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ORIGINAL ARTICLE

A Tissue-Engineered Model of
T-Cell-Mediated Oral Mucosal Inflammatory
Disease

Asma EI—Howati1’2, Jake G. Edmans'?, Martin E. Santocildes-Romero®, Lars Siim Madsen®,
Craig Murdoch'~” and Helen E. Colley'”

DOpen

T-cell-mediated oral mucocutaneous inflammatory conditions, including oral lichen planus, are common, but
development of new treatments aimed at relieving symptoms and controlling oral lichen planus progression is
hampered by the lack of experimental models. In this study, we developed a tissue-engineered oral mucosal
equivalent containing polarized T-cells to replicate oral lichen planus pathogenesis. Peripheral blood CD4+
and CD8+ T-cells were isolated, activated, and polarized into T helper 1 and cytotoxic T cells. Oral mucosal
equivalents were constructed by culturing oral keratinocytes on an oral fibroblast—populated hydrogel to
produce a stratified squamous epithelium. Oral mucosal equivalent stimulated with IFN-y and TNF-a. or me-
dium from T helper 1 cells caused increased secretion of inflammatory cytokines and chemokines. A model of
T-cell-mediated inflammatory disease was developed by combining oral mucosal equivalent on top of a
T helper 1 and cytotoxic T-cell-containing hydrogel, followed by epithelial stimulation with IFN-y and TNF-a.. T-
cell recruitment toward the epithelium was associated with increased secretion of T-cell chemoattractants
CCL5, CXCLY9, and CXCL10. Histological assessment showed tissue damage associated with cleaved caspase-3
and altered laminin-5 expression. Treatment with inhibitors directed against Jak, Kc,3.1 channels, or clobeta-
sol in solution and through a mucoadhesive patch prevented cytokine and chemokine release and tissue
damage. This disease model has potential to probe for mechanisms of pathogenesis or as a test platform for

novel therapeutics or treatment modalities.
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INTRODUCTION

T-cell-mediated inflammatory diseases of the oral mucosa
such as oral lichen planus (OLP) are common, affecting up to
1.7% of the global population (Gonzalez-Moles et al, 2021).
OLP, a disease of unknown etiology, classically presents with
reticular white lesions that are bilaterally and symmetrically
distributed on the oral mucosa. Thickening of the oral mu-
cosa may be relatively asymptomatic, but with increasing
disease severity, there is mucosal thinning leading to the
generation of erosive (atrophic) lesions that often present as
painful ulcers (Carrozzo et al, 2019). The histopathological
features of OLP include a dense subepithelial band of in-
flammatory T-cells, along with intraepithelial T-cell infiltra-
tion, apoptosis of basal cells in the stratum basale, and
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liquefaction of the basement membrane (Matthews et al,
1984).

OLP pathogenesis is initially driven by the recognition of
nonself-antigen(s) by Langerhans cells within the oral mu-
cosa, leading to secretion of proinflammatory cytokines
(predominantly IFN-y and TNF-a) that evoke a complex
interplay between immune and nonimmune cells, increased
production of cytokines, increased cell surface expression of
adhesion molecules, and increased secretion of T-
cell—recruiting chemokines (reviewed in El-Howati et al
[2023]). These events lead to significant infiltration of T-
cells at lesional sites and culminate in a dysregulated T-
cell-mediated immune reaction that drive keratinocyte
apoptosis and proteolytic-mediated basement membrane
proteolysis (DeAngelis et al, 2019; Matthews et al, 1984).
Previous studies suggest that the cytokine milieu in OLP
skews CD4+ T-cell polarization mainly toward a T helper 1
(Th1) phenotype that then drives the activation of cytotoxic
CD8+ T-cells, although evidence suggest that other T helper
cell types (T helper 17, T helper 9) may also be involved (El-
Howati et al, 2023). Treatment is usually through the use of
topical or systemic corticosteroids, although there is no
consensus treatment for OLP, and investigations into the
pathogenic mechanisms or development of novel therapeu-
tics are hampered by the lack of experimental models.

Significant advances have been made in the development
of tissue-engineered oral mucosal equivalents (OMEs) (Colley
et al, 2011; Jennings et al, 2016; Klausner et al, 2021), but

© 2024 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology. This is an open access
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relatively, few studies have reported the incorporation of
immune cells into these models, where only monocytes and
macrophages have been added (Bao et al, 2015; Bjornfot
Holmstrom et al, 2017; Lira-Junior et al, 2020; Ollington
et al, 2021; Xiao et al, 2018). Although there are reports of
addition of T-cells (Engelhart et al, 2005), T helper cell sub-
sets (van den Bogaard et al, 2014), or exogenous T-cell cy-
tokines (ie, recombinant IL-4 and IL-13) to tissue-engineered
skin equivalents to produce in vitro models that resemble
atopic dermatitis or psoriasis (Danso et al, 2014; Jang et al,
2023; Lorthois et al, 2019), to date, no studies have re-
ported the addition of T-cells to OMEs in an attempt to
replicate T-cell-mediated oral disease.

In this study, we describe the generation of a tissue-
engineered inflammatory model of the oral mucosa that
contains primary activated and Th1-polarized human CD4+
and CD8+ cytotoxic T (Tc) cells. These T-cell—containing
OMEs produced inflammatory responses in the form of
increased secretion of proinflammatory cytokines, chemo-
kines, T-cell recruitment, and tissue damage that replicate
those observed in vivo. Furthermore, upon application with
either Jak inhibitor, a Kc,3.1 channel inhibitor, or cortico-
steroid applied topically as a solution or through a drug-
containing mucoadhesive electrospun patch, disease pa-
rameters were significantly reduced. These inflammatory
OMEs will be extremely beneficial for studies aimed at dis-
secting the molecular mechanism of disease pathogenesis or
to test novel treatment strategies.
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RESULTS
Primary T-cell isolation, activation, and polarization for
incorporation into a 3-dimensional collagen hydrogel
CD4+ and CD8+ T-cells were isolated from blood with high
purity (91.7 £ 3.5% and 92.6 + 3.0%, respectively) and
viability (>87.5%) (Supplementary Figure S1a and b). T-cell
activation using CD3 and CD28 ligation for 24 hours was
evidenced by increased CD69 cell surface abundance
compared with that of untreated controls (P .03)
(Supplementary Figure S1c). After IL-12, IL-18, and anti—IL-4
treatment, polarization of CD4+ T-cells to a Th1 phenotype
was confirmed by significantly increased gene expression
(P < .01) (Supplementary Figure S1d) and nuclear abundance
(P < .05) (Figure Ta) of T-bet transcription factor, along with
the transcription factor signal transducer and activator of
transcription 4 (Supplementary Figure S1d), both key regu-
lators of the Th1 phenotype (El-Howati et al, 2023), as well as
increased secretion of IFN-y (P < .01) (Figure 1b) compared
with that of both naive and CD3 and CD28 activated T-cells.
Secretion of TNF-a. was increased compared with that in
naive but not in activated T-cells (P < .05) (Figure Tc).
Although Th1 cells displayed a lower rate of expansion than
CD3 and CD28 activated cells, they showed an exponential
growth rate after day 3, with levels 3-fold greater than those
of naive T-cell proliferation by day 7 (P < .05) (Figure 1d).
After activation, naive CD8+ T cells were converted to Tc
cells upon stimulation with IL-2 and CD3 and CD28 ligation in
the presence of CD4+ T-cells. These cells displayed
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Figure 1. Phenotyping Th1 and CD8+ T-cell activation in monolayer and 3D hydrogels. CD4+ T-cells were treated with IL-2, IL-2, and CD3 and CD28 or Th1-
differentiation media for 7 days and referred to as naive, activated, or Th1, respectively. (a—c) Abundance of T-bet by (a) flow cytometry and secretion of

inflammatory cytokines (b) IFN-y and (c) TNF-a by ELISA. (d) CD4+ T-cell proliferation over 7 days assessed by cell counting. CD8+ T-cells were treated with
IL-2, IL-2, and CD3 and CD28 or CD3 and CD28 in the presence of CD4-+ T cells for 7 days and referred to as naive, activated, or CD8+ Tc cells, respectively.
(e) Presence of granzyme B by flow cytometry, () differences in CD8+ T-cell number over 7 days by cell counting, (g) morphology of CD4+ and CD 8+ T-cells
in a collagen hydrogel for 7 days (bar = 200 pm), and (h) metabolic activity (PrestoBlue) over time. Data are presented as mean =+ SD with statistical significance
indicated by *P < .05, **P < .001, and ***P < .0001, using 1-way ANOVA; n > 3. 3D, 3-dimensional; Au, arbitrary unit; nMFI, normalized mean fluorescent

intensity; ; Tc, cytotoxic T; Th1, T helper 1.
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significantly increased granzyme B abundance (P < .0071)
compared with both naive (IL-2 alone) or activated (IL-2 + CD3
and CD28) stimulated CD8+ T cells, confirming their Tc cell
status (Figure Te). Moreover, Tc cells displayed the highest
increase in cell number (Figure 1f). When incorporated into
collagen hydrogels, both Th1 and Tc cells were evenly
distributed within the gel (Figure 1g). The number of Th1-
polarized cells was significantly increased in collagen gels
compared with that in naive T-cells either when polarized
before addition to the collagen or when within the gel itself
(Figure Th).

Cytokine and chemokine production by tissue-engineered
OMEs upon stimulation with inflammatory (recombinant
IFN-y and TNF-a) or Th1-secreted cytokines

Upon culture with IFN-y and TNF-a, T-cell polarization
medium (PM) alone, or conditioned polarization medium
after culture with T cells (ie, PM + Th1), the overall
morphology of OMEs in the absence of T-cells was similar to
that of native buccal oral mucosa. In each case, the OMEs
displayed a stratified squamous epithelium with increasing
keratinocyte differentiation toward the apical epithelial sur-
face, with the epithelium attached to a fibroblast-populated
connective tissue (Figure 2a), as previously observed
(Jennings et al, 2016). Upon stimulation with IFN-y and TNF-
o, to mimic Langerhans cell activation after antigen recog-
nition, the epithelium increased in thickness (368 + 66 pum)
compared with that of the unstimulated control OMEs (118 +
21 um, P=.017), indicating hyperproliferation (Figure 2a). In
contrast, the epithelial thickness of OMEs cultured in PM
alone or PM + Th1 showed no effect on epithelial thickness
(193 £ 75 pm and 232 + 74 um, respectively). No epithelial
apoptosis or basement membrane disruption was observed in
any of the conditions (Figure 2a).

Upon stimulation with IFN-y and TNF-a, OMEs in the
absence of T-cells showed increased secretion of several cy-
tokines and chemokines, when assessed by protein array,
particularly in response to IFN-y and TNF-a. or PM + Th1
(Figure 2b). Array analysis showed that secretion of monocyte-
specific chemokines CCL7 (monocyte chemotactic protein 3)
and CCL8 (monocyte chemotactic protein 2) were increased
26- and 8-fold, respectively, in the IFN-y— and TNF-
ad—stimulated OMEs, with an 11- and 5-fold increase,
respectively, in the PM + Thl—conditioned medium,
compared with those of controls. Secretion of T-cell—specific
chemokines CXCL9 (MIG), CXCL10 (IP10), and CCL5
(RANTES) were increased in the IFN-y— and TNF-
a—stimulated OMEs by 3-, 6-, and 9-fold, respectively, and in
the PM + Th1—conditioned medium by 3-, 5- and 13-fold,
respectively (Figure 2c). CCL4 (MIP-1f), a chemokine that at-
tracts CD4+ T-cells, and CCL1 (1-309), a monocyte chemo-
attractant, showed an 8- and 4-fold increase, respectively, in
the PM + Th1 compared with that in PM-only conditioned
medium and were not secreted upon IFN-y and TNF-o stim-
ulation. Other notable increases in PM + Th1—treated OMEs
were IL-13 (72-fold), IL-10 (8-fold), GM-CSF (16-fold), and
TNF-B (10-fold) compared with those in the PM alone
(Figure 2¢). PM + Th1—conditioned medium also contained
abundant IFN-y and TNF-a, confirming their release upon Th1
polarization as previously assessed (Figures 1b and c and 2¢).
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To validate the array data, CXCL9, CXCL10, and CCL5
were further quantified by ELISA. Production of CXCL9 by
OMEs was significantly increased in response to both IFN-y
and TNF-a (2.7 £ 0.2 ng/ml, P < .001) and PM + Th1 me-
dium (2.6 £ 0.5 ng/ml, P < .001) compared to their
respective controls (PM alone: 0.2 + 0.2 ng/ml, untreated
control: 0.1 £ 0.1 ng/ml) (Figure 2d). A similar secretion
profile was observed for CXCL10 with significantly elevated
levels in both IFN-y— and TNF-a—treated OMEs (1.7 4 0.5
ng/ml, P < .001) and PM + Th1—conditioned medium (1.7 +
0.4 ng/ml, P < .01) compared with that in PM alone (0.2 £
0.2 ng/ml) and unstimulated control (0.06 £+ 0.05 ng/ml)
(Figure 2e). Levels of CCL5 were significantly increased in
PM + Thl—treated OMEs (0.3 £ 0.1 ng/ml) (P < .05)
compared with that in PM alone (0.07 £ 0.02 ng/ml), but no
difference  was found between [IFN-y— and TNF-
a—stimulated and unstimulated control (Figure 2f). Taken
together, these data show that cytokine-stimulated OMEs
produce several potent T-cell chemokines that are capable of
directing T-cell migration toward the epithelium.

Development of a full-thickness tissue-engineered T-cell
inflammatory OMEs

To generate a T-cell inflammatory OMEs (denoted as T-cell-
OME), OMEs were combined with a Th1- and Tc-populated
collagen hydrogel at day 7 culture to form a layer-on-layer
culture model (Figure 3a and b and Supplementary
Figure S2a—c). The T-cell-OME therefore consists of a
stratified squamous epithelium, followed by a fibroblast-
populated connective tissue and then a third layer con-
taining a combination of Th1 and Tc cells (Figure 3b). At
day 10 culture, T-cell-OMEs were stimulated with topical
application of IFN-y and TNF-a to induce cytokine and
chemokine production and analyzed over a 15-day period.
By day 12, the oral epithelium began to display signs of
keratinocyte basal cell and basement membrane damage
with epithelial detachment from the connective tissue in
places, although T-cells remained in the lower layer of the
model (Figure 3c). At day 16, further epithelium damage
and destruction of the basement membrane were evident,
and presence of T-cell recruitment at the stratum basale was
observed compared with that of OMEs without T-cells
(Figure 3c). Tissue destruction gradually progressed overtime
until a complete loss of tissue integrity on day 25
(Figure 3c). These events were not observed with OMEs,
which displayed complete structural integrity but thinning of
the epithelium on day 25 (Figure 3c). On days 20 and 25,
the T-cell-OMEs were fragile and difficult to handle owing
to loss of tissue integrity; therefore, T-cell-OMEs at days
12—15 best represented disease and were also the most
amenable to further analysis.

To confirm the presence of key T-cell—specific chemo-
kines, conditioned media was collected from the models on
days 12—25, and levels of CXCL9, CXCL10, and CCL5 were
quantified. At all time points examined, levels of CXCL9,
CXCL10, and CCL5 were significantly (P < .001) increased in
the T-cell-OMEs compared with those in the OME alone
(Figure 3d—f), indicating the presence of an abundant T-cell
chemotactic profile, facilitating T-cell recruitment to the
epithelium.

www.jidonline.org
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Figure 2. OME inflammatory cytokine secretions after stimulation. (a) Representative H&E histology staining of OMEs cultured for 10 days and either left
unstimulated (control), stimulated with IFN-y and TNF-a, PM, or Th1-conditioned PM (ie, PM +Th1) for 48 hours. Bar =100 pm. (b) Secretion of inflammatory
cytokines detected using a cytokine array and (c) semiquantified using densitometry (n = 2 [only cytokines with >3-fold increases compared with control are
shown, full data are presented in supplementary Figure S3]). T-cell chemokines (d) CXCL9, (e) CXCL10, and (f) CCL5 were quantified by ELISA. Data are
presented as mean + SD, with statistical significance indicated by *P < .05, **P < .001, and ***P < .0001 using a Student’s t-test; n = 3. OME, oral mucosal

equivalent; PM, polarization media; Th1, T helper 1.
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Figure 3. Development of a full-thickness T-cell inflammatory OMEs (denoted as T-cell-OMEs). (a) T-cell-OMEs cultured at an air-to-liquid interface for 12 days
were analyzed by histology, with H&E staining showing evidence of an epithelium (denoted as Epi) and a (b) NOF-populated connective tissue on top of a dense
band of inflammatory T-cells (Th1 +Tc) in the subepithelial compartment. Bar = 100 pm. (c) After stimulation with IFN-y and TNF-a. for 48 h,

histological analysis revealed evidence of T-cells infiltrating toward the epithelium and epithelial destruction overtime. Bar = 100 pm. Key T-cell—specific
chemokines (d) CXCL9, (e) CXCL10, and (f) CCL5 (quantified by ELISA) were increased in the T-cell-OME compared with those in the OMEs alone at all time
points examined. Data are presented as mean £ SD, with statistical significance indicated by **P < .001 and ***P < .0001 using Student’s t-test at each time
point; n = 3. h, hour; NOF, normal oral fibroblast; OME, oral mucosal equivalent; Tc, cytotoxic T; Th1, T helper 1.

Immunohistochemical validation of the T-cell-OMEs against
human OLP biopsy tissue
The main histological features of OLP are high T-cell numbers
in the connective tissue immediately adjacent to the epithe-
lium as well as within the stratum basale, basal keratinocyte
apoptosis, and basement membrane liquefaction. Histologi-
cal analysis of T-cell-OMEs at day 12 displayed all these
classical features (Figure 4a) and was comparable with his-
tological sections from patients with OLP (Figure 4b).
Immunohistochemical staining was performed on T-cell-
OMEs to validate the model against OLP patient biopsies.
T-cell-OMEs stained immunopositive for CD4+ Th1 and
CD8+ Tc cell surface markers, localizing these cells to areas
adjacent to and within areas of epithelial destruction, indi-
cating that many Th1 and Tc cells had migrated toward and
were recruited to the epithelium (Figure 4c). Indeed, the
pattern of Th1 and Tc cell recruitment that was observed in
the T-cell-OMEs was similar to that observed in OLP
(Figure 4c). Immunostaining for laminin-5, a glycoprotein
constituent of the basement membrane, revealed a contin-
uous immunopositive band at the basement membrane zone
and the intercellular spaces in the stratum basale in OMEs
(Figure 4c). In contrast, laminin-5 immunostaining was more
diffuse in the T-cell-OMEs, revealing thin irregularly scattered
laminin-5 filaments corresponding to a fragmented,

incoherent basement membrane, reflecting the loss of base-
ment membrane integrity as the basal keratinocytes detach
from the connective tissue in the disease state (Figure 4c).
Similar laminin-5 staining was observed in the biopsies of
patients with OLP in areas of epithelial—connective tissue
damage, indicating basement membrane liquefaction
(Figure 4c). The presence of cleaved caspase-3, a marker for
apoptosis, was not observed in OMEs. In contrast, abundant
cleaved caspase-3 was detected in the basal and suprabasal
areas of the epithelium as well as in the subepithelial T-cell
inflammatory infiltrate in both T-cell-OMEs and OLP biopsies
(Figure 4c).

Anti-inflammatory drugs reduce T-cell-mediated
inflammation in a T-cell-OMEs

Having established an in vitro model of inflammatory
T-cell-mediated oral disease, we next tested whether this
model could be used as a test platform to examine drug ef-
ficacy. In this study, we used secretion of the important OLP
T-cell chemokine, CCL5, as a marker to screen for drug per-
formance against anti-inflammatory drugs currently used to
treat other conditions. Topical treatment of T-cell-OMEs with
the JAK-1 and 2 inhibitor ruxolitinib (Lin et al, 2009) (P <
.01); the Kc,3.1 channel inhibitor, NS6180 (Strobaek et al,
2013) (P < .05); and the potent corticosteroid, clobetasol-

www.jidonline.org
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Figure 4. Immunohistochemical a T-cell-OME
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OLP biopsy

17-propionate (P < .01), all significantly inhibited the release
of CCL5 by T-cell-OMEs compared with that in untreated
controls (Figure 5). CCL5 levels were reduced upon treatment
with decernotinib, a JAK-3 inhibitor, and roflumilast, a
phosphodiesterase-4 inhibitor, but not significantly different
from that of the controls (Figure 5).

We next examined the mode of mucosal drug delivery by
comparing clobetasol-17-propionate delivered in solution
with that delivered through a clobetasol-containing
mucoadhesive polymer membrane (Figure 6a) (Colley et al,
2018; Said et al, 2021). Untreated T-cell-OMEs or those
treated with a placebo mucoadhesive membrane displayed
significant epithelial damage associated with high levels of
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Figure 5. Anti-inflammatory drug screen in T-cell inflammatory OME (T-cell-
OME). Clobetasol-17-propionate, decernotinib, ruxolitinib, roflumilast, or
NS6180 was topically applied to T-cell-OMEs, and the levels of secreted
CCL5 were determined by ELISA and compared with those of untreated
controls. Data are presented as mean + SD, with statistical significance
indicated by *P < .05 and **P < .001 using a 1-way ANOVA; n = 3. OME,
oral mucosal equivalent.
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Laminin-5 CD8+ Tc CD4+ Th1
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caspase-3

cleaved caspase-3  immunopositive cells at the
epithelial—connective tissue interface along with disrupted
laminin-5 staining and epithelial separation from the con-
nective tissue (Figure 6b). In contrast, T-cell-OMEs treated
with either clobetasol-17-propionate in solution or released
from a mucoadhesive membrane displayed an intact epithe-
lium with few signs of tissue damage; immunohistochemical
analysis showed sparse cleaved caspase-3 staining. Laminin-
5 immunostaining was continuous and well-defined in the
basement membrane zone, and the epithelium was attached
to the connective tissue. These data indicate inhibition of the
deleterious T-cell—mediated inflammatory effects observed in
nonmedicated OMEs. Moreover, both solution and
mucoadhesive membrane forms of clobetasol treatment
significantly reduced the secretion of key T-cell chemokines,
including CCL5 (P < .05) (Figure 6¢), CXCL9 (P < .001)
(Figure 6d), and CXCL10 (P < .05) (Figure 6e). Interestingly,
the placebo mucoadhesive patch also reduced the levels of
these chemokines in the conditioned medium (Figure 6c—e),
although it did not prevent T-cell-mediated tissue damage
(Figure 6b).

DISCUSSION
A lack of preclinical experimental models is currently
hampering the development and testing of therapeutic agents
as well as new forms of drug delivery for the treatment of
several oral mucosal inflammatory diseases, where tissue
destruction and disease are propagated by a dysregulated
immune response. There are no animal models that represent
conditions such as OLP, oral aphthous ulcers, or oral ulcers
caused by Behcet’s disease. Moreover, the oral mucosa of
rodents is structurally very different from that of humans,
making translation of any experimental in vivo data prob-
lematic (Sa et al, 2016). Therefore, development of tissue-
engineered human OMEs that incorporate immune cells is
required to fill this gap in preclinical models.

When developing complex tissue-engineered constructs, it
is of paramount importance to use the most appropriate cell
types and replicate the structural and environmental
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Figure 6. Clobetasol-17-proprionate delivered topically through a mucoadhesive patch reduces T-cell-mediated inflammation in a T-cell inflammatory OME
(T-cell-OME). (a) Clobetasol-17-propionate was delivered topically to T-cell-OMEs through a clobetasol-containing mucoadhesive patch (denoted as Clo-Patch)
or in solution (denoted as Clo-Solution) and compared with that of untreated T-cell-OME or those treated with a nonmedicated mucoadhesive patch (placebo).
Histological and immunohistochemical staining showed extensive epithelial damage with separation from the underlying connective tissue, high levels of
cleaved caspase-3—immunopositive cells, and disrupted laminin-5 staining in the untreated T-cell-OME. (b) In contrast, T-cell-OME treated with either
clobetasol-17-propionate released from a mucoadhesive patch or in solution displayed an intact epithelium with few signs of tissue damage. T-cell—specific
chemokines (c) CXCL9, (d) CXCL10, and (e) CCL5 (quantified by ELISA) were reduced in the T-cell-OMEs treated with the placebo, Clo-Solution, and Clo-Patch.
Data are presented as mean + SD, with statistical significance indicated by *P < .05, **P < .001, and ***P < .0001 using a 1-way ANOVA; n = 3. Con, control;
OME, oral mucosal equivalent.

conditions that are observed in human tissue. The tissue-  structural as well as key cell marker (cytokeratin, ki-67,
engineered human OMEs used in this study have previously = desmosome, etc) profiles (Jennings et al, 2016; Said et al,
been extensively validated against human oral mucosa for ~ 2021). Analysis of ex vivo tissue biopsies of OLP shows
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large subepithelial infiltrates of CD4+ Th1 cells and CD8+
Tc cells that are intimately involved in pathogenesis (Jungell
etal, 1989; Khan et al, 2003; Matthews et al, 1984), meaning
that these specific T-cell phenotypes need to be incorporated
into the OMEs in the right location and cell densities and at
the right time to replicate the human in vivo situation.

Optimizing T-cell culture and validating their phenotype
are crucial when combining these cells to OMEs. In this
study, T-cell activation was achieved using anti-CD3 and
CD28—coated beads to simulate TCR activation by antigen-
presenting cells, which provides a more physiologically
relevant stimulus than chemical activation (Martkamchan
et al, 2016; Trickett and Kwan, 2003). Incubation of CD4+
T cells with specific cytokines (IL-2, IL-12, IL-18, and anti—IL-
4) drives their expansion and polarization into Th1 cells
(Amsen et al, 2009) that are validated by the increased
abundance of the transcriptional factor T-bet and signal
transducer and activator of transcription 4 and secretion of
IFN-y and TNF-a, key Th1 cytokines involved in Th-
1—mediated disease pathogenesis (Thieu et al, 2008; Usui
et al, 2006). Cytotoxic CD8+ T cells were validated by
production of granzyme B (Krdhenbuhl et al, 1988; Patel
et al, 2018).

In OLP, Langerhans cells located in the spinous epithelium
acquire and respond to an unknown antigen to initiate the
disease process by secretion of proinflammatory factors
(principally, IFN-y and TNF-a) that interact with the oral
epithelium, driving the release of more cytokines before they
migrate to the locoregional lymph nodes to present antigen
and activate T-cells (mimicked by CD3 and CD28 ligation in
this study) (El-Howati et al, 2023; Rich and Reade, 1989).
This aspect of pathogenesis is difficult to replicate in vitro.
Although antigen-presenting cells such as dendritic cells have
been incorporated into OMEs previously (Kosten et al, 2016;
Schuster et al, 2014), the lack of a known antigen driver in
OLP means that their presence can be negated by the addi-
tion of recombinant IFN-y and TNF-a to mimic antigen-
induced cell activation (where the option of adding further
activated dendritic cell—secreted cytokines may improve
imitation). Moreover, upon IFN-y and TNF-a. stimulation,
OMEs secreted elevated levels of numerous cytokines and
chemokines associated with T-cell recruitment (Ichimura
et al, 2006) and an OLP disease profile (Yamamoto and
Osaki, 1995; Yamamoto et al, 1994).

The different time scales and media required to culture
OMEs and polarize T-cells meant that these had to be
cultured separately and then brought together at the required
time. Previously, Said et al (2021) added a suspension of
phytohaemagglutinin-activated  Jurkat cells (@ T-cell
leukaemia cell line) to the medium under the OME-
containing transwell, but this experimental setup does not
allow T-cells to enter the collagen connective tissue. In
contrast, van den Bogaard et al (2014) applied a suspension
of T-cells to the basolateral side of tissue-engineered skin
equivalents by lifting the skin equivalent at one edge, adding
the T-cells by pipette, and then lowering the models onto the
T-cells so that the T-cells were in direct contact with the
basolateral side of the collagen. In our hands, this method-
ology caused T-cells to be forced up between the OMEs and
the inner side of the transwell wall, and displacement of the
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normal oral fibroblast (NOF)—populated collagen from the
transwell filter was frequently observed. We therefore opted
to encapsulate the T-cells within a collagen gel and then
attach the OMEs onto this gel using a thin layer of collagen as
an adhesive, creating a layer-on-layer T-cell containing
model (T-cell-OMEs). To our knowledge, this technique has
not been previously described. We believe that this type of
model permits more controlled addition of T-cells (or any
other cell type required) to OMEs, compared with other
systems.

Upon coculture, localization of T-cells adjacent to and
within the epithelium suggests the establishment of a
chemotactic gradient that facilitates the recruitment of Th
cells from the basolateral collagen layer into the upper OME
layer. Cytokine array and ELISA analysis of IFN-y— and TNF-
a—stimulated OMEs suggest that elevated levels of the
T-cell—specific chemokines CXCL9 and 10 and CCL5 are
likely responsible for the T-cell migration, presumably by
binding to their receptors CXCR3 and CCRS5, respectively.
These data match observations from OLP biopsies where high
levels of CXCL9, CXCL10, CXCL11, and CCL5 (Zhao et al,
2002) were detected in the epithelium and lamina propria
of patients with OLP (Fang et al, 2019; Ichimura et al, 2006;
Little et al, 2003; Zhao et al, 2002), whereas increased levels
of CCR5 were detected on T-cells within patients with OLP
(Hu et al, 2013). Recently, Shan et al (2019) suggested that
CCL5 acts in an autocrine manner to form a positive feedback
loop to establish chronicity of OLP. The similarity in T-cell
recruitment between the T-cell-OMEs and OLP lesions in-
dicates the possibility of using T-cell-OMEs to dissect the
major chemoattractant pathways involved in OLP, thereby
identifying possible therapeutic targets.

As well as CD4+ and CD8+ T-cell recruitment, the T-cell-
OMEs displayed basal keratinocyte cleaved caspase-
3—mediated apoptosis and basement membrane liquefaction
as observed by disrupted laminin-5 staining, matching ob-
servations seen in OLP biopsies (Dekker et al, 1997;
Matthews et al, 1984; Shimizu et al, 1997; Tobdén-Arroyave
et al, 2004), and are widely recognized as the main patho-
logical features of OLP. Although some intraepithelial CD4+
and CD8+ T cells were observed by immunohistochemistry
at day 12, many of these T-cells remained in the subepithelial
connective tissue, suggesting that secreted factors released by
T-cells in addition to intraepithelial-located T-cells may be
important in causing tissue damage. It could be hypothesized
that in OLP, the increased secretion of soluble mediators such
as TNF-a by Th1 cells within the connective tissue causes T-
cell—-mediated basal cell apoptosis through the activation of
death receptors (eg, TNFR1 [Khan et al, 2003]) in a cleaved
caspase-3—dependent manner (Jin and El-Deiry, 2000).
Intraepithelial CD8+ T-cells may further perpetuate this by
granzyme B/perforin (Santoro et al, 2004) or FasL and FasR-
mediated apoptosis (Neppelberg et al, 2001). Moreover,
Th1 cells may also release matrix metalloproteinases that are
capable of degrading basement membrane proteins such as
laminin without the need for intimate cell-basement mem-
brane contact (Oviedo-Orta et al, 2008).

Although the T-cell-OME was stimulated only once on day
10, the tissue damage progressed gradually over time, sug-
gesting establishment of cyclic inflammatory events that



eventually destroyed the OME tissue structure by day 25. This
progressive phenotype is in line with natural OLP progression
where in many instances, there is complete loss of epithe-
lium, giving raise to ulceration. However, this is not always
the case, and many lesions remain at the less aggressive
reticular stage. Further advancement of the T-cell-OMEs may
involve adding different ratios of Th1 and CD8 Tc cells or
inclusion of other T-cell subsets such as Th17, T helper 9, T
helper 22, or regulatory T-cells in particular, because the
levels of these T-cells are known to correlate with OLP
severity (Tao et al, 2010), and therefore, addition of regula-
tory T-cells to T-cell-OMEs may dampen down the immune
response and reduce the associated tissue damage.

Our study also demonstrates the usefulness of T-cell-OMEs
to assess the actions of potentially new treatments or modes
of drug delivery. For example, mucoadhesive patch-delivered
clobetasol-17-propionate as well drug in solution substan-
tially reduced cytokine levels and all markers of
T-cell-mediated damage, confirming the efficacy of
mucoadhesive patch-based drug delivery observed in pre-
clinical and clinical trials (Brennan et al, 2022; Colley et al,
2018). Interestingly, placebo patch alone also reduced cyto-
kine levels and patient-reported outcome scores, an obser-
vation previously shown for these polymer patches where it is
thought that nonspecific binding interactions between poly-
mer and some proteins prevent their detection by immuno-
assay (Brennan et al, 2022; Edmans et al, 2022, 2020).
Moreover, use of T-cell-OMEs showed efficacy of the selec-
tive JAK1 and 2 inhibitor ruxolitinib. Although not yet Food
and Drug Administration approved, there have recently been
several case reports on the successful use of JAK inhibitors
such as tofacitinib (Damsky et al, 2020), abrocitinib
(Solimani et al, 2023), upadacitinib (Balestri et al, 2022;
Kooybaran et al, 2021; Slater et al, 2024), and baricitinib
(Moussa et al, 2022; Rahman et al, 2024) for the treatment of
OLP, confirming the data in our T-cell-OME study and sug-
gesting that these types of therapy taken orally or in patch
form are promising treatments for OLP.

In summary, this study describes, to our knowledge, the
previously unreported development of a complex tissue-
engineered T-cell-mediated oral disease model that
displayed many of the key characteristics of OLP. This pre-
clinical in vitro disease model has potential to probe for
molecular mechanisms of disease and can be used as a
platform to test for novel therapeutics and modes of
treatment.

MATERIALS AND METHODS

Unless otherwise indicated, all other reagents were purchased from
Sigma-Aldrich. ELISAs were purchased from R&D Systems. Poly(-
vinylpyrrolidone) (molecular weight of 2000 kDa) and Eudragit
RS100 (molecular weight of 38 kDa) were kindly donated by BASF
and Evonik Industries AG, respectively.

Cell isolation and culture

FNB6-hTERT immortalized oral keratinocytes (FNB6, Ximbio) were
cultured in a flavin- and adenine-enriched medium (FAEM) con-
sisting of high-glucose DMEM and Ham'’s F12 medium in a 3:1 v/v
ratio supplemented with 10% v/v fetal bovine serum, epidermal
GF (10 ng/ml), adenine (0.18 mM), insulin (5 pg/ml), transferrin
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(5 pg/ml), L-glutamine (2 mM), triiodothyronine (0.2 nM), ampho-
tericin B (0.625 pg/ml), penicillin (100 1U/ml), and streptomycin
(100 pg/ml) (Jennings et al, 2016). NOFs were isolated from the
buccal mucosal connective tissue of a female aged 24 years with
written informed consent (ethical approval reference 09/H1308/66)
and cultured in DMEM supplemented with fetal bovine serum (10%
v/v), L-glutamine (2 mM), penicillin (100 1U/ml), and streptomycin
(100 pg/ml), as previously described (Colley et al, 2011).

PBMCs were isolated from buffy coats as previously described
(Murdoch et al, 2007). Briefly, buffy coats obtained from the Na-
tional Blood Service, United Kingdom (ethical approval reference
012597) were diluted 1:1 in calcium ion— and magnesium ion—free
Hank’s balanced salt solution and mononuclear cells separated by
density-gradient centrifugation using Ficoll Paque Plus (GE Health-
care). CD4+ and CD8+ T-cells were purified from mononuclear
cells by negative selection using EasySep Human Naive CD4+ or
CD8+ T-Cell Isolation Kits (StemCell Technologies).

T-cell activation and polarization

Naive CD4+ T-cells were activated using Dynabeads Human
T-Activator CD3 and CD28 (Thermo Fisher Scientific) ata 1:1 cell to
Dynabeads ratio in the presence of 30 IU/ml recombinant IL-2
(Peprotech) and cultured for 5 days in Th1 PM consisting of FAEM
supplemented with 20 ng/ml human recombinant IL-12 p70
(Peprotech), 20 ng/ml human recombinant IL-18 (R&D Systems), and
2.5 pg/ml anti-human IL-4 antibody (BioLegend). Cytotoxic (Tc)
CD8+ T cells were generated by incubating naive CD8+ T cells
with CD3 and CD28 Dynabeads and 30 1U/ml recombinant IL-2 in
the presence of CD4+ T cells for 5 days. Proliferation was deter-
mined by direct counting using phase-contrast light microscopy.

Construction and stimulation of OMEs

OMEs were constructed as previously described (Jennings et al,
2016). In brief, 2.5 x 10°/ml NOFs were mixed with rat tail type |
collagen, with 1 ml added to 12-mm cell culture transwell inserts
(0.4-pm polyethylene terephthalate, Merck Millipore) and incubated
at 37 °C in a humidified atmosphere for 30—60 minutes to gel, after
which the hydrogel was submerged in media for 48 hours. FNB6
cells (2.5 x 10% were seeded on the surface of NOF-populated
collagen hydrogels and cultured submerged for 72 hours, after
which OMEs were raised to an air-to-liquid interface and cultured
for a further 7 days. To investigate their cytokine secretion profile,
OMEs were incubated for 48 hours with FAEM, supplemented with
1000 IU/ml IFN-y and 1000 1U/ml TNF-o. (to mimic Langerhans cell
activation) (Kapsenberg, 2003) or with the conditioned medium
obtained after incubation of Th1-polarized T-cells with PM (PM +
Th1). OMEs cultured with FAEM or PM alone were used as controls.
After 48 hours, conditioned media were collected and stored at —80
°C for further analysis, and OMEs were washed in PBS and fixed in
10% v/v PBS-buffered formalin for histological processing.

Incorporation of T-cells into collagen hydrogels

Naive, CD3 and CD28-activated (activated) or CD3 and CD28-
activated then polarized (polarized) Th1 T-cells were mixed with
rat tail collagen type I (2 x 10° cells/ml); 0.5 ml was added to 12-mm
cell culture inserts and incubated at 37 °C for 30 minutes to gel.
Inserts were then submerged and Th1 T-cells cultured in PM,
whereas CD3 and CD28-activated T cells were cultured in FAEM.
Differences in T-cell number within gels were indirectly assessed
using the PrestoBlue metabolic assay (Thermo Fisher Scientific),
following the manufacturer’s instructions.

www.jidonline.org
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Fabrication and treatment of a full-thickness T-cell
inflammatory OMEs

To generate an inflammatory T-cell disease model (T-cell-OME),
OMEs were constructed but scaled to fit into 24-mm cell culture
transwell inserts by adding 2-ml collagen and a cell seeding density of
2.5 x 10° for both NOF and FNB6. After 7 days culture at air-to-liquid
interface, OMEs were removed from the insert, cut to fit a 12-mm
culture insert with a scalpel, and transferred on to the top of a T-
cell—containing hydrogel (previously prepared by adding 1 x 10°
Th1 cellsand 0.5 x 10° Tc cells to 0.5 ml type | collagen and cultured
for 5 days) coated with 100 pl of collagen (3 mg/ml) to facilitate
adhesion of the 2 hydrogels (Supplementary Figure S2). T-cell-OMEs
were cultured in Th1 PM for 3 days and then topically treated with
1000 IU/ml IFN-y and 1000 1U/ml TNF-o. and incubated further
before collection of conditioned media from the basolateral
compartment of transwells and tissue fixation at 0, 2, 6, 10, and 15
days. To treat T-cell-OME, 6 hours after cytokine stimulation, models
were either incubated for 48 hours with solutions of JAK inhibitors
ruxolitinib (300 uM), decernotinib (260 pM), roflumilast (300 uM), or
NS6180 (100 pM); clobetasol-17-propionate (20 pg/ml); placebo; or
clobetasol-17-propionate—containing mucoadhesive patch (20 pg
per patch) fabricated as previously described (Colley et al, 2018;
Santocildes-Romero et al, 2017) and cut to fit a 12-mm transwell
insert or left untreated as control.

Gene expression and protein secretion analysis

Total RNA was extracted (Monarch Total RNA Miniprep Kit, New
England Biolabs) following the manufacturer’s instructions and then
reverse transcribed to cDNA (High-Capacity RT Kit, Thermo Fisher
Scientific), with the amount of RNA used kept consistent within
experiments. qPCR was performed with TagMan gene expression
assays using VIC-labeled $-2-microglobulin (hs00187842_m1) as a
reference control gene alongside FAM-labeled target probes for
TBX21 (Hs00894392_m1), signal transducer and activator of tran-
scription 1 (Hs01013996_m1), and signal transducer and activator
of transcription 4 (Hs01028017_m1). Expression of the target gene
was normalized to the abundance of the control gene transcript, §-2-
microglobulin. Cytokines were detected in OME-conditioned me-
dium using C-Series Human Cytokine Antibody Array C5 (Ray
Biotech), following the manufacturer’s instruction, for the semi-
quantitative detection of 80 human proteins (Supplementary
Figure S3). Densitometry was performed using the array analyzer
plug-in for Image] software. Secretion of TNF-a, IFN-Y, CCL5,
CXCL9, and CXCL10 in conditioned media was quantified by ELISA.

Histological and immunohistochemical analysis

Formalin-fixed OMEs and T-cell-OMEs were paraffin wax embedded
using standard histology procedures. Sections (5 um) were cut using
a Leica RM2235 microtome (Leica Microsystems) mounted on
SuperfrostPlus slides (Thermo Fisher Scientific), stained with H&E,
mounted in dibutylphthalate polystyrene xylene, and imaged using
an Olympus BX51 microscope with CellSens Imaging Software
(Olympus GmbH). Sections were immersed in 1% periodic acid for
15 minutes and then with Schiff’s reagent for 15 minutes before
being counterstained with Harris’ hematoxylin. For immunohisto-
chemistry, sections were dewaxed, dehydrated, and then incubated
for 20 minutes in 3% hydrogen peroxide in methanol to neutralize
endogenous peroxidases. Antigen retrieval was achieved using Tris
and EDTA buffer (pH 9) or 0.01 M citrate buffer (pH 6) at high
temperature. After blocking with normal goat serum for 30 minutes,
sections were incubated with primary antibodies—monoclonal
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rabbit anti-human CD4 (SP35, 1:50, Thermo Fisher Scientific),
monoclonal mouse anti-human CD8 (C8/144B, 1:25, Bethyl Labo-
ratories), monoclonal mouse anti-human vimentin (RV202, 1:25,
Santa Cruz Biotechnology), monoclonal mouse anti-human laminin-
5 (Y2 chain) (D4B5, 1:100, Merck), polyclonal rabbit anti-human
cleaved caspase-3 (Asp175, 1:100, Cell Signaling Technologies),
anti-rabbit I1gG isotype control (7074S, 1:1000, Cell Signaling
Technologies), or anti-mouse IgG isotype control (DAK-GOT1, 1:200,
Agilent)—for 16 hours at 4 °C. Secondary antibody and
avidin—biotin complex (Vectastain Elite ABC kit, Vector Labora-
tories) were used in accordance with the manufacturer’s instructions.
Finally, 3’-diaminobenzidine tetrahydrochloride (Vector Labora-
tories) was used to visualize peroxidase activity and the sections
counterstained with Harris’s hematoxylin.

Flow cytometry

For surface marker staining, 1 x 10° cells were resuspended in 95 pl
FACS buffer (PBS with 0.1% BSA and 2 mM EDTA, pH 7.4) and 5 pl
of fluorescent-conjugated antibody: CD4 (allophycocyanin, RPA-T4,
eBioscience), CD4 (phycoerythrin, RPA-T4, eBioscience), CD8
(allophycocyanin, RPA-T8, Thermo Fischer Scientific), and CD69
(allophycocyanin, FN50, Thermo Fisher Scientific). Samples were
incubated for 30 minutes on ice, protected from light, before
washing with 1 ml FACS buffer. The LIVE/DEAD fixable blue stain
(Thermo Fisher Scientific) was used to exclude dead cells from the
analysis. Nuclear and intracellular target staining was performed
using antibodies against T-bet transcription factor, a key regulator of
Th1 polarization (phycoerythrin-Cyanin7, 4B10, eBioscience), and
granzyme B, a protease secreted by CD8+ Tc cells (Alexa Fluor 700,
GB11, BD Bioscience), in conjugation with fixation and per-
meabilization buffers (eBioscience), following the manufacturer’s
instructions. Samples were washed and fixed in 4% formalin for 15
minutes and resuspended in a 300 pl FACS buffer. Unstained cells
were used to exclude background fluorescence, and a relevant IgG
isotype was used to exclude nonspecific staining. For multi-
chromatic staining, the ABC Total Antibody Compensation Bead Kit
and the ArC Amine Reactive Compensation Bead Kit (Life Technol-
ogies) were used to compensate for spectral overlap, and fluores-
cence minus one samples were used to adjust gating. Flow
cytometry was performed using an LSRIl (BD Biosciences) and
analyzed using FlowJo software, version 10.7 (BD Biosciences).

Data analysis

All data and statistical analyses were performed using GraphPad
Prism 10.0 software (GraphPad Software). Unless otherwise stated,
data are presented as mean £ SD of at least 3 independent experi-
ments where each experiments used a separate buffy coat and T-cell
isolation. Unpaired Student’s t-test or 1-way ANOVA with Tukey’s
posthoc test was used for pairwise or groupwise comparisons,
respectively, and results were considered statistically significant if
P < .05.
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Supplementary Figure S1. CD4+ and CD8+ T-cell isolation purity,
viability, activation, and polarized characterization. Peripheral blood
mononuclear cells (PBMCs) were isolated through Ficoll density-gradient
centrifugation. (@) CD4+ and CD8+ T-cells were further purified using
EasySep negative selection, and purity was determined as a percentage of the
total cell population and (b) their viability was determined by live/dead
fixable blue stain. (c) Percentage of CD4+ T-cell activation after 24 h was
determined by increased CD69 levels by flow cytometry. (d) Th1 polarization
was confirmed by increased gene expression of STAT4 and T-bet. Data are
presented as mean + SD, and statistical analysis was performed using
Students’s t-test. *P < .05, **P < .001, and ***P < .0001; n = 3. h, hour; Th1,
T helper 1; STAT4, signal transducer and activator of transcription 4.
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Supplementary Figure S2. Schematic diagram detailing the construction of T-cell OME (denoted as T-cell-OME). (ai—iii) OME were produced by mixing NOF
with type | collagen, pipetting 1 mL into transwell inserts and culturing for 2 days. FNB6 oral keratinocytes were seeded on top, cultured submerged for 3 days
then at an air-to-liquid interface for 7 days. (bi—iii) At the same time, CD4+ and CD8+ T-cells were isolated from peripheral blood mononuclear cells. CD4+ T-
cells were polarized to Th1 cells while CD8+ T-cells were activated to Tc T-cells. Both Th1 and Tc T-cells were mixed with type I collagen and incubated for 7
days. (c) OME were adhered to the apical surface of the T-cell-containing hydrogen and cultured for a further 3 days at an air-to-liquid interface, At day 10, the
epithelium was stimulated with TNF-a. and IFN-y for 48 hours. OME were analysed by histology, immunohistochemistry and cytokine release at day 12
onwards. Image was created with BioRender.com. NOF, normal oral fibroblast; OME, oral mucosal equivalent; PM, polarization media; Tc, cytotoxic T; Th1, T
helper 1.
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