst’ method.
Potential sources of unspecific variation in the data were removed by
regressing out the UMI count using linear models and scaling and centering
the residuals as implemented in the function “ScaleData” of the Seurat
package. Principal component analysis (PCA) was performed. 20 PCs were
used for clustering and data reduction. Cell clusters were generated using
Seurat’s unsupervised graph-based clustering functions “FindNeighbors”
and “FindClusters” (resolution = 0.5). UMAP was generated using the

RunUMAP on the projected principal component (PC) space. Using
manual inspection, several cells/clusters classified as erythrocytes (based on
the expression of Hbbs-bs, Hbbs-bt, Hba-al, and Hba-a2 genes) were
removed, and the above steps were re-done to generate new clusters and
embeddings. The same steps were done also for specific sub-populations.

Seurat’s functions FeaturePlot and DimPlot were used for visualiza-
tion. Seurat’s DotPlot and VInPlot functions were used to visualize gene
expression for each cluster. Plots were further formatted using custom R
scripts with the packages ggplot2” and patchwork (https://CRAN.R-
project.org/package=patchwork). Heatmaps were produced with Seurat’s
function DoHeatmap or the R package pheatmap (https://cran.r-project.
org/package=pheatmap). Marker genes for each cluster were identified by
performing differential expression between a distinct cell cluster and the
cells of the other clusters with the non-parametric Wilcoxon rank sum test
(Seurat’s FindAllMarkers function). Cell types were assigned manually
based on the expression of classic marker genes. DE analysis between spe-
cific populations was done using FindMarkers function with default para-
meters. Trajectory analysis for specific sub-populations was done using
slingshot R package”. CellPhoneDB” was used to find interactions between
clusters. Results were plotted using the R package ktplots (https://doi.org/10.
5281/zen0do.5717922).

10X Visium spatial transcriptomics

Preparation of gingival tissues. The freshly obtained gingival tissues
were snap-frozen on dry ice and embedded in a freezing and embedding
compound at Optimal Cutting Temperature (OCT). The OCT-
embedded tissues were cryosectioned at a 10 um thickness and placed
on Visium Spatial slides. One to two sections from each mouse were
placed on each spatial slide, with the two spatial slides containing tissues
from SPF mice and two spatial slides containing tissues from GF mice.

RNA quality assessment. The quality of RNA in the tissue blocks was
assessed by calculating the RNA integrity number (RIN) using High
Sensitivity RNA ScreenTape (Agilent) of freshly collected PCa tissue.
Tissue sections with an RIN > 7 were selected for placement on Visium
Spatial slides.

Preparation of spatially barcoded arrays, staining and imaging. The
Visium Spatial Gene Expression Slide & Reagent kit (10x Genomics, CA,
USA) was used to generate spatially barcoded cDNA from tissue sections
according to the manufacturer’s instructions. The Visium Spatial slide is
a Codelink-activated microscope glass slide upon which poly(dT)VN
oligonucleotides (IDT) are distributed. The arrays on the slide were
designed so that 4992 (64 x 78) spots containing unique barcoded oli-
gonucleotides with poly(dT)VN were printed in each 6.5x 6.5 mm®
capture area. The diameter of each spot was 55 pum, and the center-to-
center distance of two adjacent spots was 100 um. The fiducial frame (red
spots) was printed as a border around the capture areas to maintain
orientation. The Visium Spatial Tissue Optimization Slide with PCa
tissue sections was subjected to methanol fixation and
hematoxylin-eosin (H&E) staining.

Tissue optimization and permeabilization. In the quality control
experiment, the permeabilization conditions for the tissue sections were
optimized prior to spatial barcoding experiments to maximize mRNA
yields in tissue sections. The experiment was performed by utilizing the
Visium Spatial Tissue Optimization Slide & Reagent kit (10X Genomics)
according to the manufacturer’s instructions. The optimal permeation
time (with the strongest fluorescence signal intensity and the lowest
dispersion among tested times of 30, 24, 18, 12, 6, and 3 min) was
determined by fluorescence imaging after fluorescence cDNA synthesis
and tissue removal. The glass slides were scanned using an Olympus
BX53 microscope (Olympus, Shinjuku, Tokyo, Japan), and signal
intensities were investigated using the cellSens Dimension Software
(Olympus) system. The cDNA fluorescence signals should be consistent
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with the structure of the tissue section shown by histology. This step was
performed to ensure that all array sequences necessary for mRNA capture
without a spatial barcode were present under the optimal permeabiliza-
tion conditions. Then, a penetration operation was performed based on
the optimal permeation time.

Reverse transcription, second-strand cDNA synthesis, and cDNA
amplification. The polyadenylated mRNAs released from the overlying
PCa cells were captured by primers (IDT) in the spots. Reverse tran-
scription was performed to synthesize spatially barcoded, full-length
cDNA (from polyadenylated mRNA on the slide) through the incubation
of the permeabilized PCa sections with RT Master Mix reagents. Second-
strand was synthesized by adding second-strand-mix to the PCa sections
on the slide. The cDNAs were denatured and transferred from each
capture area to the corresponding tube and then amplified via PCR to
generate a sufficient mass of DNA for library construction.

Library construction of cDNA and sequencing. Libraries of tissue
sections were generated according to the 10X Genomics Visium library
preparation protocol. cDNA amplicon size was optimized via enzymatic
fragmentation and size selection. P5, P7, i5 and i7 sample indexes and
TruSeq Read 2 sequences were added by performing end repair, tailing,
adaptor ligation, and PCR. The final libraries containing the P5 and P7
primers were used for Illumina amplification. After library construction,
150PE-mode sequencing was carried out on the Illumina NovaSeq600
platform (Illumina, CA, USA).

Visium analysis

Spaceranger  pipeline  (https://support.10xgenomics.com/spatial-gene-
expression/software/pipelines/latest/what-is-space-ranger) (v1.3.1, 10X
genomics) was used for alignment, tissue detection, fiducial detection, and
barcode/UMI counting. Seurat R package was further used for visualization
and exploration. Specifically, the functions SpatialDimPlot and Spa-
tialFeaturePlot. Integration with single-cell data was done using Seurat’s
integration workflow’®. Specifically, both datasets were normalized using the
SCTransform function and functions FindIntegrationAnchors and Trans-
ferData were used to identify anchors between the two datasets and crate a
prediction assay with a score for each spot for each annotation in the single
cell data. The annotation with the highest score was assigned for each spot.

Statistical analysis

Data are expressed as means + SEM. Statistical tests were performed using
unpaired t-test comparing two groups and one-way ANOVA comparing
more than two groups. A P value of <0.05 was considered significant.
Detailed information on the number of biological samples and animals used
can be found in figure legends.

Data availability

All data are available in the main text or the supplementary materials. The
gingival Visium, scRNA-seq, and bulk RNA-seq data generated during this
study are available at GEO/NCBI under accession numbers GSE269575,
GSE269576, and GSE269171.
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