UC Davis

UC Davis Previously Published Works

Title

Feline Chronic Gingivostomatitis Diagnosis and Treatment through Transcriptomic

Insights

Permalink
https://escholarship.org/uc/item/4s54029m

Journal
Pathogens, 13(3)

ISSN
2076-0817

Authors
Soltero-Rivera, Maria
Shaw, Claire

Arzi, Boaz

Publication Date
2024-02-21

DOI
10.3390/pathogens13030192

Peer reviewed

eScholarship.org

Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4s54029m
https://escholarship.org/uc/item/4s54029m#author
https://escholarship.org
http://www.cdlib.org/

pathogens

Case Report

Feline Chronic Gingivostomatitis Diagnosis and Treatment
through Transcriptomic Insights

Maria Soltero-Rivera 1*, Claire Shaw 2(2, Boaz Arzi 1, Milinda Lommer 13 and Bart C. Weimer %*

check for
updates

Citation: Soltero-Rivera, M.; Shaw, C.;
Arzi, B.; Lommer, M.; Weimer, B.C.
Feline Chronic Gingivostomatitis
Diagnosis and Treatment through
Transcriptomic Insights. Pathogens
2024, 13,192. https://doi.org/
10.3390/ pathogens13030192

Academic Editor: Danielle

Gunn-Moore

Received: 9 January 2024
Revised: 6 February 2024
Accepted: 20 February 2024
Published: 21 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Surgical and Radiological Sciences, University of California, Davis, CA 95616, USA;
barzi@ucdavis.edu (B.A.); mjlommer@ucdavis.edu (M.L.)

Department of Population Health and Reproduction, 100K Pathogen Genome Project,

University of California, Davis, CA 95616, USA; clashaw@ucdavis.edu

3 Aggie Animal Dental Center, Mill Valley, CA 94941, USA

*  Correspondence: msoltero@ucdavis.edu (M.S.-R.); bcweimer@ucdavis.edu (B.C.W.)

Abstract: Feline chronic gingivostomatitis (FCGS) is a debilitating inflammatory oral mucosal disease
with a multifactorial etiology. The clinical diagnosis of FCGS is made based on inspection of severe
inflammatory lesions and histological confirmation rather than a molecular diagnostic outcome. This
gap limits the ability to provide an early diagnosis. In this report, we seek to provide additional
diagnostic tools using genomics to aid in providing clinically relevant information. The use of in-
depth diagnostic tools, like transcriptomics of diseased tissues, to diagnose FCGS and stratify patients
into predictive treatment response groups would dramatically improve both clinical decisions and
patient outcomes. In this study, we addressed the gap in diagnostic options using transcriptomic
analysis of caudal oral mucosal swab specimens coupled to detailed medical record linkage of
FCGS-affected cats undergoing tooth extractions and in some cases administration of mesenchymal
stromal cells (MSCs). To better identify markers of disease and potential response to treatment,
the transcriptomes of FCGS-afflicted cats were compared to those of healthy cats and those with
chronic periodontitis to clearly establish diagnostic biomarker signal transduction connections.
Phosphatidylinositol 3-kinase/Ak strain transforming (PI3K/AKT) and stress-activated protein
kinases/Jun N-terminal kinase (SAP/JNK) signaling pathways were significantly differentially
regulated in FCGS-afflicted cats. Activation of these pathways also differed in the treatment response
groups. In conjunction, the enzymes Caspase 4 (CASP4), matrix metalloproteinase-8 (MMPS8), and
prostaglandin-endoperoxide synthase 2 (PTGS2) were identified as potential biomarkers for the
prediction of treatment response outcomes. The observations in the case study support the use of
transcriptomics of FCGS patients to contribute to improved molecular diagnostics for the diagnosis
and treatment of FCGS.

Keywords: feline; dentistry; gingivitis; stomatitis; transcriptomics; biomarkers; MSC; stem cells

1. Introduction

Feline chronic gingivostomatitis (FCGS) is a devastating, complex, and chronic inflam-
matory mucosal disease that affects up to 26% of domestic cats. It causes severe oral pain
and can be potentially life threatening in at least 10% of cases [1,2]. The current etiologic
theories for FCGS include an immune response mediated by CD8+ T cells [3], chronic
infection with feline calicivirus (FCV), and induction of IL6, IL17 and pathways related to
cells of the myeloid lineage involved in the innate immune response [4-6]. Furthermore,
co-infection of FCV and puma feline foamy virus (PFFV) as well as infection with feline
leukemia virus (FeLV) have been associated with a lack of response to treatment [4,7]. As
a naturally occurring disease with an unknown origin, FCGS presents as a particularly
intriguing disease to study the role of bacteria and viruses both locally in the oral cavity
and more systemically throughout the host.
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Though scientifically intriguing, FCGS is a frustrating disease for patients, clients, and
clinicians alike. Dental extraction of all or nearly all teeth is the current recommended
treatment, and between 1/3 and 1/2 of cats with FCGS will not respond to extraction as
the main treatment [5,8]. The treatment protocol for extractions has historically qualified
patients as refractory after no clinical response is seen for six months after extraction
therapy. For these patients who qualify as refractory, the application of stromal cell therapy
has successfully reduced the number of non-responsive cases from ~1/3 and 1/2 to just
~10%. Though the application of mesenchymal stromal cells (MSCs) is effective at reducing
disease outcomes, the waiting time to be considered eligible for advanced treatment like
MSCs and the lack of other viable treatment options lead to poor long-term prognoses [1,2].
The advent of better diagnostic tools for the identification and treatment of FCGS are
therefore necessary for the development of better FCGS care protocols and improved
patient outcomes.

Despite the current lack of diagnostic tools to aid in the clinical diagnosis of FCGS
in early stages, there are a few tools available to clinicians for the monitoring of disease
progression and typical protocols for the application of treatment methods. A standardized
activity index, the Stomatitis Disease Activity Index (SDAI), was developed by Dr. Jamie
Anderson to monitor clinical manifestations related to oral inflammation in FCGS-afflicted
cats. Modified in previous studies [3,9], the SDAI serves as a valuable diagnostic and
monitoring tool as it considers both the owner’s assessment of the patient’s quality of life
at home and the veterinary practitioner’s gross evaluation of the oral cavity. However,
disparities between owner and clinical assessments may arise.

To date, there is no precise way to predict which patient will respond to surgical
treatment (which consists of near full-mouth to full-mouth extractions), and nearly 1/3
to 1/2 of patients do not respond, requiring additional medical or regenerative (stromal
cell) management. Pre-operative evaluation should include a thorough examination of
parameters, such as complete blood count and a serum biochemistry panel. Additionally,
viral disease testing for FeLV, feline immunodeficiency virus (FIV), FCV, and PFFV is crucial
due to its potential prognostic significance [4,7]. Virus isolation and RT-PCR techniques
using samples from the conjunctiva or oropharynx are recommended to enhance FCV de-
tection rates. Despite its potential significance in disease manifestation, there is no currently
available commercial test for PFFV. Furthermore, data supporting microbiome shifts in
various niches of the oral cavity of FCGS-affected cats support the potential of microbiome
markers of disease that could have diagnostic and prognostic significance [10,11]. The
availability of a symptom monitoring scheme and some clinically available viral testing
provides clinicians with much needed data for the development of a treatment plan, but
the lack of more robust methods for the prediction of treatment response and disease
development reduces patient outcomes and leaves a noticeable diagnostic gap.

Transcriptomics, the analysis of cellular activity using RNA sequencing, is a tool that
may aid in the identification of FCGS disease status and perhaps in prediction of the treat-
ment response. Transcriptomic analysis of FCGS in past studies has focused on affected
tissues collected from treatment-naive patients. Though critical to improving our under-
standing treatment outcomes, few patients undergoing extractions have been assessed
using this sequencing approach to follow disease and treatment progress [3,6]. There is
a great need to better understand the cell biology events involved in the pathogenesis of
FCGS, especially as they relate to treatment response success. Without the utilization of
modern-day sequencing technology, like RNA sequencing, we remain in the dark about
specific cellular responses that underlie disease progression and what signaling pathways
mediate treatment response. While many approaches exist for the profiling of host cellular
activity, RNA sequencing provides an unparalleled look into the activity of the host tissues,
and the concurrent use of predictive software allows for the projection of activation and
repression at the level of canonical pathways. Such detailed insights may be critical to
finally identifying the origins of FCGS, as previous approaches have yet to put forth a
consensus on the etiology of this disease. Likewise, the more detailed understanding of
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host function afforded by this transcriptomic approach supports the development of more
personalized treatment plans in the clinical setting, potentiating improved outcomes for
afflicted patients and decreased guesswork on the part of clinicians.

In this study, we applied RNA sequencing to a cohort of diseased cats, hypothesizing
that cats with FCGS have significantly different transcriptomic signatures that can aid
in treatment stratification and optimization of patient outcomes. Using transcriptomic
analysis, we tested this hypothesis with samples before and after treatment (i.e., full-mouth
extractions or administration of MSCs) of FCGS and used cats with chronic periodontitis as
well as healthy cats as controls. Furthermore, the samples collected within a series of pa-
tients were obtained from buccal mucosa swabs and were therefore easily obtained samples
as compared to histological biopsies or subgingival samples. The ability to use non-invasive
sampling methods, as done here, supports the viability of this sequencing technology for
diagnostic settings, where attaining biopsies may be costly and requires anesthesia.

Herein, we report functional genes and biological pathways that were found to be dif-
ferentially expressed when comparing buccal swabs from control cats with FCGS patients.
Within the affected patients, we also compared those that responded to full-mouth extrac-
tions with those patients that did not respond to extraction treatment and characterized the
pathways involved in the response to the administration of adipose-derived mesenchymal
stromal cells. The transcriptomic data coupled to patient outcomes strongly support the
administration of MSCs in these cases of severe oral inflammation as an effective treatment
for a subset of FCGS-afflicted cats and more broadly suggest that such transcriptomic data
may be applied in clinics as diagnostics for the identification of disease and prediction of
effective treatment.

2. Case Description

A total of 42 privately owned cats that were presented for dental care at one of
three Northern California Veterinary Centers were included in the study. Consent for
study enrollment was obtained from the owner of each cat prior to study initiation. All
study procedures were reviewed and approved by the University of California-Davis
Institutional Animal Care and Use Committee (IACUC). All owners signed an informed
consent prior to sample acquisition. For a detailed overview of patient demographics,
disease, and treatment details, please refer to Fried et al. [4]. The study population included
14 clinically normal cats, five cats with mild to moderate periodontitis (also considered
as controls), and 23 cats with feline chronic gingivostomatitis (FCGS). A diagnosis of
FCGS was made based on moderate to severe inflammation of the oral mucosa lateral
to the palatoglossal folds, with or without gingivitis, and was confirmed by histologic
evaluation of oral lesions (Figure 1). Cats with severe periodontitis, osteomyelitis of any
oral structure, and evidence of oral neoplasia were excluded from this work, as were cats
undergoing immunosuppressive treatment and cats with immunocompromising diseases
(i.e., diabetes mellitus).

For individuals that were healthy or had periodontitis, an oral mucosal swab specimen
was obtained during routine periodontal treatment. For cats with FCGS, swab specimens
of the oral mucosal lesions were obtained immediately before tooth extraction (n = 12)
or initiation of mesenchymal stromal cell (MSC) therapy after it was determined that the
FCGS-affected cat had not responded to tooth extraction (n = 11) [4]. Paired, left and right
samples were obtained for one cat in the control group, three in the extraction group and
one cat in the mesenchymal stromal cell therapy group.

Briefly, FCGS patients included in the study underwent a pre-operative evaluation
including but not limited to a physical and oral examination, complete blood count and
serum biochemistry panel, as well as retroviral testing (i.e., feline leukemia virus and feline
immunodeficiency virus). Intra-operative evaluation included biopsy of affected buccal
mucosa for histopathologic evaluation, lesion characterization, periodontal charting, and
full-mouth intraoral dental radiography. Surgical management involved extraction of all
teeth (i.e., full-mouth extractions). Patients were then closely monitored for six months
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to assess the response to extraction therapy. A different population was considered for
mesenchymal stromal cell therapy. These were cats that did not show a response to full-
mouth extraction treatment six months post-surgery and thus were considered refractory,
and these cats were then treated with mesenchymal stromal cell therapy. Mesenchymal
stromal cells were adipose-derived allogeneic cells, and each cat received two intravenous
injections of 20 million MSCs one month apart [12]. This population was also monitored
for six months to assess response to MSC therapy.

Figure 1. Clinical pictures of feline chronic gingivostomatitis (FCGS)-afflicted oral cavities.
(Left) Manifestation of FCGS at time of diagnosis with all teeth present. (Right) FCGS oral lesions in
refractory patient despite undergoing full-tooth extractions.

For each cat, a sterile cotton-tipped applicator was used to swab the oral mucosa
lateral to the palatoglossal folds. The swab was placed in a sterile conical tube that con-
tained 250 pL of guanidinium thiocyanate. The tube and its contents were then vortexed
before being frozen and stored at —20 °C until transported on dry ice to a laboratory, where
the specimen was stored frozen at —80 °C until processed. Samples were processed for
deep metatranscriptomic sequencing, aligned to the cat reference genome (felCat9.2_X;
GCA_000181335.6), and used to identify specific cat transcripts after removal of the micro-
biome sequencing reads. The relative abundance of the host differentially expressed genes
was determined and compared between FCGS-affected cats and control cats and between
FCGS-affected cats that did and did not clinically respond to treatment (i.e., full-mouth
extractions or mesenchymal stromal cell therapy). Functional analysis was carried out using
Ingenuity Pathway Analysis (IPA), a very highly curated database of signaling pathways
and biological information using enrichment analysis approaches as shown in the results
section. Gene set enrichment was considered significant when adj p < 0.05. Using this
approach provided a powerful method to bring biological insight to many intersecting
pathways that have multiple interactions and disease associations (Figure 2).



Pathogens 2024, 13,192

50f17

o N
Healthy FCGS
n=19 n=23
> = A A
< < 4 w ¥ f.) 7
g 4 \? \ " A
< »
Clinically Normal Mild to Moderate Tooth Extraction MSC Therapy
n=14 Periodontitis n=1 n=10
n=5
2

1
s

mucosa lateral to the { /| 5
palatoglossal folds \ V for evaluation of host o

g

~ o\ .
Q) =

S =2 . 3 Label®
wabs from oral e Labeic

RNA extraction from
oral swabs for

sequenc'y'

Color key

Differential gene
expression analysis

cellular activity

Figure 2. Method schematic detailing the sample numbers and basic collection and sequencing
scheme. A total of 42 unique samples were collected, with 9 more samples derived from the same
sampling population at contralateral locations or times. Healthy cats were those with no diagnosed
dental disease or with mild to moderate periodontitis. Feline chronic gingivostomatitis (FCGS) cats
were those with gingivostomatitis and underwent either tooth extraction or mesenchymal stromal
cell (MSC) treatment after not responding to extractions. Swabs were taken from the oral mucosa
lateral to the palatoglossal folds. mRNA was extracted from the swabs, sequenced, and analyzed.

3. Results
3.1. Feline Calicivirus Status

Feline calicivirus (FCV) has been previously associated with feline chronic gingivos-
tomatitis (FCGS), so FCV prevalence was examined in the population of cats described
here. The prevalence of FCV in this feline population was determined using normalized
read counts from ultra-deep RNA sequencing (>150 million read /sample) in a previously
published work [4]. No cats in the healthy group had detectable levels of FCV, while 21 of
23 cats with FCGS had detectable levels of FCV [4]. Though FCV appears to have a positive
association with FCGS disease status in this cohort, it is important to note the detection of
FCV varies by method, and a causative role for FCV in FCGS is yet to be determined. One
study noted FCV signatures in the genetic material but was unable to find viral particles
using immunohistochemistry or in situ hybridization [6], indicating that FCV presence
is nuanced and identification of FCV may require multiple methods for verification of
infection status.

3.2. Regulation of Gene Expression in FCGS

The potential association of FCV but lack of a mechanistic confirmation led us to con-
sider that host regulation of cellular pathways may instead be an effective diagnostic tool
for the diagnosis of FCGS [6] and subsequent stratification into predictive response groups.
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To explore these potentially relevant changes in host biological function, the metatranscrip-
tomes of FCGS cases were compared to healthy controls. Gene expression analysis of gene
induction and repression patterns between healthy and FCGS patients revealed notable
individual variation in expression patterns, but, interestingly, this analysis displayed some
commonality in repression patterns between FCGS-afflicted and healthy cats. Using the
significantly different (adj. p-value < 0.01) expression changes of entire biological pathways,
we found notable differences between the diseased and healthy groupings. The most signif-
icantly modified pathways (adj. p-value < 0.01) expressed in FCGS patients as compared to
healthy samples were found in multiple signal transduction pathways that are known to be
associated with inflammatory diseases (Figure 3). Phosphatidylinositol 3-kinase/Ak strain
transforming (PI3K/AKT) signaling was significantly induced in FCGS patients compared
to healthy controls (bias-corrected Z-score = 3.812, adj. p-value = 3.84 x 10~2%). Leukocyte
extravasation (adj. p-value = 4.49 x 10~2!), hepatic fibrosis (adj. p-value = 4.30 x 10~19),
role of osteoclasts in rheumatoid arthritis (adj. p-value = 6.40 x 107!8), ephrin recep-
tor (adj. p-value = 7.94 x 10~18), natural killer cell (adj. p-value = 3.95 x 10~'), IL8
(adj. p-value = 2.86 x 1071°), IL6 (adj. p-value = 1.24 x 10~ 1), cardiac hypertrophy (adj.
p-value = 3.51 x 10" '°), and autophagy signaling pathways (adj. p-value = 5.15 x 10~ 1°)
also showed strong activation (bias-corrected Z-score > 3.50).

3.3. Treatment Effect on Gene Expression Patterns

Noting the differences in the broad comparison of healthy and diseased cats, we
sought to further differentiate patients by their response to tooth extractions and in some
cases follow-up mesenchymal stromal cell (MSC) therapy if extraction therapy was not
successful in resolving the disease. Through a detailed comparison of these groups, we
were able to identify key gene expression regulation that distinguishes the treatment
response groups from one another at a cellular expression level. Pathways related to
cellular signaling, immunity, inflammation, and disease processes were dysregulated in the
other two comparisons performed. The top significantly (adj. p-value < 0.01) expressed
pathways in patients that responded to extractions and those that underwent MSC therapy
(i.e., non-responsive to extractions) were further evaluated (Figure 4).

Eukaryotic Initiation Factor 2 (EIF2) signaling was markedly activated in patients that
responded to extractions (bias-corrected Z-score = 6.062, adj. p-value = 2.62 x 10~42). Hep-
atic fibrosis (adj. p-value = 1.21 x 1021, leukocyte extravasation (adj. p-value =2.73 x 10~29),
natural killer cell (adj. p-value = 1.05 x 10~'¢), neuroinflammation (adj. p-value = 2.3 x 10~1¢),
ephrin receptor (adj. p-value = 1.41 x 10~!%) and pathogen-induced cytokine storm sig-
naling pathways (adj. p-value = 1.75 x 10~14) were also strongly activated (bias-correct
Z-score > 3.0) in cats that responded well to extractions. The coronavirus pathogenesis path-
way was inactivated in extraction-responsive patients (bias-corrected Z-score = —2.41, adj.
p-value = 1.04 x 10~1%). MSC responders compared to extraction responders activated path-
ways for autophagy (adj. p-value = 6.16 x 10~'%), IL8 (adj. p-value = 1.01 x 10~18), integrin
(adj. p-value = 2.94 x 10~ 8), and hepatic fibrosis signaling pathways (adj. p-value = 6.32 x 10~18).
Notably MSC responders showed significant inactivation of peroxisome proliferator-
activated receptor (PPAR) (adj. p-value = 3.33 x 10~!7) and PPAR«/ Retinoid X receptor
alpha (RXRw) (adj. p-value = 8.93 x 10~1%) activation signaling pathways.

The induction and repression of canonical signaling pathways was evaluated for
each diseased and treatment group comparison: FCGS stomatitis vs. healthy, extraction
responsive vs. non-responsive, and MSC responsive vs. non-responsive (Figure 5).
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Figure 3. Overview of differentially expressed genes in cats with feline chronic gingivostomatitis
(FCGS) compared to healthy controls. IPA (Ingenuity Pathway Analysis) was used to determine
the top significantly (—log10p > 10) expressed pathways in FCGS patients as compared to healthy
samples (top). Coloration represents the Z-score of each pathway; orange denoting positive values
and gray showing no clear activity pattern in that pathway, with color intensity positively correlated
to Z-score. General expression patterns across healthy and FCGS samples were also evaluated and
displayed using a heatmap (bottom). R (version 4.2.2) package pheatmap (version 1.0.12), with
Euclidean distance clustering of both genes and samples with log2 normalized read counts as input

data was used to generate the map.
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Figure 4. Overview of differentially expressed genes in patients that responded to extractions (top)
and those that underwent mesenchymal stromal cell (MSC) therapy (bottom). Ingenuity Pathway
Analysis (IPA) was used to determine the top significantly (—loglOp > 10) expressed pathways
in extraction responsive vs. non-responsive cats and MSC-treated vs. extraction-responding cats.
Coloration represents the Z-score of each pathway; orange denoting positive values, blue denoting
negative values, and gray showing no clear activity pattern in that pathway, with color intensity
positively correlated to Z-score. General expression patterns across healthy and feline chronic gin-
givostomatitis (FCGS) samples was also evaluated by heatmap. R (version 4.2.2) package pheatmap
(version 1.0.12) with Euclidean distance clustering of both genes and samples with log2 normalized
read counts as input data was used to generate the map.
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Figure 5. Canonical signaling pathways from gene and pathway enrichment (IPA) comparing feline
chronic gingivostomatitis (FCGS) samples to healthy samples. Significance cutoff of -log10p >10. The
top axis represents the percentage of the pathway annotated in the gene expression data set that
was downregulated (teal), upregulated (red), or not represented in the data (white). The total gene
count in each pathway is noted on the right-hand side of the figure. The bottom axis represents the
significance of each pathway and corresponds to the orange line on each figure, and pathways are
ordered from most significant to least from top to bottom.
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Responders vs Non-Responders

Significant induction (positive bias-corrected Z-score, adj. p-value < 0.01) of disease-
associated pathways was observed for each comparison. When evaluating individual
pathways, extraction- and MSC-responsive patients showed opposite effects on PI3K/AKT
signaling, with overall activation noted in extraction-responsive patients and inactivation
noted in MSC-responsive patients (Figure 6). A similar effect was observed with stress-
activated protein kinases/Jun N-terminal kinase (SAPK/JNK) signaling, with activation
noted in extraction-responsive (bias-corrected Z-score = 3.36) and inactivation noted in
MSC-responsive patients (bias-corrected Z-score = —3.67) (Figure 7).
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Figure 6. Canonical signaling pathways from Ingenuity Pathway Analysis (IPA) comparing extraction-
responsive samples to non-responder samples (left) and those that received mesenchymal stromal
cells (MSC) treatment after extraction compared to those that received extractions only (right).
Significance cutoff of -log10p >10. The top axis represents percentage of the pathway annotated in the
gene expression data set that was downregulated (teal), upregulated (red), or not represented in the
data (white). The total gene count in each pathway is noted on the right-hand side of the figure. The
bottom axis represents the significance of each pathway and corresponds to the orange line on each
figure, and pathways are order from most significant to least from top to bottom.
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Figure 7. Ingenuity Pathway Analysis (IPA) pathway of stress-activated protein kinases/Jun N-
terminal kinase (SAP/JNK) signaling overlayed with gene expression data from extraction and
mesenchymal stromal cell (MSC) treatment samples. Significance cutoff of —log10P > 1.3, and data
shown as log2 fold change expression. Red represents increased measurement of that gene, while
teal indicates decreased measurement. Orange and blue overlays represent predicted activation
or inhibition, respectively. (Top) Comparison of differentially expressed genes from patients that
responded to extraction treatment versus those who had no successful therapeutic response to
extractions. (Bottom) Comparison of differentially expressed genes from non-responder extractions
patients that underwent MSC therapy versus patients that underwent only extraction therapy.
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3.4. Biomarker Analysis

Identification of diagnostic markers, including specific genes that may signal disease
susceptibility or predictive treatment response, are lacking in this disease cluster. To
address that gap, we examined potential diagnostic biomarkers for each comparison group
using the biomarker identification feature in Ingenuity Pathway Analysis (Qiagen, Hilden,
Germany). The analysis, which identifies biomarker candidates based on observed pathway
regulation and through comparison to a curated database of known biomarkers for other
diseases, revealed several candidates associated with a positive response to extraction
treatment. Among these, the enzymes Caspase 4 (CASP4), matrix metalloproteinase-
8 (MMPS), and prostaglandin-endoperoxide synthase 2 (PTGS2) emerged as putative
biomarkers associated with therapeutic outcomes (Table 1). All three biomarker candidates
were induced (expression log ratio > 1) in the population of cats that had a positive
response to extractions, but MMP8 was the most significantly induced of the three (adj.
p-value = 0.0032). Notably, CASP4 was also identified as a potential biomarker for cats
who responded well to MSC therapy, but the repression rather than induction of CASP4
was important for this cohort. In a similar vein, MMP8 and PTGS2 were also noted
as biomarkers for MSC response but like CASP4 are repressed in the MSC responsive
group. The identification of these three genes as important markers of patient response
to treatment, alongside the clearly divergent expression patterns in extraction responders
versus MSC responders, provides an exciting roadmap towards clinical application of such
genetic tools.

Table 1. Significantly differential biomarkers associated with the response to extraction defined using
IPA biomarker analysis.

Gene Entrez Cellular Enzvme Famil Fold Value A(_i{;; iteed
Symbol Gene Name Location y y Change P p-rat
(q-Value)
CASP4 Caspase 4 Cytoplasm Cysteine proteases 1.37 0.000264 0.0172
. Zinc- and
MMP8 Matrixmefal-  Extracellular ;1 dependent 3.39 0.0000125 0.00324
lopeptidase 8 Space .
endo-peptidases
Prostaglandin- .
PTGS2 endoperoxide Cytoplasm ~ Frostaglandin G/H 243 0.000101 0.0104
synthase
synthase 2

Developing early diagnostic molecular biomarkers would be very helpful in the clinic
as a method to quickly associate therapies and possible trajectory of disease progression.
Validation of these markers is valuable and may provide a roadmap to understand the
patient’s potential response to treatments and need for adjunctive therapy (i.e., full-mouth
extraction with MSC therapy), effectively increasing the success rates and reducing suffering
in these patients. Identification of the expression patterns of these genes and their related
pathways in larger feline cohorts will be imperative for the future application of these
biomarkers as clinical standards for treatment outcome predictions.

4. Discussion

Feline chronic gingivostomatitis (FCGS) significantly decreases the quality of life
of affected patients [5,8,13]. Despite advances in understanding the cellular processes
and signaling pathways associated with FCGS through targeted and untargeted surveys,
questions regarding treatment response and outcomes remain unresolved [3,6,14-17]. This
study used shot gun ultra-deep metatranscriptomic analysis to evaluate the host response
in FCGS before and after treatment (i.e., full-mouth extractions and mesenchymal stromal
cell therapy) using a non-invasive sampling technique, namely, swabs of affected oral
mucosa. Our findings revealed distinct patterns in signal pathway activation of FCGS-
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affected patients versus control patients (i.e., healthy and chronic periodontitis). Given the
limited responses of the oral mucosa, these findings underscore the potential of molecular
analysis for diagnosing FCGS in veterinary practice. Furthermore, stratification of treatment
response groups by the patterns of differential gene expression supports the conceivable
use of this technology as a predictive diagnostic tool for more personalized and effective
treatment plans in the clinic.

In the work undertaken here, the Phosphatidylinositol 3-kinase/Ak strain transform-
ing (PI3K/AKT) signaling pathway emerged as a significant molecular basis for disease
with moderate activation (Z-score = 3.81) in the FCGS-affected group. Constitutive acti-
vation of the PI3K/AKT pathway has been observed in inflammatory and autoimmune
diseases, viral infections, and autoinflammatory syndromes [18-21]. PI3K/AKT is known
to influence immune cell function, such as the activity of myeloid cell populations, and
contributes to the regulation of cytokine production, bringing to light once again the role of
the innate immune system in this disease [22]. Additionally, the pathway may play a role
in the host cell response to viral infections, influencing viral replication and the antiviral
immune response, which also supports the current theory of viral involvement in this
disease [4,7,20].

Leukocyte extravasation, hepatic fibrosis, and the role of osteoclasts in rheumatoid
arthritis exhibited strong activation, signifying their contribution to the inflammatory
and tissue remodeling aspects of FCGS. Hepatic fibrosis implicates the liver’s role in
immune regulation [23]. The hepatic fibrosis signaling pathway may also represent a side
effect of the medical management utilized in this patients prior to surgical or regenerative
interventions [1]. Parallels between rheumatoid arthritis and periodontitis have been
historically drawn, and periodontitis is a common feature of FCGS [24]. Ephrin receptor,
leukocyte extravasation, and natural killer cell signaling are consistent with previous
studies and highlight the involvement of the immune responses and potentially the host
defense mechanisms against the disease [3]. Strong activation of IL8 and IL6 cytokine
signaling pathways supports the presence of a pro-inflammatory microenvironment, a
hallmark of FCGS pathology, and is consistent with previous transcriptomic data [3,6,15,17].
Activation of the cardiac hypertrophy and autophagy signaling pathways may indicate
broader systemic effects associated with FCGS, potentially affecting cardiac function and
autophagy regulation. Periodontal pathogens have been linked to myocardial hypertrophy
in humans but research in this area of feline medicine is lacking [25]. The feline population
sampled in this study was not additionally screened for cardiovascular diseases, so the
incidence of undiagnosed concurrent heart diseases may likewise contribute to these
findings. Systemic effects of FCGS have been previously reported; however, mechanisms
to explain how these may specifically affect the cardiovascular system have not been
evaluated [3,17,26,27].

When comparing signaling pathways with treatment outcome, a distinct difference in
the mechanism by which extractions and mesenchymal stromal cell (MSC) therapy led to a
response became apparent. Extraction treatment may lead to a change in the microbiome
of affected patients by eliminating the subgingival compartment as a potential source of
chronic antigenic stimulation [10,11,28]. Of great relevance, eukaryotic initiation factor
2 (EIF2) signaling showed a marked induction in patients that responded to extraction.
Induction of the EIF2 signaling pathway is typically associated with a positive outcome
in response to cellular stress, particularly during the integrated stress response. EIF2
plays a crucial role in regulating protein synthesis and cellular adaptation to various
forms of stress, including viral infection, endoplasmic reticulum stress, proteostasis and
protein misfolding diseases, ischemia/reperfusion injury, cancer, and immunosuppressive
therapy [29]. Interestingly, the coronavirus pathogenesis pathway was inactivated in
extraction-responsive patients, suggesting an association between FCGS treatment response
and the elimination of viral infections that is consistent with previous studies [4,30,31].

MSC therapy led to complete remission in up to 70% of cats with FCGS that had failed
full-mouth extractions [12,26,32]. This may be due to their capability in suppressing viral
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replication and augmenting clearance through enhancement of antiviral immunity [33,34].
Autophagy, IL8, and hepatic fibrosis signaling displayed strong activation in MSC respon-
ders, suggesting their potential as therapeutic targets for these cells. Whether MSCs cause
activation or inactivation of these peroxisome proliferator-activated receptor (PPAR) and
PPAR«/Retinoid X receptor alpha (RXR«) activation signaling pathways can depend on
the context, the specific type of MSCs, and the target tissue or disease being studied [35].
In our case, PPAR and PPARx/RXR« activation signaling pathways were inactivated in
responders to treatment with adipose-derived MSCs. Opposing effects were observed
in PI3K/AKT signaling and stress-activated protein kinases/Jun amino-terminal kinases
(SAPK/]JNK) signaling between extraction and MSC-responsive patients.

Treatment stratification using genetic markers has been proposed for neoplastic,
psychiatric, fulminant acute, and chronic inflammatory diseases in humans, among oth-
ers [36-39]. In this study, caspase-4 (CASP-4), matrix metallopeptidase 8 (MMP-8), and
prostaglandin-endoperoxide synthase 2 (PTGS2) emerged as putative biomarkers indicative
of potential therapeutic outcomes. CASP4, also known as inflammatory caspase, plays a
role in the regulation of inflammatory responses and cell death, which may be relevant in
the context of eliminating infected cells [40,41]. In oral infections, either viral or bacterial in
origin, CASP4 may be activated as part of the host’s immune response to clear the infection.
However, the specific role of CASP4 in oral and dental diseases is not as extensively studied
as some other caspases.

While the relationship between CASP4 and periodontal disease is not yet fully eluci-
dated, another biomarker identified in this study has already been recognized for its role in
marking periodontal disease. MMPS8 is currently considered to be one of the most promis-
ing biomarkers for periodontitis in oral fluids and has demonstrated a high diagnostic
precision in distinguishing mild from severe periodontitis sites [42,43]. Our current findings
are in support of previous reports of a high prevalence of moderate to severe periodontitis
in patients with FCGS [44]. Increased expression of MMP8 has also been shown in patients
with oral lichen planus (OLP), a chronic inflammatory oromucosal disease, as compared
to healthy patients [45]. OLP and FCGS, though not analogous, share similarities in the
inflammatory nature, lymphoplasmacytic inflammation, cytokine involvement, possible
genetic basis, and the role of the innate immune system [46]. Considering the cohort of cats
used in this biomarker analysis and the treatment schemes, MMP8 was likely the most sig-
nificantly correlated marker for response to extraction given its known role in periodontitis
and the inclusion of cats who had not yet undergone extractions. With the presentation
of this disease, cats retaining teeth very likely have moderate to severe periodontitis in
conjunction with FCGS lesions and thus exhibited highly correlated MMPS levels that
deviated from treatment cats. All considered, MMP8 stands to be a notable marker for this
disease given its established role in other oral diseases.

A third identified biomarker, PTGS2, can be induced in response to inflammation,
infection, or tissue injury in the oral mucosa. Elevated PTGS2 expression leads to the
pro-duction of prostaglandins, which can contribute to inflammation and pain [47]. While
PTGS2 is not a direct driver of tooth resorption, it may indirectly contribute to this process
in cases where inflammation is a factor, such as in the approximately 50% of FCGS cats that
also have tooth resorption [44]. PTGS2 is expressed in inflamed periodontal tissues, and its
activity can contribute to the local inflammatory response in periodontitis. Prostaglandins
produced by PTGS2 can enhance inflammation, bone resorption, and tissue destruction
in the periodontal area [48]. Additionally, an imbalance between prostaglandins and
N-acylethanolamines has been reported in humans with OLP [49].

In summary, this comprehensive analysis provides unique and valuable insights into
the molecular mechanisms underlying FCGS and the responses to different treatment
modalities. This study focused on large differential differences between treatment groups,
and more subtle changes may also be considered biologically relevant depending on the
specific function and pathway in which the gene is involved. Considering differential ex-
pression and genetic variation in each patient, the potential number of genetic variants that
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underly FCGS could be larger than observed in this study. This may lead to differences in
candidate genes or alleles that additional studies may find due to differences in population
sub-structures. Nonetheless, there is strong evidence to support this disease having an
infectious component in at least modulating disease progression [4,7,10,11,28] that can be
explored in future studies that include the microbiome component of the tissue in cases
and controls. The findings reported here contribute to our understanding of this complex
disease and may pave the way for more targeted and effective therapeutic approaches in
the future. Further research and clinical validation are needed to fully harness the potential
of these insights for the benefit of FCGS patients.

5. Conclusions

The clinical application of biomarkers to provide an insight into feline chronic gin-
givostomatitis (FCGS) and its therapeutic outcome will be a valuable tool. The use of
transcriptomic technology, as demonstrated here, revealed cellular signaling pathways
that were differentially regulated in FCGS-afflicted cats, and activation of these pathways
differed in the treatment response groups as well. We identified caspase-4 (CASP4), matrix
metalloproteinase (MMP8), and prostaglandin-endoperoxide synthase 2 (PTGS2) as poten-
tial biomarkers for the prediction of treatment response outcomes. Together, the differential
regulation of cellular signaling pathways and identification of biomarker candidates sug-
gests that transcriptomic analysis of FCGS patients can contribute to improved molecular
diagnostics for the identification and treatment of this severe oral inflammatory disease.

Author Contributions: Conceptualization, M.S.-R., C.S., B.A., M.L. and B.C.W. Sample Collection,
M.S.-R., B.A. and M.L. Analysis, M.S.-R., C.S. and B.C.W. Writing—original draft preparation, M.S.-R.,
C.S. and B.C.W. Writing—reviewing and editing, M.S.-R., C.S., B.A., M.L. and B.C.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All study procedures were reviewed and approved by the
University of California-Davis Institutional Animal Care and Use Committee 19881 (4 May 2017),
19170 (28 January 2016), 18476 (21 November 2014).

Informed Consent Statement: We received the owners’ consent for all sampling procedures.

Data Availability Statement: Please contact the corresponding authors for data presented in
this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Feline Chronic Gingivostomatitis Current Concepts in Clinical Management—Maria Soltero-Rivera, Stephanie Goldschmidt,
Boaz Arzi. 2023. Available online: https:/ /journals.sagepub.com/doi/full/10.1177/1098612X231186834?rfr_dat=cr_pub++0
pubmedé&url_ver=739.88-2003&rfr_id=ori:rid:crossref.org (accessed on 1 September 2023).

Soltero-Rivera, M.; Hart, S.; Blandino, A.; Vapniarsky, N.; Arzi, B. Mesenchymal Stromal Cell Therapy for Feline Chronic
Gingivostomatitis: Long Term Experience. Front. Vet. Sci. 2023, 10, 1171922. [CrossRef] [PubMed]

Vapniarsky, N.; Simpson, D.L.; Arzi, B.; Taechangam, N.; Walker, N.J.; Garrity, C.; Bulkeley, E.; Borjesson, D.L. Histological,
Immunological, and Genetic Analysis of Feline Chronic Gingivostomatitis. Front. Vet. Sci. 2020, 7, 310. [CrossRef] [PubMed]
Fried, W.A_; Soltero-Rivera, M.; Ramesh, A.; Lommer, M.].; Arzi, B.; DeRisi, J.L.; Horst, ].A. Use of Unbiased Metagenomic
and Transcriptomic Analyses to Investigate the Association between Feline Calicivirus and Feline Chronic Gingivostomatitis in
Domestic Cats. Am. J. Vet. Res. 2021, 82, 381-394. [CrossRef] [PubMed]

Druet, I.; Hennet, P. Relationship between Feline calicivirus Load, Oral Lesions, and Outcome in Feline Chronic Gingivostomatitis
(Caudal Stomatitis): Retrospective Study in 104 Cats. Front. Vet. Sci. 2017, 4, 209. [CrossRef]

Peralta, S.; Grenier, ].K.; Webb, S.M.; Miller, A.D.; Miranda, I.C.; Parker, J.S.L. Transcriptomic Signatures of Feline Chronic
Gingivostomatitis Are Influenced by Upregulated IL6. Sci. Rep. 2023, 13, 13437. [CrossRef]

Silva, M.; Fernandes, M.; Fialho, M.; Mestrinho, L. A Case Series Analysis of Dental Extractions” Outcome in Cats with Chronic
Gingivostomatitis Carrying Retroviral Disease. Animals 2021, 11, 3306. [CrossRef]

Jennings, M.W.; Lewis, ].R.; Soltero-Rivera, M.M.; Brown, D.C.; Reiter, A.M. Effect of Tooth Extraction on Stomatitis in Cats: 95
Cases (2000-2013). J. Am. Vet. Med. Assoc. 2015, 246, 654—-660. [CrossRef]



Pathogens 2024, 13,192 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lommer, M.]. Efficacy of Cyclosporine for Chronic, Refractory Stomatitis in Cats: A Randomized, Placebo-Controlled, Double-
Blinded Clinical Study. J. Vet. Dent. 2013, 30, 8-17. [CrossRef]

Anderson, ].G.; Rojas, C.A.; Scarsella, E.; Entrolezo, Z.; Jospin, G.; Hoffman, S.L.; Force, J.; MacLellan, R.H.; Peak, M.; Shope, B.H.;
et al. The Oral Microbiome across Oral Sites in Cats with Chronic Gingivostomatitis, Periodontal Disease, and Tooth Resorption
Compared with Healthy Cats. Animals 2023, 13, 3544. [CrossRef]

Rodrigues, M.X.; Bicalho, R.C.; Fiani, N.; Lima, S.F.; Peralta, S. The Subgingival Microbial Community of Feline Periodontitis and
Gingivostomatitis: Characterization and Comparison between Diseased and Healthy Cats. Sci. Rep. 2019, 9, 12340. [CrossRef]
Arzi, B.; Clark, K.C.; Sundaram, A.; Spriet, M.; Verstraete, E].M.; Walker, N.J.; Loscar, M.R.; Fazel, N.; Murphy, W.].; Vapniarsky, N.;
et al. Therapeutic Efficacy of Fresh, Allogeneic Mesenchymal Stem Cells for Severe Refractory Feline Chronic Gingivostomatitis.
Stem. Cells Transl. Med. 2017, 6, 1710-1722. [CrossRef]

Bellei, E.; Dalla, E; Masetti, L.; Pisoni, L.; Joechler, M. Surgical Therapy in Chronic Feline Gingivostomatitis (FCGS). Vet. Res.
Commun. 2008, 32, 231-234. [CrossRef]

Harley, R.; Helps, C.R.; Harbour, D.A.; Gruffydd-Jones, T.J.; Day, M.]. Cytokine mRNA Expression in Lesions in Cats with Chronic
Gingivostomatitis. Clin. Diagn. Lab. Immunol. 1999, 6, 471-478. [CrossRef]

Harley, R.; Gruffydd-Jones, T.J.; Day, M.]. Immunohistochemical Characterization of Oral Mucosal Lesions in Cats with Chronic
Gingivostomatitis. . Comp. Pathol. 2011, 144, 239-250. [CrossRef]

Harley, R.; Gruffydd-Jones, T.J.; Day, M.J. Determination of Salivary and Serum Immunoglobulin Concentrations in the Cat. Vet.
Immunol. Immunopathol. 1998, 65, 99-112. [CrossRef]

Dolieslager, S.M.].; Lappin, D.E,; Bennett, D.; Graham, L.; Johnston, N.; Riggio, M.P. The Influence of Oral Bacteria on Tissue Levels
of Toll-like Receptor and Cytokine mRNAs in Feline Chronic Gingivostomatitis and Oral Health. Vet. Immunol. Immunopathol.
2013, 151, 263-274. [CrossRef] [PubMed]

Winkelmann, P.; Unterweger, A.; Khullar, D.; Beigel, F.; Koletzko, L.; Siebeck, M.; Gropp, R. The PI3K Pathway as a Therapeutic
Intervention Point in Inflammatory Bowel Disease. Immun. Inflamm. Dis. 2021, 9, 804-818. [CrossRef] [PubMed]

Besliu, A.N.; Pistol, G.; Marica, C.M.; Banica, L.M.; Chitonu, C.; Ionescu, R.; Tandseanu, C.; Tamsulea, I.; Matache, C.; Stefanescu,
M. PI3K/Akt Signaling in Peripheral T Lymphocytes from Systemic Lupus Erythematosus Patients. Roum. Arch. Microbiol.
Immunol. 2009, 68, 69-79.

Owusu, LA,; Passalacqua, K.D.; Mirabelli, C.; Lu, J.; Young, V.L.; Hosmillo, M.; Quaye, O.; Goodfellow, I.; Ward, V.K.; Wobus, C.E.
Akt Plays Differential Roles during the Life Cycles of Acute and Persistent Murine Norovirus Strains in Macrophages. J. Virol.
2022, 96, €01923-21. [CrossRef] [PubMed]

Xie, S.; Chen, M,; Yan, B.; He, X.; Chen, X.; Li, D. Identification of a Role for the PI3K/AKT/mTOR Signaling Pathway in Innate
Immune Cells. PLoS ONE 2014, 9, €94496. [CrossRef] [PubMed]

Ratajczak-Wrona, W.; Jablonska, E.; Garley, M.; Jablonski, J.; Radziwon, P.; Iwaniuk, A.; Grubczak, K. PI3K-Akt/PKB Signaling
Pathway in Neutrophils and Mononuclear Cells Exposed to N-Nitrosodimethylamine. J. Immunotoxicol. 2014, 11, 231-237.
[CrossRef]

Zhang, D.; Zhang, Y.; Sun, B. The Molecular Mechanisms of Liver Fibrosis and Its Potential Therapy in Application. Int. . Mol.
Sci. 2022, 23, 12572. [CrossRef] [PubMed]

Rutger Persson, G. Rheumatoid Arthritis and Periodontitis—Inflammatory and Infectious Connections. Review of the Literature.
J. Oral Microbiol. 2012, 4, 11829. [CrossRef]

Suzuki, J.; Sato, H.; Kaneko, M.; Yoshida, A.; Aoyama, N.; Akimoto, S.; Wakayama, K.; Kumagai, H.; Ikeda, Y.; Akazawa, H.; et al.
Periodontitis and Myocardial Hypertrophy. Hypertens. Res. 2017, 40, 324-328. [CrossRef] [PubMed]

Arzi, B.; Mills-Ko, E.; Verstraete, F.J.M.; Kol, A.; Walker, N.J.; Badgley, M.R.; Fazel, N.; Murphy, W.].; Vapniarsky, N.; Borjesson,
D.L. Therapeutic Efficacy of Fresh, Autologous Mesenchymal Stem Cells for Severe Refractory Gingivostomatitis in Cats. Stem.
Cells Transl. Med. 2016, 5, 75-86. [CrossRef] [PubMed]

Mestrinho, L.A.; Rosa, R.; Ramalho, P.; Branco, V.; Iglésias, L.; Pissarra, H.; Duarte, A.; Niza, M. A Pilot Study to Evaluate the
Serum Alpha-1 Acid Glycoprotein Response in Cats Suffering from Feline Chronic Gingivostomatitis. BMC Vet. Res. 2020, 16, 390.
[CrossRef] [PubMed]

Rodrigues, M.X,; Fiani, N.; Bicalho, R.C.; Peralta, S. Preliminary Functional Analysis of the Subgingival Microbiota of Cats with
Periodontitis and Feline Chronic Gingivostomatitis. Sci. Rep. 2021, 11, 6896. [CrossRef] [PubMed]

Wek, R.C. Role of elF2« Kinases in Translational Control and Adaptation to Cellular Stress. Cold Spring Harb. Perspect. Biol. 2018,
10, a032870. [CrossRef] [PubMed]

de Mari, K.; Maynard, L.; Sanquer, A.; Lebreux, B.; Eun, H.-M. Therapeutic Effects of Recombinant Feline Interferon-Omega on
Feline Leukemia Virus (FeLV)-Infected and FeLV /Feline Inmunodeficiency Virus (FIV)-Coinfected Symptomatic Cats. . Vet.
Intern. Med. 2004, 18, 477-482. [CrossRef]

Matsumoto, H.; Teshima, T.; lizuka, Y.; Sakusabe, A.; Takahashi, D.; Amimoto, A.; Koyama, H. Evaluation of the Efficacy of the
Subcutaneous Low Recombinant Feline Interferon-Omega Administration Protocol for Feline Chronic Gingivitis-Stomatitis in
Feline Calicivirus-Positive Cats. Res. Vet. Sci. 2018, 121, 53-58. [CrossRef]

Arzi, B.; Peralta, S.; Fiani, N.; Vapniarsky, N.; Taechangam, N.; Delatorre, U.; Clark, K.C.; Walker, N.J.; Loscar, M.R.; Lommer, M.] ;
et al. A Multicenter Experience Using Adipose-Derived Mesenchymal Stem Cell Therapy for Cats with Chronic, Non-Responsive
Gingivostomatitis. Stem Cell Res. Ther. 2020, 11, 115. [CrossRef] [PubMed]



Pathogens 2024, 13,192 17 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Weber, M.G.; Walters-Laird, C.J.; Kol, A.; Santos Rocha, C.; Hirao, L.A.; Mende, A.; Balan, B.; Arredondo, J.; Elizaldi, S.R.; Iyer,
S.S.; et al. Gut Germinal Center Regeneration and Enhanced Antiviral Immunity by Mesenchymal Stem/Stromal Cells in SIV
Infection. JCI Insight 2021, 6, 149033. [CrossRef] [PubMed]

Taechangam, N.; Kol, A.; Arzi, B.; Borjesson, D.L. Multipotent Stromal Cells and Viral Interaction: Current Implications for
Therapy. Stem Cell Rev. Rep. 2022, 18, 214-227. [CrossRef] [PubMed]

Takada, I.; Kouzmenko, A.P.; Kato, S. PPAR-y Signaling Crosstalk in Mesenchymal Stem Cells. PPAR Res. 2010, 2010, 341671.
[CrossRef]

Liu, C.H.; Abrams, N.D.; Carrick, D.M.; Chander, P.; Dwyer, J.; Hamlet, M.R.].; Macchiarini, F.; PrabhuDas, M.; Shen, G.L.;
Tandon, P; et al. Biomarkers of Chronic Inflammation in Disease Development and Prevention: Challenges and Opportunities.
Nat. Immunol. 2017, 18, 1175-1180. [CrossRef]

Lin, J.; Ma, L.; Zhang, D.; Gao, J.; Jin, Y,; Han, Z; Lin, D. Tumour Biomarkers—Tracing the Molecular Function and Clinical
Implication. Cell Prolif. 2019, 52, €12589. [CrossRef] [PubMed]

Frontiers | Biomarkers in Psychiatry: Concept, Definition, Types and Relevance to the Clinical Reality | Psychiatry. Available
online: https://www.frontiersin.org/articles /10.3389 /fpsyt.2020.00432 / full (accessed on 4 May 2022).

Tschope, C.; Ammirati, E.; Bozkurt, B.; Caforio, A.L.P.; Cooper, L.T.; Felix, S.B.; Hare, ].M.; Heidecker, B.; Heymans, S.; Hiibner,
N.; et al. Myocarditis and Inflammatory Cardiomyopathy: Current Evidence and Future Directions. Nat. Rev. Cardiol. 2021, 18,
169-193. [CrossRef] [PubMed]

Eltobgy, M.M.; Zani, A.; Kenney, A.D.; Estfanous, S.; Kim, E.; Badr, A.; Carafice, C.; Daily, K.; Whitham, O.; Pietrzak, M.; et al.
Caspase-4/11 Exacerbates Disease Severity in SARS-CoV-2 Infection by Promoting Inflammation and Immunothrombosis. Proc.
Natl. Acad. Sci. USA 2022, 119, €2202012119. [CrossRef]

Krause, K.; Caution, K.; Badr, A.; Hamilton, K.; Saleh, A.; Patel, K.; Seveau, S.; Hall-Stoodley, L.; Hegazi, R.; Zhang, X.; et al.
CASP4/Caspase-11 Promotes Autophagosome Formation in Response to Bacterial Infection. Autophagy 2018, 14, 1928-1942.
[CrossRef]

Gupta, N.; Gupta, N.D.; Gupta, A.; Khan, S.; Bansal, N. Role of Salivary Matrix Metalloproteinase-8 (MMP-8) in Chronic
Periodontitis Diagnosis. Front. Med. 2015, 9, 72-76. [CrossRef]

Zhang, L.; Li, X,; Yan, H.; Huang, L. Salivary Matrix Metalloproteinase (MMP)-8 as a Biomarker for Periodontitis: A PRISMA-
Compliant Systematic Review and Meta-Analysis. Medicine 2018, 97, €9642. [CrossRef] [PubMed]

Farcas, N.; Lommer, M.].; Kass, PH.; Verstraete, EJ.M. Dental Radiographic Findings in Cats with Chronic Gingivostomatitis
(2002-2012). J. Am. Vet. Med. Assoc. 2014, 244, 339-345. [CrossRef] [PubMed]

Totan, A.; Miricescu, D.; Parlatescu, I.; Mohora, M.; Greabu, M. Possible Salivary and Serum Biomarkers for Oral Lichen Planus.
Biotech. Histochem. 2015, 90, 552-558. [CrossRef] [PubMed]

Elenbaas, A.; Enciso, R.; Al-Eryani, K. Oral Lichen Planus: A Review of Clinical Features, Etiologies, and Treatments. Dent. Rev.
2022, 2, 100007. [CrossRef]

Prostaglandins and Inflammation—PMC. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3081099/ (ac-
cessed on 4 April 2023).

Bage, T.; Kats, A.; Lopez, B.S.; Morgan, G.; Nilsson, G.; Burt, I.; Korotkova, M.; Corbett, L.; Knox, A.J.; Pino, L.; et al. Expression of
Prostaglandin E Synthases in Periodontitis. Am. J. Pathol. 2011, 178, 1676-1688. [CrossRef]

Rankin, L.; Gouveia-Figueira, S.; Danielsson, K.P.; Fowler, C.J. Relative Deficiency of Anti-Inflammatory N-Acylethanolamines
Compared to Prostaglandins in Oral Lichen Planus. Biomedicines 2020, 8, 481. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.





