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1 | INTRODUCTION

The world has an ageing population, and the number of individuals
aged 60 years or over is projected to increase by 56% to 1.4 billion by
2030 (United Nations, 2015). Ageing skin is associated with
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Abstract

Increased prevalence of skin ageing is a growing concern due to an ageing global pop-
ulation and has both sociological and psychological implications. The use of more clinically
predictive in vitro methods for dermatological research is becoming commonplace due to
initiatives and the cost of clinical testing. In this study, we utilise a well-defined and
characterised bioengineered skin construct as a tool to investigate the cellular and
molecular dynamics involved in skin ageing from a dermal perspective. Through incor-
poration of ageing fibroblasts into the dermal compartment we demonstrate the signifi-
cant impact of dermal-epidermal crosstalk on the overlying epidermal epithelium. We
characterise the paracrine nature of dermal-epidermal communication and the impact this
has during skin ageing. Soluble factors, such as inflammatory cytokines released as a
consequence of senescence associated secretory phenotype (SASP) from ageing fibro-
blasts, are known to play a pivotal role in skin ageing. Here, we demonstrate their effect
on epidermal morphology and thickness, but not keratinocyte differentiation or tissue
structure. Through a novel in vitro strategy utilising bioengineered tissue constructs, this
study offers a unigue reductionist approach to study epidermal and dermal compartments

in isolation and tandem.
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dermatological and cosmetic concerns, due to the increased preva-
lence of debilitating skin conditions and the psychosocial implications
of changes in physical appearance (Farage et al., 2013). There is a
demand to further understand the intricate molecular mechanisms

that contribute to the ageing skin phenotype, including the influence
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of epidermal-dermal interactions with age, to inform novel anti-
ageing interventions.

Epithelial-mesenchymal interactions are important during em-
bryogenesis, and it is thought that the mesoderm-derived dermis
influences epidermal histogenesis in utero (Kratochwil &
Yamada, 1983). In addition to the early stages of life, it is thought that
the dermis also plays an essential role in epidermal maintenance and
morphology in adult skin and influences the ageing process. Early
experimental evidence using recombinant studies in the 20th century
investigated the nature of the dermal influence, and two potential
mechanisms were proposed: the dermal provision of a physical sub-
strate for the support, attachment and orientation of basal kerati-
nocytes, and the secretion of diffusible factors from dermal cells
that influence epidermal morphology (Billingham & Silvers, 1967;
Wessells, 1962; Wheeler & Briggaman, 1971). These two mecha-
nisms may not be mutually exclusive and may co-exist.

It has also been speculated that dermal-epidermal interactions
may accelerate the ageing process, as the dermis undergoes many
structural, compositional and secretory modifications which are hy-
pothesised to affect epidermal morphology (Lee et al., 2016; Marcos-
Garcés et al., 2014; Varani et al., 2006). From a mechanistic per-
spective, the age-related atrophy of the dermal extracellular matrix
(ECM) may impact its role as a physical support for the epidermis
(Abigail K Langton, Alessi, et al., 2019), and the alterations of the
ageing fibroblast secretome including Pro-inflammatory cytokines,
pro-oxidant reactive oxygen species and matrix-degrading enzymes
may influence keratinocyte behaviour during human skin ageing
(Coppé et al., 2008, 2010; Waldera Lupa et al., 2015). Specifically, as
fibroblasts age, they can undergo cell senescence and display a
senescence-associated secretory phenotype (SASP) which involves
secretion of Pro-inflammatory factors such as IL-1, -6 and -8 (Nelson
et al., 2012, 2018; Passos et al., 2010).

The impact of epidermal-dermal crosstalk during ageing has not been
extensively studied, and elucidating underlying mechanisms can be
technically challenging. Tissue engineering strategies provide a valuable
tool to investigate dermal-epidermal interactions in vitro, reducing the
need for animal models. Several approaches have been applied to study
dermal-epidermal crosstalk during ageing including the inclusion of ageing
and senescent fibroblasts or advanced glycation end products (AGEs)
within human skin equivalents (HSEs) (Costello et al., 2022). These studies
demonstrated that an ageing dermis affected epidermal morphology;
however, the underlying mechanisms were not explored (Hausmann
et al,, 2019; Lacroix et al., 2007). HSEs provide a unique platform capable
of providing mechanistic insights and hypotheses, through studying the
direct Coculture of epidermal and dermal compartments in a full thickness
HSE (FT-HSE), or indirect contact through conditioned media studies on
isolated compartments.

In this study, we describe the application of a well-established,
characterised and published HSE that has previously been applied to
many research topics in the field of skin health. Herein, we have
applied this versatile model to investigate crosstalk during ageing
through Coculture of neonatal keratinocytes with ageing fibroblasts
within the FT-HSE environment, which resulted in significant

morphological disparities. We demonstrate that the differences in
epidermal morphology are induced in a paracrine manner mediated
by diffusible factors secreted by ageing fibroblasts through bioengi-
neering of the epidermal compartment in isolation. This technology
provides a platform to probe the underlying molecular mechanisms
that underpin dermal-epidermal crosstalk whilst also lending itself to
the identification of interventions, screening of actives or testing of
dermatological procedures for their ability to attenuate aspects of the

ageing epidermal phenotype.

2 | MATERIALS & METHODS

2.1 | Full thickness human skin equivalent
generation

FT-HSEs were constructed as previously described (Costello,
Goncalves, Maltman, et al.,, 2023; Freer et al., 2023; Goncalves
et al., 2023; Roger et al., 2019). Human neonatal dermal
fibroblasts (HDFn, Lot #1366356, Thermo Fisher Scientific,
Loughborough, UK) and human adult dermal fibroblasts from a
60-year-old individual (HDFa, Lot #1090465, ThermoFisher
Scientific) were incorporated into the dermal compartment.
Briefly, 0.5x10° HDFn or HDFa were seeded into 12 well
Alvetex® Scaffold inserts (Reprocell Europe Ltd, Glasgow, UK), a
porous, inert, polystyrene scaffold. They were then cultured
in Medium 106® (ThermoFisher Scientific) supplemented
with 5ng.mL™! transforming growth factor B1 (TGFB1) and
100 ug.mL'1 ascorbic acid. Following 30 days in culture, neonatal
human epidermal keratinocytes (HEKn Lot #1366356, Thermo-
Fisher Scientific) were seeded onto dermal compartments to form
the epidermis. HSEs were cultured in submerged conditions for
48h in EpiLife® Medium supplemented with 10 ng.mL"! kerati-
nocyte growth factor (KGF), 160uM CaCl, and 100 pg.mL™*
ascorbic acid. HSEs were then raised to the air-liquid interface
(ALl) and cultured in EpiLife® Medium supplemented with
10 ng.mL"! KGF, 1.64 mM CaCl, and 100 pg.mL"* ascorbic acid to
promote keratinocyte differentiation. FT-HSEs were cultured to

14 days ALI before analysis.

2.2 | Epidermal only skin equivalent generation
Epidermal-only skin equivalents (EO-HSEs) were generated as pre-
viously described (Bjerke et al., 2021; Roger et al., 2019). Briefly,
0.5x%10° HEKn were seeded onto collagen-coated Millicell® cell
culture inserts (Merck Millipore, Beeston, UK) and cultured in Epilife®
Medium supplemented with 5ng.mL™* KGF, 160uM CaCl, and
50 ug.mL™? ascorbic acid for 48 h in submerged culture. EO-HSEs
were then raised to the ALl and cultured in Epilife® Medium sup-
plemented with 5ng.mL™* KGF, 1.64mM CaCl, and 50 ug.mL™?
ascorbic acid to promote keratinocyte differentiation. EO-HSEs were
maintained for 7 days to form mature constructs.
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Fibroblast conditioned medium was obtained through culture of
confluent HDFn and HDFa populations adjusted to give a consistent
cell density, in Epilife® Medium for 24 h. EO-HSEs were then cul-
tured in conditioned media from neonatal or ageing fibroblasts for a
further 7 days before analysis. The conditioned medium was mixed
1:1 with fresh Epilife® and supplemented with 5ng.mL™? KGF,
1.64 mM CaCl, and 50 ug.mL™?! ascorbic acid.

2.3 | Wax embedding and sectioning

Skin equivalents were fixed in 4% paraformaldehyde (Sigma-
Aldrich, Missouri, US) then dehydrated from 30% to 100% ethanol
(v/v). Samples were incubated in Histo-Clear (Scientific Laboratory
Supplies, Nottingham, UK) for 30 min, a 1:1 ratio of Histo-Clear
and paraffin wax (Thermo Fisher Scientific) for 30 min at 65°C
followed by paraffin wax alone for 1 h at 65°C before embedding
in plastic moulds. The samples were sectioned at 5um using a
microtome (Leica, Wetzlar, Germany) and mounted onto charged

microscope slides (Thermo Fisher Scientific).

2.4 | Histological staining

Samples were deparaffinised in Histo-Clear, rehydrated from
100% ethanol to distilled water (dH,O) then stained with Mayer's
haematoxylin (Sigma-Aldrich) for 5 min. Sections were washed in
dH,0, transferred to alkaline alcohol for 30s then dehydrated
from 70% to 95% ethanol (v/v). Samples were then stained in
eosin (Sigma-Aldrich) for 30s, further dehydrated in 95% and
100% ethanol (v/v), then incubated in Histo-Clear before
mounting with Omni-mount (Scientific Laboratory Supplies).
Samples were imaged using a light microscope and the Leica EZ

software (Leica).

2.5 | Immunofluorescence staining

Samples were de-paraffinised in Histo-Clear, then rehydrated
from 100% ethanol to phosphate buffered saline (PBS). Antigen
retrieval was performed in citrate buffer (pH 6, Sigma-Aldrich) at
95°C for 20 min. After cooling, samples were incubated with
blocking solution (20% neonatal calf serum in 0.4% Triton X-100
in PBS) for 1 h at room temperature. Primary antibodies (Table S1)
diluted 1:100 in the blocking solution were added to the samples
and incubated overnight at 4°C. Samples were washed in PBS and
incubated with the secondary antibodies (donkey anti-mouse
Alexa Fluor® 488 A21202; donkey anti-rabbit Alexa Fluor® 594
A21207, donkey anti-rabbit Alexa Fluor® 488 A-21206 Thermo
Fisher Scientific) at a 1:1000 dilution in blocking buffer for 1 h at
room temperature. Samples were washed in PBS before mounting
in  Vectashield Hardset with DAPI (Vector Laboratories,
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Peterborough, UK). Images were captured using a Zeiss 880

confocal microscope with Zen software.

2.6 | Biometric quantification
All biometric quantification was conducted using freely available

Image J software (imagej. net) (Schneider et al., 2012).

2.6.1 | Epidermal thickness

Viable epidermal thickness was measured as previously described
(Bjerke et al., 2021; Costello, Goncalves, De Los Santos Gomez,
et al., 2023; Freer et al., 2023) from the basolateral edge of the
basal keratinocytes to the apical surface of the stratum granulo-
sum from H&E-stained images using the straight-line tool in the

Image J software with the appropriate scale.

2.6.2 | Number of viable epidermal layers

Immunofluorescent images depicting K10 and K14 reactivity were
quantified using the multipoint tool in Image J to count the number of
viable epidermal cell layers from the stratum basale to the stratum

granulosum.

2.6.3 | Percentage epidermal cells
Immunofluorescence-stained images for p63, Ki67 and HMGB1
represent extent of epidermal stemness, proliferation and senes-
cence respectively. In all cases the multipoint tool in Image J was
used to quantify positive staining for each antigen and total viable cell
count (DAPI staining), expression was then calculated as a percentage
of total cells.

2.6.4 | Basal keratinocyte morphology

The area, height and width of basal keratinocytes was quantified
using the polygon and line tools in Image J software from K10 and
K14 stained immunofluorescence images, as previously described
(Costello, Goncalves, De Los Santos Gomez, et al., 2023). The height
and width measurements were used to calculate the height:width

ratio of basal keratinocytes.

2.7 | Cytokine array

Samples of culture medium were harvested from either neonatal

or ageing fibroblast populations. Analysis of the cytokine content
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of the medium was performed by Eve Technologies (Calgary, CA)
and Human Cytokine Pro-inflammatory Focused 15-Plex Dis-

covery Assay® Array (HDF15) was conducted.

2.8 | Graphs and statistics

Graphs are expressed as mean + standard error of the mean (SEM). All
statistical analyses were performed via GraphPad Prism 5 software using
an unpaired, two-tailed t-test with Welch's correction. Differences
between the groups were considered significant when p < 0.05, and the
significance is depicted graphically for each data set where *p < 0.05,
*p <0.01, **p <0.001, ***p < 0.0001, not significant (ns) p > 0.05.

3 | RESULTS

3.1 | Dermal compartments containing ageing
fibroblasts exhibit hallmarks of ageing

Commercially available fibroblasts from either a neonatal or ageing donor
were seeded into Alvetex® Scaffold and cultured for 30 days before
analysis (Figure 1a). Histological analysis (Figure 1bi,i) revealed dermal
equivalents comprising of ageing fibroblasts contained fewer fibroblasts
within and around the peripheries of the scaffold, thought to be a con-
sequence of reduced proliferation. Immunofluorescence analysis of der-
mal compartments containing either neonatal or ageing fibroblasts,
demonstrated the ability of both fibroblast populations to produce en-
dogenous ECM such as collagen | (Figure 1biiiiv) and collagen Il
(Figure 1bv,vi) within the scaffold. However, ageing dermal compartments
contained significantly less of both collagens compared with their neo-
natal counterpart, consistent with dermal ageing in vivo (Abigail Kate
Langton, Graham, et al., 2019).

3.2 | Coculture of an ageing dermal compartment
with a neonatal epidermis, significantly impacts
epidermal thickness and basal keratinocyte
morphology

To determine the impact of an ageing dermis on the overlying epi-
dermal epithelium in vitro, neonatal keratinocytes were cocultured
onto a mature dermis containing either neonatal or ageing fibroblasts,
allowed to proliferate in submerged cultured, followed by stratifica-
tion at ALI, then harvested for analysis (Figure 2a). The resultant
tissue construct was a FT-HSE containing either neonatal or ageing
fibroblasts within the dermal compartment and an overlying epi-
dermis comprising of neonatal keratinocytes.

Upon histological examination (Figure 2bi,ii), it was evident
that both a neonatal and ageing dermis was able to support an
overlying epidermis, with no evidence of keratinocyte invasion

into the dermal compartment. Epidermal compartments in both

conditions appeared differentiated, stratified and keratinised.
Despite the formation of an organised epidermis, a significant
67% decrease in epidermal thickness was observed when co-
cultured with an ageing dermis (p < 0.0001) (Figure 2c). This was
accompanied by a significant reduction in the number of viable
epidermal layers (p <0.0001) (Figure 2d) in the presence of an
ageing dermis. We hypothesised that this could be due to
reduced stemness, proliferative capacity or increased senescence
of keratinocytes, as a consequence of the bystander effect
induced by ageing fibroblasts. However, immunofluorescence
staining for p63 (Figure 2biii,iv), an essential transcription factor
for the development of stratified epithelia, and Kié7
(Figure 2bb,vi), a well-defined marker of proliferation resulted in
no significant differences in epidermal expression despite the
presence of an ageing dermis (p >0.05) (Figure 2e). Similarly,
immunofluorescence staining for the senescence-associated
biomarker: HMGB1 (Figure 2bvii,viii), which is reported to
translocate from the nucleus to the cytoplasm in senescent cells,
was also found to not differ significantly in either expression or
localisation when keratinocytes were cocultured with an ageing
dermis (p > 0.05) (Figure 2e). This observation was also supported
by no significant difference in Lamin B1 staining (Figure 2bix,x),
another marker of cellular senescence.

Despite the striking effects of an ageing dermis on epidermal
thickness, little impact on epidermal structure or keratinocyte
differentiation was observed. To better understand the structural
impact of an ageing dermis on the overlying epidermis, a series of
immunofluorescent analyses were performed for biomarkers
specific to dermal ECM proteins (Figure 3a), epidermal intra-
cellular junctions (Figure 3b) and epidermal differentiation
(Figure 3c). Both collagen | and Il were found to be abundant in
both neonatal and ageing dermal compartments; however, they
appeared less organised and at reduced levels in ageing dermal
compartments. Integrin a6, a biomarker of the basement mem-
brane was detectable in both neonatal and ageing conditions,
suggesting that an ageing dermis is not detrimental to basement
membrane formation in this FT-HSE system.

Despite a significant reduction in epidermal thickness when
cultured on an ageing dermal foundation, several biomarkers related
to intracellular junctions were identifiable in both neonatal and age-
ing dermis-based FT-HSEs. Positive staining for claudin-1, periplakin
and E-cadherin was evident in epidermises cultured on both neonatal
and ageing-fibroblast based dermal compartments. This suggests,
despite differences in epidermal morphology, communication and
close interactions between keratinocytes remained unaffected. Fur-
thermore, expression of biomarkers specific to epidermal differenti-
ation were investigated. Keratin-14 positive basal keratinocytes were
identifiable in both epidermises cultured on neonatal and ageing
dermal compartments, with suprabasal keratin-10 positive keratino-
cytes also evident. Similarly, expression of biomarkers consistent with
terminal keratinocyte differentiation: involucrin and filaggrin.

Together these data suggest there is no impact on keratinocyte

95U8017 SUOWILWOD SAIES1D) 3l dde 8y} Ag pauenoB ae S991Le YO ‘8SN J0'S3|NJ 40} A1 8UIUO AS|IA LO (SUONIPUOD-PUE-SWLIS)L0D AB 1M ARRIq 1 )BUIUO//:SANY) SUO NIPUOD PUe SIS | 84} 89S *[202/0T/9T] Uo Ariqiauliuo A8|IM ‘1591 AQ €95 TE dDI/200T 0T/10p/wod A3 |1m Aleuq Ul |uoy/:sdiy wolj pspeoiumod ‘0 ‘2S9t260T



COSTELLO ET AL

FIGURE 1 Ageing dermal compartments
exhibit decreased extracellular matrix deposition.
Neonatal or ageing fibroblasts were seeded in
Alvetex® Scaffold and cultured for 30 days before
being harvested for analysis (a). H&E staining of
dermal compartments generated with neonatal
(bi) and ageing fibroblasts (bii) demonstrate
fibroblast population of the scaffold.
Representative immunofluorescence staining of
collagen | (biii) and collagen Il (biv) is reduced in
ageing dermal compartments. Collagens are
stained green and nuclei are stained with DAPI.
Scale bars: B=50 um.

differentiation by incorporation of an ageing dermal compartment in

this model system, and although the epidermis is thinner, it remains

structurally intact.

Our data suggested that there were no identifiable differences in
stemness, proliferation and senescence via immunofluorescence

analysis. This suggests that the impact of an ageing dermal population
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change. Therefore,

on a neonatal epidermal population results in a solely morphological

we hypothesised that the changes in epidermal

structure could be driven by changes in morphology of the kerati-

nocytes themselves. This was evident in the immunofluorescence
staining of keratin-14 (Figure 3ci,ii), where keratinocytes in the stra-
tum basale appeared to adopt a different morphology when
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FIGURE 2 Coculture of an ageing dermal compartment with neonatal keratinocytes results in epidermal thinning independent of keratinocyte
proliferation. Dermal compartments were generated using both neonatal and ageing fibroblast populations, upon which, neonatal keratinocytes were
seeded and allowed to stratify at the air-liquid interface for 14 days before analysis (a). Representative H&E stained images display significant epidermal
thinning upon an ageing dermis (bi, ii). Immunofluorescence staining of proliferation, stemness and senescence-associated biomarkers (green): p63 (biii, iv),
Ki67 (Bv-vi), HMGB1 (vii-viii) and Lamin b1 (bix,x). Nuclei are stained in blue. Quantification of epidermal thickness (c) and number of viable epidermal
layers (d) are significantly reduced in the presence of an ageing dermal compartment. Whereas, the percentage of kié7, p63 and HMGB1 remains
unchanged regardless of dermal foundation (e). Data represent mean + SEM, n=9 and a two-tailed, unpaired t-test with Welch's correction was

kokkok

performed where:

p <0.0001 and p > 0.05 is nonsignificant. Scale bars: Bi, ii = 50 um, Biii-x =25 pum.
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(a) Dermal ECM Proteins (b)

Epidermal Intracellular Junctions (C)
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FIGURE 3 Coculture of ageing fibroblasts with neonatal keratinocytes significantly impacted keratinocyte morphology but not
differentiation or intracellular junctions. Representative immunofluorescence images of dermal-associated extracellular matrix (ECM)
proteins (a): collagen | (ai, ii), collagen Ill (aiii, iv) and integrin a6 (av, vi), stained in green. Immunofluorescence images of epidermal
intracellular junctional biomarkers (b): claudin-1 (bi, ii), periplakin (biii, iv) and E-cadherin (bv, vi), stained in green. Representative
immunofluorescence analysis of biomarkers associated with epidermal differentiation (c) including: keratin-10 (green) and keratin-14
(red, ci, ii), involucrin (ciii, iv) and filaggrin (cv, vi) stained in green. In all immunofluorescence images nuclei are stained with DAPI in blue.
Biometrics quantification of aspects of basal keratinocyte morphology including area (d), width (e), height (f) and height:width ratio
(g) are significantly impacted in the presence of an ageing dermis. Data represent mean = SEM, n =9 and a two-tailed, unpaired

t-test with Welch's correction was performed where ****p < 0.0001. Scale bars: 25 um.

cocultured with ageing fibroblasts. Biometric quantification of basal
keratinocyte morphology supported this observation with signifi-
cantly reduced area (p < 0.0001) (d) and height (p < 0.0001) (f) along
with increased with (p <0.0001) (e), which correlated to a signifi-
cantly decreased height:width ratio (p <0.0001) (g). Height:width
ratio when cultured with an ageing dermal compartment, decreased
from 2.3 to 1, which corresponds with basal keratinocytes adopting a
more cuboidal morphology compared with their characteristic
columnar morphology observed in the presence of a neonatal dermal
compartment. Cytokeratin 10 staining also highlights potential dif-
ferences in the suprabasal layer formation, as many keratinocytes
become anuclear after delamination from the stratum basale when
cocultured with an ageing dermis.

These data suggest that the presence of an ageing dermis
impacts epidermal morphology through communication with the
overlying neonatal epithelium and is capable of induction of sig-
nificant alterations at a cellular level. To investigate the mecha-
nism of action further, we determined the role of paracrine
mediators as signals between the two compartments by under-

taking a series of conditioned medium experiments.

3.3 | An ageing dermis influences epidermal
morphology in a paracrine fashion through release
of pro-inflammatory mediators

Morphological differences in epidermal structure were observed
when cocultured with ageing fibroblasts in the full thickness skin
equivalents (FT-HSEs). Although more physiologically representative
of the native tissue, the complexity of the FT-HSEs do not allow for
the intricacies of single pathways/mechanisms to be fully identified
and explored. This is due to the fact that within these FT-HSE con-
structs, the fibroblasts are in direct contact with the keratinocytes,
and once maturation of the tissue is established are separated only by
the basement membrane assembled de novo by the cells themselves,
therefore a clear distinction between the effects of cell-cell contact,
physical support of the dermis and the influence of diffusible factors
is not possible. We hypothesised that the observed differences were
due to the paracrine effect of diffusible factors, and this was inves-
tigated through application of EO-HSEs.

To investigate the role of soluble mediators and paracrine action in

crosstalk between epidermal and dermal compartments, conditioned
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medium from both neonatal and ageing fibroblast populations was col-
lected. This medium was then either harvested for analysis or mixed in at
1:1 with fresh cultured medium and added to established EO-HSEs
derived from neonatal keratinocytes (Figure 4a). EO-HSEs were cultured
to 7 days ALl to allow for epidermal maturation and stratification to occur,
fibroblast conditioned medium was then added to the EO-HSEs, which
were further cultured for 7 days before analysis.

Histological analysis (Figure 4bi,ii) revealed well-structured and viable
epidermal constructs in the presence of both neonatal and ageing fibro-
blast conditioned medium, although as with previous FT-HSE studies, the
difference in epidermal thickness was striking. Quantification of epidermal
thickness (Figure 4c) supported this observation as conditioned medium
from ageing fibroblasts induced a significant 29% decrease in epidermal
thickness (p < 0.0001). This decreased epidermal thickness was accom-
panied by a small, but significant decrease in number of viable epidermal
layers (p < 0.01) (Figure 4d). This suggests that the observed thinning of
the epidermis could be attributed, in part, to diffusible factors secreted
from ageing fibroblasts.

Similarly to FT-HSE study, this decrease in epidermal thickness
appeared to be independent of stemness, proliferation, or senes-
cence as no significant differences were observed in the percentage
of p63- (Figure 4biiiiv), Ki67- (Figure 4v,vi) or HMGB1-positive
conditioned media (p > 0.05) (Figure 4e).

EO-HSEs cultured in conditioned medium from neonatal and
ageing fibroblasts exhibit an organised epidermis with evidence of
early- (keratin-14, Figure 5ai,ii), mid- (keratin-10, Figure 5ai,ii) and
terminal differentiation (loricrin, Figure 5aiii,iv). Similarly to the direct
coculture within FT-HSEs, differences in basal keratinocyte mor-
phology were identified by keratin-14 staining. Biometric quantifi-
cation revealed differences in basal keratinocyte morphology through
the addition of ageing fibroblast conditioned medium to EO-HSEs.
Basal keratinocytes were demonstrated to be reduced in area
(p<0.01) (Figure 5b), reduced in height (p <0.0001) (Figure 5c),
increased in width (p < 0.001) (Figure 5d) and decreased in height:-
width ratio from 2.1 to 1.2 (p < 0.0001) (Figure 5e), which is indicative
of a more cuboidal morphology. These observations reflect the full
thickness skin coculture experiments, which suggests that diffusible
factors from ageing fibroblasts may, in part, induce structural changes
to the basal keratinocytes.

To better understand the composition of the conditioned
medium and speculate which paracrine mediators may have insti-
gated the epidermal morphological changes observed, expression
analysis of a panel of a pro-inflammatory cytokines was conducted on
samples of conditioned medium harvested from both neonatal and
ageing fibroblast populations. This analysis revealed a number of
cytokines to be present in significantly higher concentrations in
ageing fibroblast conditioned medium such as: TNF-a (p < 0.0001)
(Figure 6a), GM-CSF (p<0.001) (Figure 6b), IL-6 (p<0.0001)
(Figure 6c), IL-8 (p<0.0001) (Figure 6d), IL-10 (p <0.0001)
(Figure 6e), IL-13 (p<0.0001) (Figure 6f) and MCP-1 (p<0.01)
(Figure 6g). These findings support the notion that as cells age, their
secretome becomes more inflammatory.

4 | DISCUSSION

Epithelial-mesenchymal interactions are important for organogenesis
of many organs and influential in the maintenance of the human
dermis and epidermis in adult skin (Wheeler & Briggaman, 1971).
Studies have demonstrated that dermal fibroblasts affect the for-
mation of the basement membrane, and the viability, differentiation
and thickness of the epidermis (Coulomb et al., 1989; Mackenzie &
Fusenig, 1983). As alterations in the dermal biomechanical properties
and secretion of diffusible factors are known to be hallmarks of the
ageing process, it is hypothesised that dermal changes may impact
epidermal morphology. There is increasing evidence that the age-
related epidermal morphology is, in part, due to the ageing dermis
(Quan, 2023).

Previous studies suggest multiple mechanisms of how an ageing
dermis can drive changes in epidermal morphology, such as: physical
support, basement membrane interactions and secretion of diffusible
factors. Several diffusible factors secreted by fibroblasts have been
demonstrated to impact epidermal morphogenesis such as KGF
(Maas-Szabowski et al., 1999) and granulocyte-macrophage colony
stimulating factor (GM-CSF) (Szabowski et al., 2000) however,
dermal-epidermal interactions have not been extensively described
within the context of ageing.

Tissue engineered skin equivalents provide a robust in vitro
platform to study these underpinning molecular mechanisms of
ageing. Particularly as they offer a flexible platform that can be tai-
lored to investigate specific aspects of dermal-epidermal interactions.
Additionally, isolation of epidermal and dermal compartments, offer a
simplified, reductionist approach to probe for specific mechanistic
insights. Here, we describe the application of a well-established,
characterised, FT-HSE that recapitulates many aspects of human skin
biology such as endogenous ECM secretion, basement membrane
formation and intracellular junctions (Costello et al., 2019; Roger
et al., 2019). We apply this model system, which has previously been
adapted to study many aspects of skin health (pigmentation
(Goncalves et al., 2023), neurosensory irritation (Freer et al., 2023),
active screening (Bjerke et al., 2021) and exfoliation (Costello,
Goncalves, Maltman, et al., 2023)), to better elucidate the molecular
mechanisms that underpin paracrine communication between the
dermal and epidermal compartments during the ageing process.

The use of bioengineered skin constructs in this study has
allowed us to investigate the impact of dermal-epidermal interactions
during skin ageing through both direct and indirect settings. Direct
coculture experiments utilising FT-HSEs demonstrate that an ageing
dermis decreases epidermal thickness, which correlates with reported
epidermal atrophy with age in vivo (Pennacchi et al., 2015). In this
culture model, fibroblasts are in direct contact with the keratinocytes,
and therefore a clear distinction between the effects of cell-cell
contact, the physical support of the dermis and diffusible factors was
not feasible. To investigate the underlying molecular mechanisms, the
two compartments were spatially separated, through combination of
an EO-HSE and conditioned media from neonatal or ageing fibro-

blasts. This allowed the paracrine effect of fibroblasts on the
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epidermis to be investigated in isolation, and interestingly produced
the same striking reduction of epidermal thickness in the presence of
ageing fibroblast conditioned medium.

Previously, we have demonstrated the morphological changes
that occur within the epidermis in vivo following both intrinsic and
extrinsic ageing. This included a significant reduction in epidermal
thickness (Emax) in ageing samples from a photoprotected area,
accompanied by no significant change in Ki67 expression regardless
of photoexposure or age (Costello, Goncalves, De Los Santos Gomez,
et al., 2023). Our findings described in this study utilising in vitro
methods are consistent with previous in vivo findings, therefore va-
lidating and supporting our conclusions. Changes in basal keratino-
cyte morphology have also been linked to photoexposure in ageing
populations, with photoexposure being the greatest environmental
driver of the visible signs of ageing (Costello, Goncalves, De Los
Santos Gomez, et al., 2023). Interestingly, in this study, we found that
both in direct coculture and in the presence of conditioned medium
from ageing fibroblasts, basal keratinocytes adopted a more cuboidal
rather than distinctive columnar morphology consistent with in vivo
findings (Costello, Goncalves, De Los Santos Gomez, et al., 2023). As
cell shape is inherently linked to gene expression and ultimately cell
function, through the process of mechanotransduction (Allcock
et al., 2023), combined with the important role of basal keratinocytes
in epidermal homeostasis, it is highly likely this observation may
result in functional deficits.

Although outside the scope of this study, previously we have
demonstrated stark differences in rete ridge and dermal papilla
morphology in aged skin biopsies, and postulated this to be one of
the driving factors that contributes to an ageing phenotype in vivo
(Costello, Goncalves, De Los Santos Gomez, et al., 2023). This study
has focussed specifically on biochemical epidermal-dermal crosstalk
driven by paracrine signalling, as one of multiple mechanisms that
contribute to the complex ageing phenotype. However, it is well
established that direct cellular contact and physical interactions
through mechanotransduction and alterations in tissue topograpahy,
that is, rete ridge/dermal papilla morphology significantly impacts
cellular behaviour, which was outside the scope of this study. Inno-
vative strides made in the field of skin equivalent technologies that
incorporate rete ridge structure in vitro, would enable future studies
to probe this relationship in vitro (Admane et al., 2019; Nagarajan
et al., 2023; Shen et al., 2021). The use of HSEs described in this

study as a tool to isolate the intricacies of the multifactorial process
that is skin ageing, is an pioneering step to uncovered the funda-
mental molecular processes involved in epidermal-dermal communi-
cation. However, this study is a foundation upon which complexity
can be increased to expand our knowledge of the underlying bio-
logical pathways involved in skin ageing, in-line with technological
advancements.

The use of the EO-HSE system allowed us to study the impact of
diffusible factors secreted by fibroblasts on an already established
epidermal tissue, akin to in vivo, as the epidermal construct was
allowed 7 days to form before addition of conditioned medium. This
is contrasted by the FT-HSEs that demonstrates the impact of ageing
fibroblasts on epidermal development, and offers a more complex
viewpoint through a more physiologically relevant microenvironment
encompassing basement membrane formation, endogenous ECM
composition and structural/direct interactions between the two
compartments. Overall, both in vitro systems offer insight into the
cellular and molecular processes that underpin dermal-epidermal
crosstalk during ageing and the use of both in tandem, allows us to
elucidate and isolate specific mechanistic activity.

Fibroblasts are known to secrete diffusible factors, capable of
impacting the epidermis, such as KGF and GM-CSF (Maas-Szabowski
et al., 1999; Szabowski et al., 2000) however, the paracrine impact of
dermal ageing on epidermal structure, has not been widely discussed.
Inflammageing and the development of SASP are well documented
phenomena that occur as skin ages (Jarrold et al., 2022; Pilkington
et al., 2021; Yue et al,, 2022). Here, we describe the induction of a
pro-inflammatory phenotype in ageing fibroblast populations,
resulting in the secretion of pro-inflammatory cytokines, and propose
this as a potential mechanism of action.

Secretion of inflammatory cytokines such as TNF-a, a key
mediator in the epidermal response to pathological conditions,
chemical irritation, bacterial infection and UV radiation, was signifi-
cantly increased in the ageing fibroblast population (Juranova
et al., 2017). Other pro-inflammatory mediators found to be
increasingly secreted by ageing fibroblasts such as IL-8 and MCP-1
are often upregulated following UVB exposure and may perhaps be a
consequence of photoageing (Kang et al., 2007). Interestingly, anti-
inflammatory IL-10 was also significantly increased in the ageing
population, expression of which has been closely linked to colla-
genase expression and is associated with ECM breakdown and

FIGURE 4 Ageing fibroblast conditioned medium significantly impacts epidermal morphology in a monoculture epidermal construct,
independent of keratinocyte proliferation. Populations of neonatal or ageing fibroblasts were expanded in 2D culture and samples of their
conditioned medium obtained for analysis or application to tissue constructs. Epidermal-only human skin equivalents (EO-HSEs) containing
neonatal keratinocytes were cultured for 7 days at the air-liquid interface to form a mature epidermis before fibroblast conditioned medium was
added to the constructs for a further 7 days before analysis (a). (a) Representative H&E staining of EO-HSEs cultured in neonatal or fibroblast
conditioned medium (bi, ii). Representative immunofluorescence staining of biomarkers (green): p63 (biii, iv), ki67 (bv, vi) and HMGB1 (bvii, viii).
Nuclei are stained in blue by DAPI. Biometric analysis of epidermal thickness (c) and number of viable epidermal layers (d) reveal significant
differences between the two conditioned media types. Whereas, quantification of percentage positive epidermal cells of ki67, p63 and HMGB1
(e) reveals no significant difference between conditions. Data represent mean values + SEM, n = 9 and a two-tailed, unpaired t-test with Welch's
correction was performed where **p < 0.01, ****p < 0.0001 and p > 0.05 is nonsignificant. Scale bars: bi, ii = 50 um, biii-viii = 25 um.
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FIGURE 5 Ageing fibroblast conditioned medium significantly impacts basal keratinocyte morphology but not differentiation and stratification of
neonatal keratinocytes in a monoculture epidermal construct. Representative immunofluorescence images of epidermal-only HSEs (EO-HSEs) cultured in
medium conditioned by either neonatal or ageing fibroblasts and stained for keratinocyte differentiation related biomarkers: keratin-10 (green) and
keratin-14 (red, ai, i), and loricrin (aiii, iv). Nuclei are stained by DAPI in blue. Quantification of aspects of basal keratinocyte morphology reveal significant
differences, including: area (b), height (c), width (d) and height:width ratio (e). Data represent mean values + SEM, n =9 and a two-tailed, unpaired t-test
with Welch's correction was performed where **p < 0.01, ***p < 0.001, ***p < 0.0001. Scale bars: 25 um.

remodelling, a hallmark of the ageing process (Reitamo et al., 1994). We postulate the link between a changing dermal secretome,
Furthermore IL-13, associated with atopic dermatitis pathogenesis promoting the secretion of pro-inflammatory mediators during the
was also upregulated in an ageing fibroblast population, which has ageing process, is a crucial driver responsible for changes in kerati-
been linked to barrier function impairment (Bieber, 2020). nocyte morphology associated with an ageing phenotype, such as the

95U8017 SUOWILWOD SAIES1D) 3l dde 8y} Ag pauenoB ae S991Le YO ‘8SN J0'S3|NJ 40} A1 8UIUO AS|IA LO (SUONIPUOD-PUE-SWLIS)L0D AB 1M ARRIq 1 )BUIUO//:SANY) SUO NIPUOD PUe SIS | 84} 89S *[202/0T/9T] Uo Ariqiauliuo A8|IM ‘1591 AQ €95 TE dDI/200T 0T/10p/wod A3 |1m Aleuq Ul |uoy/:sdiy wolj pspeoiumod ‘0 ‘2S9t260T



COSTELLO T AL

12 of 15 Journal-of
4LWI LEY MM

(a) 1.01

ot
o
1

[TNFa] /pgmL’

*kkk
0.6+

0.4+

0.2+

0.0 T

Neonatal
deded
(b) 257
— 20+
-
)
&15-
—_— — —
]
G 10+
3
N 5.
0 T
Neonatal Ageing
(d) 8000+
dede ek
~ 6000+
-
£
&
~ 4000+
%
=
= 2000+
0 :ﬁ:
Neonatal Ageing
(f) 1017
dededek
— 8-
z
2 61
~
= 4
=
2-
0 l%l
Neonatal Ageing

Ageing

(¢) 6000~

Fedededk

4000+

2000+

[IL-6] /pgmL’

0 T
Neonatal Ageing

Hededek

[IL-10] /pgmL’’

[ ]

0.0 T
Neonatal Ageing

(g) 3000~

*k

2000+

1000+

[MCP-1] /pgmL’

Neonatal Ageing
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concentration of pro-inflammatory cytokine release was observed from medium conditioned by ageing fibroblasts. Concentrations of cytokines such as:
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**p <0.01, ***p <0.001, ****p < 0.0001.

reduction in height and increase in width observed in this study.
Further studies could apply exogenous cytokines onto EO-HSEs to
confirm if the observations described herein are recapitulated, and
also use of receptor antagonism to recover phenotypic changes

reported in this study. This would corroborate the findings described
in this study and provide further evidence as to the contribution of an
ageing dermis on the overlying epidermal tissue. This would allow us
to achieve both a reductionist and complex approach, to investigate
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the cellular response to single cytokines and in combination to
determine if phenotypic changes are driven by a balance of multiple
cytokines (Wang & Plikus, 2024).

In this study, we describe the application of bioengineered skin
constructs to probe the molecular events that govern communication
between the dermis and epidermis during skin ageing. We demon-
strate specific changes to epidermal morphology, such as epidermal
thinning, appear to be driven by changes in keratinocyte shape rather
than a significant reduction in cell proliferation. Although this study is
limited in the use of 1 donor cell line per age group, it does support
previous findings reported in the literature such as changes in epi-
dermal structure and epidermal thinning, observed in other bioengi-
neered skin equivalent systems (Costello et al., 2022). These changes
are induced by paracrine mechanisms as demonstrated through the
monoculture of EO-HSEs with ageing fibroblast conditioned medium
and is associated with an increase in release of pro-inflammatory
cytokines from ageing fibroblasts, and are particularly stark as the
keratinocytes used to create the EO-HSEs are neonatal in origin. This
demonstrates the ability of conditioned medium from ageing fibro-
blasts to induce morphological changes in neonatal keratinocytes, the
same cell population that was used for both conditions, controlling
for biological variability and age-associated changes independent of
fibroblast condition.

Not only does this study provide insight into the molecular
changes that occur in the dermis during ageing, but also provides a
platform for further investigations. The use of HSE technologies to
investigate and recapitulate aspects of ageing, can be applied to a
range of pursuits including: active screening, fundamental insights,
identification of novel signalling pathways, transcriptomic analysis
and wound healing studies. Furthermore, we have previously dem-
onstrated the incorporation of melanocytes within the FT-HSE
(Goncalves et al., 2023), which would allow for the investigation

into the impact of dermal ageing on skin pigmentation.
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