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Abstract

Background/Objectives: VitroScreenORA® (by VitroScreen srl) Dermo Papilla spheroids,
based on two micro-physiological systems (non-vascularized DP and vascularized VASC-
DP), were used to study the molecular mechanisms behind hair cycle regression. Methods:
Dermal papilla cells (HFDPC) were cultured to develop both models. Hair cycle regression
was induced by exposing DP spheroids to TGF-f31 for 72 h and /or FGF-18 for an additional
24 h. Catagen phase entrance was evaluated by modulating specific genes (FGF7, CCND1,
and WNT5B). The VASC-DP model was obtained by sequentially co-culturing HFDPC and
primary dermal microvascular endothelial cells (HMDEC), mimicking the surrounding
capillary loop. The vascular system’s impact was assessed at 5 and 10 days using IF on
CD31 (micro-vessels) and Fibronectin (FN). Nanostring nCounter® technology was applied
to investigate the transcriptional signature based on the WNT pathway. Extended culture
time up to 11 days simulated natural hair cycle regression, monitored by versican and FN
expression (IF). Minoxidil, Doxorubicin, and Retinol-based products were used to modify
physiological aging over time. Results: Data shows that the vascular system improves
tissue physiology by modulating the associated genes. Extended culture time confirms
progressive DP structure degeneration that is partially recoverable with Retinol-based
treatments. Conclusions: Both models provide a reliable platform to investigate the hair
cycle, paving the way for new testing systems for personalized therapies.
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1. Introduction

The dermo-papillary unit is a complex anatomical structure located at the base of the
hair follicle that plays a pivotal role in hair growth, regeneration, and overall skin health.
Grasping the complexities of the dermal papilla’s structure, function, and metabolism is
crucial for uncovering the mechanisms behind hair disorders and for crafting innovative
therapeutic strategies.

The hair follicle is a complex skin appendage composed of several cell types, but
particularly by two main primary cellular elements: the hair follicle dermal papilla cells
(HFDPCs) and the surrounding epidermal cells (ECs). The dynamic interaction between
these connective and epithelial tissues is crucial for both the development and cyclical
growth of hair [1-4]. The dermal papilla and dermal sheath originate from the dermal
condensate, a group of mesenchymal cells that separates from the surrounding dermis
during the initial stages of hair follicle development [5,6]. As the epidermis begins to
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invaginate, dermal cells at the base of the developing follicle are enveloped by the epidermal
cells, transforming into specialized fibroblasts of the dermal papilla. The interaction
between the dermal papilla and the adjacent epithelium plays a pivotal role in inducing hair
growth. The papilla’s structure stimulates the epithelium to proliferate and differentiate,
resulting in the formation of a hair fiber. Factors such as the size, shape, and interactions of
the dermal papilla with the epidermis and the surrounding environment contribute to its
functionality [7].

In mature hair follicles, the dermal papilla maintains and actively supports hair
growth, while the interplay between mesenchymal and epithelial components drives
hair cycle progression [8]. This cycle consists of three phases: anagen (growth), catagen
(regression), and telogen (quiescence) [1,9,10] (Figure 1). A variety of growth factors and
key cytokines, such as Wingless/Integrated (Wnt), Sonic Hedgehog (Shh), Ectodysplasin
A (EDA), Bone Morphogenetic Protein (BMP), Transforming Growth Factor (TGF), and
Fibroblast Growth Factor (FGF) signaling pathways, are involved in regulating these phases
transitions controlling hair follicle maturation, proliferation, and differentiation with an
impact on growth, color, shape, and size [7,11-17].
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Figure 1. Schematic representation of the hair cycle.

The metabolic profile of the DP is highly dynamic and varies depending on the hair
cycle stage. During the active growth phase of the hair cycle, known as the anagen phase,
HFDPCs exhibit a high metabolic rate, characterized by increased glucose uptake and
oxidative phosphorylation [18]. This metabolic shift provides the energy necessary for cell
proliferation and differentiation. In contrast, in the regression and resting phases, named
as the catagen and telogen phases, respectively, cells undergo a metabolic quiescence that
exhibits a growth arrest [8,19]. During the anagen phase of the hair cycle, when hair growth
is most active, angiogenesis, the formation of new blood vessels, is stimulated to support
the increased metabolic activity of the follicle. This process is essential for maintaining
sustained hair growth [20]. Autoimmune disorders and systemic diseases that attack hair
follicles can also impact the blood vessels surrounding the dermal papilla. Inflammation
and immune cell infiltration can damage these vessels, impairing blood flow and hindering
hair growth. The regression of blood vessels leads to decreased nutrient supply and hair
follicle atrophy, like in androgenic or areata alopecia, contributing to hair thinning and
eventual hair loss [21,22].
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The dysfunction of hair cycling is seen in various hair loss disorders, such as telogen
effluvium, anagen effluvium, and androgenetic alopecia [23].

Blood supply to hair follicles is primarily provided by a network of capillaries origi-
nating from dermal blood vessels. These capillaries are crucial for transporting essential
nutrients and oxygen to the rapidly dividing cells within the hair bulb and follicle, fulfilling
the high metabolic demands of active hair growth. The dermal papilla, situated at the base
of the hair follicle, is richly vascularized, ensuring a steady supply of blood to the follicle.
This dense vascular network enwraps the DP and plays a vital role in delivering essential
growth factors and nutrients to the hair follicle cells [24-28].

A new generation of in vitro models has revolutionized the study of hair physiology,
providing a controlled 3D microenvironment to investigate the molecular and cellular
mechanisms underlying hair growth. In particular, culture systems, including hydro-
gels, organoids, and spheroids, have achieved a greater complexity of tissue model [29]
mimicking real physiological architecture, structure, and cell phenotype [3,30] (Figure 2).
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Figure 2. Schematic representation of the new generation of in vitro tissue models. From cellular
isolation, microphysiological systems are developed according to advances in tissue engineering.

Moreover, these models allow for the reproduction and manipulation of the normal
hair cycle through treatment with different inducers, such as TGF-$1 and FGF18, in the
culture medium, enabling the study of hair follicle dynamics and regeneration in controlled
experimental conditions [9,31].

Transforming Growth Factor Beta 1 (TGF-31) and Fibroblast Growth Factor 18 (FGF-18)
are critical modulators of the hair cycle, particularly in the transition between the anagen
(growth), catagen (regression), and telogen (resting) phases [31-33].

Both factors exert their effects in part by regulating the expression of downstream
genes involved in follicular proliferation, differentiation, and quiescence.

In the context of hair cycle regulation, FGF7, and WNT5B are key genes linked to
epithelial cell proliferation and follicle maintenance. FGF7 (also known as keratinocyte
growth factor) is primarily involved in promoting epithelial cell proliferation and ana-
gen induction [34]. CCND1 (Cyclin D1) is a cell cycle regulator essential for G1/S phase
progression and is often upregulated during active hair follicle proliferation. WNT5B, a
non-canonical Wnt ligand, has been implicated in the regulation of hair follicle morphogen-
esis and cycling, often associated with promoting follicular quiescence and maintaining
telogen [35]. TGF-1 is known to induce catagen and suppress epithelial proliferation by
inhibiting pro-growth signals, which may include the downregulation of CCND1 and FGF?7,
thereby enforcing cell cycle arrest and transitioning follicles out of the anagen phase [12].
Conversely, FGF-18 has been shown to play a role in maintaining the telogen phase and
preventing premature anagen entry. Its action is believed to stabilize quiescent states,
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potentially by modulating WNT5B expression to maintain follicular dormancy, while also
repressing cell cycle activators such as CCND1.

Among the novel 3D tissue systems developed and advances in innovative tissue engi-
neering techniques, spheroids provide a reliable testing platform and a useful model for study-
ing cell—cell and cell-matrix interactions, generating physiological and miniaturized tissue
systems, where the cellular phenotype is preserved, and the ECM is self-produced [1,36-38].

VitroScreenORA® dermal papilla model is a scalable and reproducible 3D scaffold-free
spheroid system developed by VitroScreen srl (Milan, Italy) [39-41], based on dermal
papilla fibroblasts, mimicking both the physiological cycling (growth phase) and the
regressive phase (catagen—telogen). Additionally, a vascularized model was created by co-
culturing Hair Follicle Dermal Papilla Cells (HFDPCs) with primary dermal microvascular
endothelial cells (HDMECs) (Figure 3A,B).
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Figure 3. Graphical representation of dermal papilla spheroid development. (A) dermal papilla (DP)
model generation. (B) Vascularized dermal papilla model generation (Vasc DP).

This study aims to develop and characterize the complex and responsive DP model
able to establish a reliable testing platform that is useful to investigate the physiological
events underlying hair cycle involution, hair stimulation, and hair loss. Firstly, the pos-
sibility of inverting the natural evolution of the DP cycle was evaluated by challenging
the transition of anagen—catagen induced by the exposure to TGF- 31 10 ng/mL for 72 h.
Moreover, additional exposure to FGF18 100 ng/mL for 24 h was performed to induce the
catagen—telogen transition [31,42-45].

Once we defined the biological relevance of the model, a senescent and complex DP
model was obtained, with the addition of vasculature, after long-term culture (11 days).
In particular, the role of vasculature is crucial for supplying nutrients and oxygen to hair
follicles. During intrinsic aging, the efficiency of nutrient delivery and diffusion decreases.
Hair growth during the anagen phase was supported by an increased level of expression of
VEGE. In senescent follicles, VEGF expression and angiogenesis are reduced, contributing
to thinning and hair loss [46,47].

The biological responsiveness of the aging model to be partially restored was evaluated
after treatment with a key molecule, with a known effect on the hair cycle by Minoxidil
50 uM [48-50], Doxorubicin 1 uM [51-53], and Retinol (10 ng/mL).

Minoxidil, a widely used treatment for hair loss, exerts its effects by promoting the
anagen phase and enhancing hair follicle proliferation. It activates the -catenin signaling
pathway in dermal papilla cells, leading to the increased expression of growth factors such
as VEGF, which supports perifollicular vascularization. Additionally, Minoxidil stimulates
cell survival and proliferation within hair follicles. These mechanisms collectively con-
tribute to prolonged anagen duration and improved hair growth outcomes [8,48-50,54-56].
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Doxorubicin, a chemotherapeutic agent, adversely affects the hair cycle by inducing
premature catagen development. Ex vivo studies on human hair follicles have shown that
Doxorubicin treatment leads to rapid apoptosis in hair-matrix keratinocytes, resulting in
the early transition from the anagen (growth) phase to the catagen (regression) phase. This
process involves increased TUNEL-positive apoptotic cells and decreased proliferation
markers like Ki-67 in the hair matrix, culminating in significant hair follicle dystrophy and
alopecia [57].

Retinol, via its active metabolite all-trans retinoic acid (RA), plays a pivotal role in
regulating hair follicle cycling. RA promotes the transition from telogen to anagen by
activating hair follicle stem cells (HFSCs) through the Wnt/ 3-catenin signaling pathway,
thereby enhancing proliferation and hair shaft elongation. In ex vivo organ cultures of
androgenetic alopecia (AGA) hair follicles, treatment with RA significantly increased hair
shaft growth and maintained follicles in the anagen stage, surpassing the effects observed
with Minoxidil. However, elevated concentrations of RA can induce premature catagen by
upregulating TGF-32 expression in dermal papilla cells, leading to apoptosis through the
Smad?2/3 pathway. This biphasic effect underscores the necessity of precise RA dosing to
harness its therapeutic potential in hair growth modulation [58-61].

All the DP models were deeply characterized using quantitative real-time PCR, an
omics approach based on the transcriptomic defined signature, and the immunolabeling of
key biomarkers on 3D whole-mount and paraffin-embedded tissues.

Thanks to their complex spatial organization, both models reproduced a miniaturized
functional DP core, allowing for physiological cell orientation, polarization, and multi-
compartmentalization through intercellular crosstalk. This micro-physiological system
demonstrates an enhanced biological relevance for potential applications compared to ex
vivo human hair follicles [43—45].

2. Materials and Methods
2.1. Cell Sources

Human Hair Follicle Dermal Papilla cells (HFDPCs) from a 51 y.o. female (Tebu-bio,
Le Perray-en-Yvelines, France) were cultured in ready-to-use HFDPC Growth Medium
(Tebu-bio, France), and Neonatal-dermal Human Micro-Vascular Endothelial Cells from a
pool of donors (HMVEC and HMDEC) (Lonza, Italy, Innoprot, Derio, Spain, respectively)
were cultured in EGMTM 2MYV Basal Medium (CC-3156, Lonza, Milan, Italy).

2.2. VitroScreen ORA® 3D Scaffold-Free Spheroid Production and Treatments

At passage 5, HFDPCs were detached in a 0.05% Trypsin/EDTA solution (Lonza, Italy).
Cells were counted and seeded to obtain 3D scaffold-free spheroids, for a total of 10,000 cells
each. Briefly, the method employed for spheroid generation was Hanging Drop Technology,
using specific culture plates (Akura® plate and Akura® V2 plate, In Sphero, Zurich, Switzer-
land) that allow for the development of scaffold-free spheroids using the gravity-mediated
self-assembly strategy, avoiding the use of scaffolds or exogenous support.

For the vascularized model, after 40 h from HFDPC seeding, HMVEC or HDMEC
at passage 6 were detached in a 0.05% Trypsin/EDTA solution (Lonza, Italy) and seeded
in plates containing the spheroids. The amount of vascular endothelial cells was approxi-
mately 2000 cells per spheroid (dermal papilla fibroblasts:endothelial cells in a 4.5:1 ratio).
Standard Dermal Papilla (DP) and vascularized (VASC-DP) spheroids were left on aggrega-
tion plates for a total 4 days, and then they were transferred into culture plates and cultured
in standard conditions (37 °C, 5% CO, and 90% RH) until treatment.
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The forced transition of anagen—catagen in the hair cycle was induced by exposure to
TGF-B1 10 ng/mL for 72 h after complete assembly. Further exposure to FGF18 100 ng/mL
brought the DP spheroids to the quiescent telogen phase.

For the senescence model, treatments with Minoxidil 50 uM, Doxorubicin 1 uM, and
Retinol solution 10 ng/mL in deionized ultrapure water were performed for 11 days to
modify the physiological evolution of the VASC-DP model.

2.3. Quantitative Real-Time PCR

For a first the evaluation of the key anagen genes expression after induction with
TGF-B1 10 ng/mL, DP spheroids were collected in RNaqueous Lysis buffer (Thermofisher,
Waltham, MA, USA) and the total RNA was extracted using a column-based RNaque-
ous kit (Thermofisher, Waltham, MA, USA) and was spectrophotometrically quantified.
RNA quality was evaluated by electrophoresis on agarose gel. cDNA was produced by
retro-transcription with High-Capacity Retrotranscriptase (Thermofisher, Waltham, MA,
USA) and used for gene expression analysis by quantitative PCR in real-time using Tag-
Man Master Mix (Thermofisher, Waltham, MA, USA) and the following Tagman assay
primers and probes: GAPDH Hs_99999905_m1, CCND1 Hs_00277039_m1 and FGF-7 Hs_
00384281_m1 (Thermofisher, Waltham, MA, USA), and WNT5B Hs_01086864_m1 (Ther-
mofisher, Waltham, MA, USA).

Relative Quantification analysis was performed following AACt calculation method
within 35 cycles of reactions (Ct max = 35). The relative quantification (RQ) value was
calculated using negative control as calibrator and the expression of GAPDH as calibrator
gene for data normalization. The internal instrument level of confidence used was 95%.
Signal quantification is performed in comparison with a calibrator series (in this case,
a treated tissue). For data analysis, the relative quantification value (RQ) was accepted
as significant when the gene was “one-fold” up (RQ > 2) or downregulated (RQ < 0.5)
compared to the calibrator sample (RQ = 1).

2.4. Gene Expression Analysis Using the Nanostring nCounter® System

The NanoString platform allows for an omics approach to study specific targeted
genes. The Vantage 3D™ RNA Wnt Pathways Panel CodeSet (VRXC-Wnt1-12, NanoString
Technologies, Seattle, WA, USA) includes probes for 192 genes, 180 of which are related to
Wnt signaling. In total, 12 housekeeping genes were included for expression normalization
and quality assessment.

Biological triplicates of n = 30 pooled spheroids (for each replicate) were collected and
lysed, and a total of 100 ng of isolated RNA was applied as sample input in a hybridization
assay with the WNT Pathway CodeSet. Each hybridized sample was prepared on a
cartridge using nCounter MAX Prep Station, and individual transcripts of the endpoint-
specific biomarker signature were quantified using an nCounter MAX Digital Analyzer
(NanoString Technologies, Seattle, WA, USA).

The output data, relative to the single transcript counted for each analyzed gene, were
verified against the acceptance criteria before proceeding to the bio-statistical analysis.

2.5. Biostatistical Analysis

The gene expression analyses were performed in R (version 4.1.1). The quality of
individual samples was assessed by considering the NanoString quality parameters, includ-
ing binding density, imaging quality, the linearity of positive spike-in probes, the limit of
detection, and the number of acquired counts for the positive spike-in probes. In addition,
the data quality was further evaluated using techniques such as Principal Component
Analysis (PCA) and relative log error plots.
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Sample-specific thresholds for the limit of detection were calculated using the negative
spike-in probes present in the NanoString CodeSet. The threshold was defined as the
probes’ mean expression values plus two standard deviations (1 + 20). Genes that were
consistently expressed below the limit of detection were considered undetectable in the
experiment and were excluded from subsequent analyses. Genes were categorized into
five different categories based on the magnitude of their expression levels across the sam-
ples. The categories were defined as not expressed (below 21 counts), low (21-100 counts),
moderate (100-500 counts), high (500-2000 counts), and very high (above 2000 counts).
The differential expression analysis was performed using edgeR (version 3.34.1) [51-53]
p-values were adjusted for multiple hypothesis testing using the Benjamini & Hochberg
procedure [62] based on false discovery rate (FDR). Genes with FDRs below 0.05 were
considered significantly differentially expressed (and evaluated). Gene ontology (GO)
enrichment analysis was performed using Fisher’s exact test, using the measured genes as
a background list and genes with a p-value from the differential expression analysis below
0.05 as the input (for assessment of overrepresentation), analyzing up- and downregulated
genes separately. Principal Component Analysis (PCA) was performed on standardized
(i.e., centered and scaled, i = 0 and o = 1) expression levels for the expressed genes.

2.6. Whole-Mount Spheroid Immunolabelling

DP and VASC_DP spheroids at different timepoints, according to the different devel-
oped model (D5-D10 and D3-D7-D11), were collected for immunolabelling in 3D whole
mounts. In total, 30 spheroids for each series were collected, washed in PBS 1x, and fixed
in formalin-buffered solution 10% (Merck, Darmstadt, Germany) overnight at 4 °C. After
tissue fixation, samples were prepared for histological clearing before incubation with
the primary antibody. Samples were incubated with CD31 mouse monoclonal primary
antibody (1:500, Abcam, Cambridge, UK, cat. ab9498), fibronectin rabbit polyclonal pri-
mary antibody diluted (1:400, Abcam, cat. ab2413), and versican rabbit polyclonal primary
antibody (1:500, Life Technologies, Milano, Italy, cat. MA542721) overnight at 4 °C. Alexa
488 goat anti-mouse (Life Technologies, 1:600) and 555 donkey anti-rabbit (Life Technolo-
gies, 1:800) were used as secondary antibodies, while nuclei were stained with DAPI
(Merck, Darmstadt, Germany, 1:2500). Stained Vascularized-DP spheroids were cleared
with Visikol Histo®-M and Histodenz® (Merck, Darmstadt, Germany)-RIMS overnight
at 4 °C. The acquisitions were performed using the Leica Thunder DMi8 3D Cell Imager
and Leica SP8 Lightning Confocal Microscope (Leica Microsystems, Wetzlar, Germany).
Z-stacks movies were acquired with a Leica sCMOS Camera (Leica Microsystems, Wetzlar,
Germany) and post-processed using LASX 3.0.1 software (Leica Microsystems, Wetzlar,
Germany). Z-stacks were acquired to observe the whole volumes of 3D spheroids, and
expression signals were optimized using the Thunder Computational Clearing algorithm.
Three more informative frames were extrapolated from the Z-stack movies for each sample.

2.7. Image Post-Processing Analysis for Vessel-like Structures Using Skeletonize (Fiji by Image])

The key points of endothelial polarization and network formation on CD31* cells
were evaluated using specific image analyses conducted using Skeletonize 3D, a dedicated
Fiji plug-in (Image]J-based, version 1.54 g, available at: https://fiji.sc, [63]. The software
allowed us to track the branched pattern, interconnection segments, and triple-points that
indicated a physiological vessel-like formation.

2.8. YH2A.X Histone as a Biomarker of Senescence in Embedded Paraffin Sections

To evaluate senescent positive nuclei for YH2A X, 10 spheroids for each series were
included in paraffin blocks. After collection, before paraffin inclusion, tissues were first
fixed in 10% formalin-buffered solution (Merck, Darmstadt; Germany), pre-embedded in
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3% agarose blocks (Merck, Darmstadt; Germany), in order to collect the tissues together in
the hydrogel matrix, avoiding dispersion inside the paraffin block. Sections of 5 pm were
prepared on tissue slides for conventional histological analysis. Each section (containing n
= 10-12 pooled spheroids) was immuno-labeled for YH2A.X (primary polyclonal rabbit,
1:500, Merck, Darmstadt; Germany, cat. HPA 041189). Alexa Fluor 555 donkey anti-rabbit
(Invitrogen, Waltham, MA, USA) was used a as secondary antibody, diluted 1:400 in
PBS. DAPI (Merck, Darmstadt, Germany) was used for nuclei staining. The images were
acquired using a LEICA DMi8 Thunder imager 3D System (Leica, Wetzlar, Germany).

2.9. Image Post-Processing Analysis for Fibronectin Fiber Orientations Using Fast Fourier
Transformation (Fiji by Image])

The Fast Fourier Transform (FFT) function in Image] (version 1.54g, available at:
https:/ /fiji.sc) enabled the analysis of fiber orientation in biological structures, providing
key insights into their alignment and organization. FFT analysis provided the quantification
of the directional distribution, anisotropy, and preferred orientation of FN fibers. By
converting spatial patterns into frequency domain representations, this method facilitates
the identification of dominant angles and structural regularities.

3. Results

3.1. TGF-B1 and FGF-18 Exposure Accelerates the Transition of the Anagen—Catagen and
Catagen-Telogen Phases in the VitroScreenORA® DP Model

Hair follicles undergo cyclic transitions between anagen (growth), catagen (regression),
and telogen (resting phase), orchestrated by complex molecular signaling. Among the key
regulators, TGF-p1 and FGF-7 play pivotal and distinct roles in driving follicular regression
and quiescence [64,65].

In brief, TGF-31 works as a major catagen-inducing factor, triggering the transition
from anagen to catagen by promoting matrix keratinocyte apoptosis, inhibiting anagen-
stimulating signals (e.g., WNT/B-catenin, FGF7), and altering dermal papilla (DP) function.
Following catagen, FGF-7 becomes a key regulator of the catagen-to-telogen transition,
maintaining the follicle in a quiescent state and delaying premature anagen re-entry. By
suppressing pro-anagen pathways and stabilizing keratinocyte function, FGF-7 reinforces
telogen-phase maintenance, ensuring proper hair cycle regulation [66,67].

Based on these critical considerations, the possible involvement of these key modulators
of hair cycle checkpoints and the molecular signaling behind the transition of the different
phases was investigated. To do this, a first attempt at an involution model was established
by exposing dermal papilla spheroids to two different inducers: TGF-31 and FGF18. Table 1
reports the specific gene signatures after 72 h of stimulation with TGF-£31 (10 ng/mL) and
FGF18 100 ng/mL for an additional 24 h. Gene expression was evaluated using RT qPCR in
biological triplicates for each series of pooled spheroids (n = 20/each replicate).

Table 1. Specific gene signature for the anagen—catagen and catagen—anagen transitions.

GENES TGF-110 ng/mL FGF-18 100 ng/mL
CCND1 0.7011 0.3611
FGF7 0.3411 0.2811
WNT5B 09711 0.6011

1 RQ study for the gene expression signature related to the forced involution model evaluated using RT qPCR.
Negative control was applied as a calibrator (RQ study = 1). Upregulated genes: RQ > 2. Downregulated genes:
RQ<0.5.

Stimulation with TGF-f31 accelerated the transition from the anagen (growth) phase to
the catagen (regression) phase in dermal papilla (DP) spheroids. This transition was marked
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by a significant downregulation of FGF7 expression to 0.341, indicating a reduction in
proliferative signaling and confirming the initiation of the catagen phase. This observation
aligns with in vivo findings, where TGF-31 is known to induce catagen by inhibiting
keratinocyte proliferation and promoting apoptosis.

The subsequent exposure of the TGF-{31-treated spheroids to FGF18 for 24 h further
advanced the hair cycle into a telogen-like (resting) phase. This progression was evidenced
by the significant downregulation of CCND1 (from 0.701 to 0.361) and WNT5B (from 0.971
to 0.601), genes that are associated with cell cycle progression and follicular maturation,
respectively. These findings are consistent with previous studies demonstrating that FGF18
maintains the telogen phase by inducing cell cycle arrest, thereby preventing premature
entry into the anagen phase [31-33,68].

Collectively, these results suggest that sequential treatment with TGF-31 and FGF18
effectively models the transition from anagen to catagen, and, subsequently, to telogen, in
DP spheroids.

3.2. Transcriptomic Profiles of DP Model vs. VASC-DP Model NanoString nCounter® Technology

To deeply investigate the modulation of the specific genic signatures of the DP and
VASC-DP models, cutting-edge omics technology for model characterization was applied in
order to characterize the differential transcriptional profiles, focusing on the WNT pathway
and its role in the hair follicle cycle.

Different levels of biostatistical analysis were applied. As a first approach, the two mod-
els were analyzed to demonstrate the relevance of the selected gene panel. Subsequently,
direct comparisons were performed between conditions based on (i) the presence of vascu-
lature and (ii) culture duration.

An omics tool was applied in biological triplicates for each series of pooled spheroids
(n =30 spheroids /each replicate) to evaluate the modulations of gene expression levels
from the 180 genes analyzed. All modulated genes were separated into five discrete
categories based on their expression levels (from below detection limit to very high).
Although the actual thresholds and count categories are, by nature, arbitrary, this distinction
is informative for the magnitude of counts. The obtained results show a normal distribution
of WNT pathway genes among expression-level categories, indicating the relevance of
the selected pathway for hair follicle model description. Among all investigated genes,
the most expressed are involved in the assembly and organization of the extra-structural
matrix (ECM) (e.g., FN1 and collagens), ECM homeostasis (MMPs and TIMP, proteases),
proliferation (cyclins), and the activation of general transcription factors related to the hair
follicle cycle. Moreover, a small subset of the key regulators of the hair follicle cycle was
defined to assess the main transcriptomic features of the model and their evolution during
the timeframe. This subset included all WNT genes: anagen-related FGF7 and IGFI genes,
proliferation-related genes, and DKKs as anagen inhibitors. Biostatistical methods were
applied to capture the differences in the DP model versus the new VASC-DP model in
terms of transcriptional profile.

A PCA (Principal Component Analysis) was performed to explore the main sources of
variation in the defined dataset related to the differential expression profile analysis. The
plot shows four different areas of sample distributions, where each series is localized in
the specific quarter of the plot. Each series is represented by n = 3 biological replicates
(n =30 pooled spheroids/each replicate) in a specific quarter of plot. The highest variability
(Principal Component 1, 58.8% on the x-axis) between the series is predominantly associated
with the presence of the endothelial network (dark and light blue dots for the DP model
vs. dark and light green dots for the VASC-DP model), indicating the direct activity of
endothelial cells in the modulation of the DP gene’s expression signature. A secondary
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component of variability (Principal Component 2, 14.1% on the y-axis) was due to the
timing of the culture: the two timepoints (D5 vs. D10) allowed for changes in transcriptional
profiles, indicating the progressive evolution of the models during the timeframe of the
culture (Figure 4). This data suggests that the vascular network is the primary driver of
variability, followed by differences related to the culture time.

PCA - Scores

w

Model - day

DP -D10
® DP-D5

VASC DP - D10
® VASCDP-D5

Principal component 2 (14.1%)
& °
o

0
Principal component 1 (58.8%)

Figure 4. Principal Component Analysis (PCA). Normalized expression values for DP and DP-VASC
models at day 5 and day 10 of the culture.

Differential gene expression (DGE) was performed in both models, comparing day
5 versus day 10, and the specific transcriptional signatures are reported as a heat map
(Figure 5).
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Figure 5. Differential gene expression (DGE) analysis heatmap. Data was obtained using normalized
expression values for DP and DP-VASC models at day 5 and day 10 of the culture.
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As reported in the DGE heatmap, different gene expression patterns between the DP
and VASC-DP models were underlined during the dynamic evolution of the culture (day
5 and day 10). Considering a p-value threshold of 0.05, the statistically significant genes
with different expressions were identified and divided into upregulated (red lines) and
downregulated groups (blue lines), with different magnitudes of modulation (dark colored
for high modulation, light colored for low modulation). Gene Ontology (GO) enrichment
was performed on each gene group in order to identify the expression patterns related
to a specific evolution of the transcriptional signature during the timeframe. Among the
GO genes annotated in DP upregulation were found to be several positive regulators of
proliferation, cell surface receptors for signaling, negative regulators of apoptosis, and
genes related to tissue development. On the contrary, the negative regulators of the cellular
process were downregulated, which correlates with DP growth.

By sorting the differentially expressed genes (DEGs), the pathway analysis comparing
the DP versus the VASC-DP models was performed by the application of a Gene Set
Analysis (GSA). This biostatistical analysis allowed us to summarize the effect in terms of
gene expression from a selected dataset. A relative score was assigned to each annotation
term (pathway): positive values indicate a global upregulation of the pathway, while
negative values indicate a downregulation (Direct GSA). Using the global pathways related
to WNT and comparing the DP model versus the VASC-DP model at day 10, the pathways
connected to cell cycle and the specific genes related to hair cycle phases were more relevant
in the DP model, while those related to adhesion and migration were more relevant in the
VASC-DP model, as suggested by the Direct GSA scores shown in Table 2.

Table 2. Gene Set Analysis for DP model gene expression profile compared to VASC-DP models
at D10.

Modulated Pathways N° of DGEs Global * Direct **
Adhesion 6 17.9 —14.2
Cell cycle 13 16.9 5.89
Global relevance in hair follicle 32 12.3 8.46
Hair involution (catagen phase) 11 12.6 7.49
Migration 21 16.6 —7.50
Relevance for hair growth (anagen phase) 19 —9.96 5.79

* Global GSA scores are directly proportional to the magnitude of modulation. ** Direct GSA scores indicate the
sign of the modulation (upregulation for positive values and downregulation for negative values).

The scores reported in the table give information on the magnitude (Global GSA)
and sign (Direct GSA) of the gene’s modulation: for the global scores (Global GSA),
higher values correspond to the greater intensity of the modulation according to a direct
proportionality. Direct scores (Direct GSA) signal the modulation: upregulation for positive
values, downregulation for negative values. All positive direct scores are related to the
activated pathways in the DP model, while the negative scores are related to a non-activated
pathway in the DP model. A relevance in the DP model is observed for the “hair follicle cell
cycle” and both anagen and catagen genes. In the VASC-DP model, the principal activated
pathways are related to “adhesion and migration” as a key process in vessel formation and
branching in the stromal matrix.

To further explore the omics results and associate gene expression changes with the
biological relevance of angiogenesis, we conducted a direct Gene Set Analysis (GSA) using
annotations related to angiogenesis and vasculogenesis (Figure 6).
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Figure 6. Summary of Gene Set Analysis (GSA) relevant for angiogenesis and vasculogenesis. The
blue boxes are related to upregulated pathways in the VASC-DP model, while the red boxes underline
the upregulated pathways in the DP model. The intensity of the blue and red colors is related to the
magnitude of the modulation: dark colors are high modulation, light colors are low modulation.

At both D5 and D10, the pathways involved in vascular remodeling were significantly
upregulated in the presence of an endothelial network (VASC-DP model), confirming the
activation of pro-angiogenic mechanisms. In contrast, in the non-vascularized DP model,
genes associated with endothelial proliferation and migration remained overexpressed,
suggesting a constitutive pro-angiogenic signaling activity within the DP core.

The absence of endothelial cells in the DP model prevents the establishment of negative
feedback regulation, leading to a sustained release of pro-angiogenic cues. Conversely,
in the VASC-DP model, the presence of an endothelial network balances the angiogenic
signals, creating a more physiologically relevant microenvironment. This suggests that
vascularization plays a critical role in modulating DP signaling and homeostasis, which
may be relevant for tissue regeneration and hair follicle cycling.

In particular, the color legend allows us to discriminate the upregulated (red) and
downregulated (blue) genes, while the intensity of the color (light and dark) shows the
magnitude of the up- and downregulation (dark is for an intensive modulation, light color
for a mild modulation).

3.3. Evaluation of Capillary Loop Assembly Followed by CD31 and Sprouting Analysis
Using Skeletonize

To confirm the presence of a functional and effective endothelial network, immuno-
labelling on 3D whole-mount samples for CD31 and Fibronectin (FN) to evaluate the
endothelial structure and ECM architecture was performed after 10 days of culture. A very
thin vessel-like structure was visible following CD31 signaling (in green), and endothelial
filaments were observed in different focal planes in the 3D whole-mount structure, as
shown in Figure 7 (A-C and in zoomed cropped images A’-C’, white arrows).

FN fibers were visible in red in the dermal papilla core as a key structural glycoprotein
at high molecular weights, supporting the dermal papilla microenvironment’s stability.

To better explore the vascular network assembly and the endothelial polarization,
the main key elements of vascularization (branches, junctions, and triple-points), were
followed and quantified on CD31"-Z-stacks using Skeletonize 3D, a Fiji plugin.

The Skeletonize algorithm was applied to the images to evaluate the number of
branches, junctions, and triple-points, as reported in Table 3. The patterned image
(Figure 7D,E) shows the endothelial network’s organization.
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Z-size: 124.8 ym Z-size: 124.8 ym Z-size: 124.8 ym
120 um/124.8 um 122 ym/124.8 ym 124.8 ym/124.8 ym

Optical plane 3

Figure 7. Immunofluorescence for CD31 and FN. Different optical planes are presented (A-C) to
evaluate endothelial polarization and sprouting. Cropped zoomed images underline the early
endothelial network (white arrows) inside the 3D structure of the VASC-DP model (A’-C’). The
endothelial network is labeled using Skeletonize 3D, a Fiji plugin (D,E) at D7. The green pattern
(D) indicates the end-point voxels, the terminal points of the skeleton, as segment ends. The magenta
pattern (E) indicates the junction voxels, being multiple segments of the skeleton that are connected.
Scale bar = 50 um.

Table 3. Characterization of the vascular structure.

N° Branches (in Mean) N° Junctions (in Mean) NF° Triple points (in Mean)
3744 1591 1153

Branches, junctions, and triple-points are related to the grade of the new vessels’ formation and their physiologi-
cal vascularization.

The branched pattern with clear zones and interconnections segments, the peripheral
small segments, and the presence of triple-points suggests a vessel-like network close to
the physiological capillary loop embedding the DP core, with dynamic sprouting events
confirmed using VASC model morphology.

3.4. Physiological Senescence of the VASC-DP Model During the Time of Culture, and the Effect of
Different Treatments on the Aged Dermal Papilla Profile

Once we defined the main features for a more physiological in vitro dermal papilla
compartment, the effect of time on the structure was evaluated to study the natural chrono-
logical aging responsible for hair cycle regression and hair loss (together with the accelera-
tion of the anagen—catagen and catagen—telogen transitions) (Figure 8).

Thanks to its high specificity, CD31 was used as a tracker to follow the endothelial
evolution during the timeframe. As observed in Figure 8A,B, at DO (immediately after the
model assembly), the endothelial network was visible as an external envelope embedding the
dermal papilla’s core. After 7 days (D7), the endothelial network modified its configuration,
reaching the highest polarization and sprouting of the endothelial network (Figure 8C,D).
Histological investigations confirmed a regression of DP organization and vascular structure
after 11 days of culture (Figure 9A), suggesting that a possible physiological aging occurred in
long-term culture, mirroring a senescent DP compartment. The different effects of specific
treatments were tested on the senescent VASC-DP, aiming to observe the possible restoration
of the structure and niche organization followed by IF key biomarkers (Figure 9).
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SKELETONIZE 3D by Fiji SKELETONIZE 3D by Fiji

Figure 8. Immunofluorescence for CD31 to follow the evolution of the endothelial network at DO and
D7. The endothelial network at DO (A) and D7 (C); Skeletonize analysis (B,D).

UNTREATED DAY 11 MINOXIDIL 50 uM DOXORUBICIN 1 uM RETINOL 10 pg/mL

Figure 9. Inmunofluorescence for CD31 on senescent treated VASC-DP spheroids at D11. The effect
of different treatments on the endothelial network at D11 was observed using CD31-IF: exposure to
minoxidil (B), doxorubicin (C), and Retinol (D) compared to untreated senescent spheroids (A). Scale
bar =50 um.

After 11 days of culture, untreated VASC-DP samples showed a progressive and
spontaneous regression, with a loss of defined vascular structure shown with a reduction
in the endothelial cell CD31" (Figure 9A). Long-term exposure to Minoxidil 50 uM led to
a partial restoration of the endothelial network, showing a recovery of the net structure
around the spheroids (Figure 9B). As expected, Doxorubicin severely damaged VASC-
DP tissues, showing a dotted green signal for CD31 (indicating a cellular membrane
impairment) and the loss of tissue architecture. Exposure to Retinol solution led to a slight
preservation of the endothelial polarization, suggesting a possible effect on the progression
of tissue aging that occurred during the time of culture.

To deeply investigate the direct effect of treatments on senescence, YH2A X histone was
evaluated as a specific key biomarker involved in the DNA damage that occurred during
tissue aging (Figure 10). In particular, YH2A.X is an H2A histone variant, synthesized
and then phosphorylated to tag the DSBs (Double Strand Breaks) that need to be repaired.
The presence of YH2A.X* cells confirmed the presence of cellular damage related to the
senescence [69,70].

The physiological senescence of the VASC-DP models was confirmed by the positivity
of cells for YH2A X signals (Figure 10, red signal).

In particular, under certain stress conditions, chromatin can reorganize, altering the
typical y-H2AX distribution; DNA damage loci could appear diffused and not localized in
distinct foci. Moreover, some DNA repair mechanisms may influence the spatial organiza-
tion of y-H2AX [69,70].

In the untreated series, after 11 days, YH2A.X expression was high and globally
diffused in the spheroid’s core. Exposure to Minoxidil (Figure 10B,F) led to a reduction in
red-positive cells, showing a preservation of the DNA damage that occurred during the
senescence. The positive effect of Retinol (Figure 10C,G) in preserving global cell senescence
was visible (if compared to untreated series, cultured for 11 days), but less intense than
Minoxidil activity. On the contrary, as expected, Doxorubicin (Figure 10D,H) caused global
cellular damage, showing a diffused global dotted-red signal, with a loss of DAPI nuclear
signal (in blue), indicating a severe degradation in nuclear structure and a severe genomic
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impairment. The fragmented, linear red signal could suggest a possible association of
gH2A X with the nuclear membrane or a possible recruitment near the nuclear lamina or
nuclear pores [71,72].

UNTREATED D11 MINOXIDIL 50 uM

RETINOL 10 pg/mL
(©)

DOXORUBICIN 1 uM

Figure 10. Immunofluorescence for YH2A.X on paraffin sections of senescent VASC-DP spheroids at
D11. The senescent profile was confirmed after 11 days of culture in untreated series, with positive
red cells and blue nuclei ((A,E) in a greater magnification). YH2A.X profiles of minoxidil (B,F), retinol
(C,G), and doxorubicin (D,H) series are compared to untreated samples. Scale bar = 50 pm.

The structural configuration and the effect on the whole architecture were evaluated
by monitoring FN deposition and its orientation on 3D whole-mount samples.

FN is an extracellular matrix glycoprotein providing a supportive scaffold in the hair
follicle niche, mediating cell adhesion and migration. Indeed, in the dermal papilla stroma,
it works as a bridge between cells and ECM, driving a cell-mediated traction, an increase
in stromal architecture complexity, matrix stiffness, chemical gradient, and biophysical
cues. The topographical patterns given by the ECM structure and organization provided
guidance for FN orientation (Figure 11).
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Figure 11. Immunofluorescence for FN on 3D whole-mount senescent VASC-DP spheroids at D11. FN
red fibers were observed in Minoxidil (B), Retinol (C), and Doxorubicin (D) compared to untreated
unexposed series (A). Fiber orientation and alignment (red dotted box) were evaluated using FFT (Image]J
plugin, version 2.16.0/1.54p) on selected focal planes from each Z-stack (E-H). Scale bar = 50 um.
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Aligned fibronectin fibers provide structural support and guide cell behavior in terms
of cell migration, tissue remodeling, and mechano-sensing [42,73-75]. The specific orien-
tation of fibers was measured by applying the FFT (Fast Fourier Transform) algorithm.
Exposure to Minoxidil and, for a lesser extent, to Retinol solution led to a preferential
alignment of endogenous fibronectin fibers according to a specific and optimal orientation,
confirmed by the lowest degree of dispersion (20.97° and 24.08°, respectively; Figure 11B,C)
even compared to the negative control, where fibers appeared as randomly distributed
(34.50°, Figure 11A). Doxorubicin has determined a fibronectin network disassembly with
a random distribution of fragmented fibers, a low degree of dispersion, similar to untreated
series (32.62°, Figure 11D).

Taken together, these data suggested that Minoxidil and Retinol solution exposure
had a greater impact on FN orientation and microstructural niche organization.

4. Discussion

An innovative senescent hair follicle model was developed as a 3D spheroid combin-
ing a dermal papilla stromal compartment with an endothelial network. This in vitro study
establishes a regression/senescence model to better investigate the signaling mechanisms
and molecular pathways underlying progressive hair regression, which culminate in per-
manent hair loss. Hair cycle regression was mimicked using two different models: a forced
involution model, and a physiological senescent model.

The efficacy of molecules with known roles in hair follicle biology was tested to
confirm the responsiveness of the tissues to specific treatments in counteracting the natural
regression of the hair follicle. The forced involution model was partially simulated by
exposure to critical molecular inducers: TGF-31 as an anagen—catagen transition accelerator,
and FGF-18 as a catagen—telogen transition modulator. Treatment with TGF-f1 led to
reduced dermal papilla proliferation and hair elongation arrest. Additional treatment
with FGF-18 accelerated the subsequent transition to the quiescent telogen phase. The
downregulation of critical anagen genes belonging to the WNT pathway confirmed the
regression profile, suggesting possible responsiveness to anagen stimulators [76,77]. Indeed,
the combined negative modulation of FGF7, WNT5B, and CCND1 confirmed the direct
involvement of these genes in the proliferative steps of the dermal papilla niche [69,78-81].

To establish a more complex dermal papilla model, an endothelial network was added
to the DP core, mimicking the physiological capillary loop [70]. The presence of a defined
microvasculature increased the biological relevance and physiological accuracy of the
in vitro model. Cutting-edge omics technology was applied to evaluate the transcriptional
profile (compared to an avascular transcriptional profile), focusing on the WNT pathway
and its role in the hair follicle cycle.

Advanced biostatistical analysis for data dimensionality reduction [82] showed that
the WNT pathway is differentially modulated in both DP and VASC-DP, underlining the
contribution of endothelial cells and the influence of culture time. A comparison between
differentially expressed genes was performed using DGE analysis followed by enrichment
analysis techniques such as Gene Ontology (GO). GO enrichment analysis is commonly
used for interpreting high-throughput molecular data and generating hypotheses about
the underlying biological mechanisms [83]. This approach allowed for the detection of
pathways within the WNT cascade that were positively or negatively modulated over time,
assessing which signaling pathways were mostly involved in the DP and VASC-DP models.

Morphological analysis of VASC-DP spheroids confirmed the establishment of an
endothelial network of vessel-like components. The application of the Skeletonize tool in
post-processing analysis confirmed that the capillary loop was organized as a protective
envelope that is able to embed and nourish the stromal compartment. Branches with
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several junctions and triple-points suggest a dynamically growing physiological vasculature
assembly, conferring greater biological relevance. The presence of a stromal compartment
provides specific key signaling for endothelial orientation and polarization, leading to
endothelial sprouting and the generation of new vessel-like structures [70,84]. Furthermore,
the presence of an endothelial network increases the complexity of the model and enhances
physiological assessment, as the capillary loop extends DP niche survival and regeneration,
preserving the anagen phase.

A senescent model of vascularized dermal papilla spheroids was established by
extending the culture for 11 days. The aged VASC-DP model mirrored the physiological
intrinsic senescence, showing a compromission of the vascular structure [85,86]. DNA
integrity, and FN structure [87]; the endothelial envelope appeared missing (spot-like signal
for CD31) with the loss of cellular integrity. Positive cells for H2A.X confirmed the presence
of DSBs during the natural aging [88].

Selected treatments were evaluated for their ability to restore the aged profile in terms
of vasculature structure, DNA damage, and structural organization.

Minoxidil is known to be a stimulator of the hair cycle. Strong evidence confirms
its direct effect on promoting hair growth via the stimulation of DP and epithelial cells
through the activation of the WNT-mediated -catenin pathway [49,65,89-91]. Exposure to
Minoxidil (50 uM) for 11 days partially restored the vascular envelope, which was missing
in aged VASC-DP during long-term culture. The activation of DP’s core metabolism
induced by Minoxidil was observed by the reduction in DSB-positive cells, suggesting
the preservation of cellular integrity. A positive effect was also observed in structural and
architectural terms, showing an impact on fibronectin fiber orientation. The alignment
of FN fibers confirmed an increase in ECM complexity, providing physical signals for
cell-traction activity and cell-matrix crosstalk.

In parallel, aged VASC-DP spheroids were further challenged with Doxorubicin (1 uM),
a commonly used chemotherapy drug known to negatively affect hair growth and cause
hair loss [54,55]. As expected, exposure to Doxorubicin led to severe DP regression with
widespread cellular damage and the loss of an organized vascular network, confirming the
model’s responsiveness.

Surprisingly, Retinol (10 ug/mL) seemed to slightly act on chronological cellular
damage by reducing H2A.X-positive cells, suggesting its mild efficacy in counteracting
progressive tissue impairment due to senescence [92]. In addition to this interesting effect,
Retinol also stimulated FN fiber orientation, giving the ECM a specific physiological
topography and ensuring the physiological architecture of the DP niche [93,94].

The development of a micro-physiological dermal papilla (DP) model using hanging
drop technology represents a significant advancement in replicating the complexity of
human hair follicle biology in vitro. Unlike traditional 2D cultures or simplified spheroid
systems, this 3D model successfully mimics the structural organization and functional
behavior of native DP tissue, including its role in regulating the hair growth cycle. In
particular, it captures key physiological transitions—from the anagen and catagen to telogen
phases—either through spontaneous aging or experimentally induced involution, offering
a rare opportunity to study dynamic hair follicle processes under controlled conditions.

A particularly innovative aspect of this model is the incorporation of a vascular-
like endothelial envelope, mirroring the native microenvironment of the hair bulb. The
resulting increase in complexity facilitates more physiologically relevant cell-matrix and
cell—cell interactions, which are crucial for modeling the niche dependent behavior of DP
cells. The model’s responsiveness to pharmacological interventions further supports its
potential as a predictive platform for drug screening. Treatments targeting aging-related
pathways demonstrate not only their protective effects, but also the partial reversal of tissue
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senescence markers, indicating a level of plasticity in the DP microenvironment that could
be exploited therapeutically. These findings are consistent with recent studies highlighting
the rejuvenating potential of targeted growth factors and small molecules in aged dermal
papilla cells [12,68].

Future work should focus on integrating follicular keratinocytes to more accurately re-
produce the hair bulb niche, which could further enhance the model’s physiological fidelity.

Overall, this 3D micro-physiological system represents a promising tool not only for
understanding human hair biology, but also for accelerating the development of novel
therapeutic strategies against alopecia and hair aging.

5. Conclusions

The primary aim of this study was to develop a novel in vitro model of the dermal
papilla (DP) able to recapitulate the main physiological processes involved in hair growth
and regression. Hanging drop technology successfully generated micro-physiological DP
spheroids that incorporated a vascular component, enhancing the biological relevance of the
model. To investigate the mechanisms underlying hair cycle regulation, VitroScreenORA®
implemented two experimental paradigms: a forced involution model and a chronological
aging model. The forced involution model accelerated the transition from the anagen to
catagen phase by exposing the spheroids to specific growth factors (TGF-1 10 ng/mL).
The chronological aging model mimicked the natural progression of hair follicle aging
by culturing the spheroids over an extended period. The results demonstrate that the
in vitro DP model faithfully recapitulates the key aspects of hair follicle biology, including
cell proliferation, differentiation, and apoptosis. The vascularization of the spheroids
significantly impacted the behavior of the DP cells, suggesting the crucial role of the
microenvironment in regulating hair growth. Furthermore, the treatment of senescent
spheroids with specific compounds, such as Minoxidil (50 uM) and Retinol (10 pg/mL),
resulted in the partial restoration of hair follicle structure and function, highlighting the
potential of this model for drug discovery and development.

The VitroScreen® DP models presented in this study provide a valuable tool for
investigating the molecular mechanisms underlying hair growth and regression, confirming
themselves to be a stable and reliable platform for the development of novel therapies for
hair loss and other hair-related disorders.

6. Patents

To develop the VitroScreenORA® VASC-DP model, a sequential co-culture was per-
formed according to the VitroScreen internal procedure described in the international
publication WO/2019/092667 Al (patents.google.com/patent/ W0O2019092667A1/en).
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