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SUMMARY 

Animal models are important tools to better understand different skin processes. These are 

widely used for chemical hazard identification and to study skin-related pathologies. Despite 

the complexity they offer, animal skin is not a perfect model of human skin. This and the 

growing ethical concern about animal experimentation has led to the development of 

alternative methods that are in line with the 3 rules guidelines (reduction, refinement and 

replacement of animals in experiments) within the seventh amendment to the EU Cosmetics 

Directive 76/768/EEC.  

One of these alternatives are human skin explant models. Such models contain the main 

cellular components, a skin barrier function, and a mature stratum corneum, and are therefore 

highly suitable to replace animal testing. However, they rely on a regular supply of fresh 

tumor biopsies of proper size, limiting their use in drug testing assays.  

Another alternative, in vitro bi-dimensional (2D) skin models, have been produced as well, 

but they are restricted by the lack of similarity to the skin in vivo structure, phenotype, and 

behavior. Therefore, three-dimensional (3D) skin substitutes represent a powerful alternative 

to animal testing. Over the last years, many elegant studies have developed 3D models 

composed of human skin cells and extracellular matrix components. Still, most of them are 

limited to one cellular type, neglecting the contribution of other important elements like the 

dermis, the immune component, or interaction between different cell types. Therefore, to 

better understand skin behavior and responses, models that more faithfully mimic the human 

skin are needed.   

In this thesis, we aimed to develop 3D fibrin-based human skin equivalents for applications 

in the fields of toxicology, immunology, and cancer, containing both the dermal and 

epidermal compartments.   

In recent years, various materials and technologies have been studied to create improved skin 

substitutes. Chapter 1 provides an overview of some of the most relevant skin models and 

summarizes the different methodologies used to assess skin toxicity and produce cancer 

models. Mice, rabbits, and guinea pigs are typically used for percutaneous absorption studies, 

tumor development research, and to predict hazardous effects of chemicals and formulations. 

However, differences between human and animal skin in terms of tissue structure, 

permeability, immunity, DNA repair mechanisms, and gene expression, have led to the 

development of human in vitro models. Many of them have been able to recreate some of the 

typical features of both healthy and diseased skin and suggest that complex systems like full-

thickness models are highly valuable tools to perform human skin studies. We therefore 

developed full-thickness fibrin-based 3D skin equivalents adapted for different applications, 

which are discussed in the following chapters.  

In Chapter 2, 3D fibrin-based skin models are constructed and the effects of using 

keratinocytes from different sources are investigated. We examined the morphology, protein 

expression pattern, and transepithelial electrical resistance of skin substitutes produced with 

both explant and feeder layer-derived keratinocytes. Although both approaches are suitable 

for the construction of fibrin-based skin equivalents, we found that feeder layer-derived 

keratinocytes generate skin models with improved histological features and that early 
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passage cells produce a tighter epidermal barrier. Our findings highlighted the importance of 

using highly proliferative and undifferentiated keratinocytes when constructing skin models, 

characteristics that are lost as the cell passage number increases.    

We next validated our model as a platform for chemical hazard identification. In Chapter 3, 

irritation and corrosion tests were carried out with 30 chemical substances following the 431 

and 439 OECD test guidelines. Skin substitutes displayed an overall accuracy of 86% for 

irritation and 94% for corrosion. Our results also indicated that, in response to irritants, the 

induction of one or more cytokines could be chemical- and model-specific, highlighting the 

complexity of this process. For comparison, we also tested the already validated model 

EpiDermTM, which exhibited a lower performance, most likely due to quality loss during 

long shipping times. These findings confirmed the suitability of fibrin-based skin equivalents 

for hazard assessment and underscored the necessity of having a local model for the 

development and commercialization of chemical products.  

In order to develop a platform for the evaluation of skin sensitizers, the construction of a 3D 

fibrin-based immune skin model is described in Chapter 4. Freshly isolated CD14+ cells 

were incorporated into the epidermal compartment of our skin substitute. Using this 

approach, we found that the 3D model microenvironment is able to promote CD14+ cells 

differentiation into dendritic cells, as judged by the immunohistochemical results. Moreover, 

a preliminary sensitization test revealed that they are able to migrate following chemical 

exposure, confirming the usefulness of fibrin-based scaffolds to develop immune skin 

substitutes. We expect that this approach will be used to generate skin equivalents composed 

of different dendritic cells subtypes that can differently respond to sensitizers and irritants, 

improving the existing in vitro sensitization tests.  

Chapter 5 describes a protocol to establish primary basal cell carcinoma (BCC) cultures and 

to further generate 3D fibrin-based primary BCC models. We used different approaches to 

culture primary BCC cells and found that a combination of a feeder layer, explants and the 

addition of rock inhibitor, supported the growth of BCC-derived keratinocytes. We also 

developed different 3D models with BCC-derived cells and tumor explant fragments. The 

explant model showed high similarity to human BCC, as it displayed invasive phenotype, 

high expression of the BCC marker EpCAM, and lateral migration of biopsy-derived 

keratinocytes. Models composed of a mix of healthy and tumor-derived keratinocytes 

exhibited impaired morphology and differentiation pattern as the percentage of tumor-

derived cells increased, typical features of BCC. Together, these data indicated that fibrin-

based skin substitutes have potential to model basal cell carcinoma, recapitulating some of 

the most relevant characteristics of this type of cancer and could therefore become an 

important tool to test new therapeutics that target BCC.  

To further characterize basal cell carcinoma, in Chapter 6 (addendum) we highlight the 

application of the primary BCC culture system to confirm the presence of the chromosomal 

instability (CIN) phenotype (common feature in cancer) in a subset of BCC samples. To this 

end, we cultured, labeled, and time-lapse imaged BCC-derived cells to determine the 

frequency of mitotic abnormalities. We were able to better characterize BCC and, together 

with scWGS and RNA-seq, we found that BCC can be classified into distinct karyotypic 

subclasses associated with specific transcriptome characteristics. This new classification 
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system is a promising tool to improve current tumor diagnosis and prediction of treatment 

responses. 

Finally, in Chapter 7, the results described in this thesis are summarized and discussed.
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RESUMEN 

Los modelos animales son herramientas importantes para el estudio de la biología de la piel 

humana y los mecanismos subyacentes. A pesar de la complejidad que ofrecen y de ser 

ampliamente utilizados para estimar el riesgo potencial de sustancias químicas e investigar 

diferentes patologías cutáneas, no son modelos perfectos de piel humana. Esto y la creciente 

preocupación ética por la experimentación animal ha dado lugar al desarrollo de métodos 

alternativos que estén en línea con el principio de las 3R (reducción, refinamiento y 

reemplazo de animales de laboratorio) dentro de la séptima enmienda a la Directiva de 

Cosméticos de la UE 76/768/EEC. 

Los explantes de piel humana contienen los principales componentes celulares, conservan la 

función barrera de la piel y presentan un estrato córneo maduro, por lo que son altamente 

adecuados como reemplazo de pruebas con animales. Sin embargo, tienen como principal 

desventaja la necesidad de contar con un suministro constante de biopsias frescas de tamaño 

adecuado, lo que limita su uso en pruebas de toxicidad. 

Asimismo, se han producido varios modelos de piel in vitro bidimensionales (2D) que sin 

embargo, están limitados por la falta de similitud con la estructura, fenotipo y función de la 

piel nativa. Por otro lado, los modelos de piel tridimensionales (3D) representan una 

poderosa alternativa contra la experimentación animal. En los últimos años, diferentes 

estudios se han enfocado en el desarrollo de sustitutos 3D compuestos por células de piel 

humana y productos de la matriz extracelular. No obstante, la mayoría sólo incluye un tipo 

celular, pasando por alto la contribución de elementos importantes como la dermis, el 

componente inmunológico o la interacción entre diferentes tipos de células. Por lo tanto, para 

un mejor estudio de la piel y sus respuestas, se necesitan modelos que imiten más fielmente 

la piel humana.  

En esta tesis, nos enfocamos en el desarrollo de modelos dermo-epidérmicos 3D de piel 

humana para aplicaciones en el campo de la toxicología, la inmunología y el cáncer, 

utilizando como soporte un scaffold de fibrina. 

En los últimos años, se han venido estudiando diferentes materiales y técnicas para la 

construcción de sustitutos de la piel. El Capítulo 1 ofrece una descripción general de algunos 

de los modelos cutáneos más relevantes y resume las diferentes metodologías utilizadas para 

evaluar la toxicidad cutánea y construir modelos de cáncer. Los ratones, conejos y conejillos 

de indias son típicamente utilizados en estudios de absorción percutánea, crecimiento 

tumoral y evaluación de efectos tóxicos de productos químicos y formulaciones. Sin 

embargo, las diferencias entre la piel humana y animal en términos de estructura, 

permeabilidad, inmunidad, mecanismos de reparación del ADN y expresión génica, han 

acelerado el desarrollo de modelos de piel in vitro. Muchos de ellos han logrado recrear 

algunas características distintivas de la piel y sugieren que sistemas más complejos, como 

los modelos dermo-epidérmicos, son herramientas valiosas para investigaciones relacionadas 

con la piel humana. Por lo tanto, en este estudio se desarrollaron y adaptaron equivalentes 

dermo-epidérmicos de piel para diferentes aplicaciones, los cuales son descritos en los 

siguientes capítulos. 

En el Capítulo 2 se construyen modelos 3D de piel y se investiga el efecto del uso de 

queratinocitos obtenidos por diferentes métodos de cultivo. Para esto, se analizaron la 



10 

 

morfología, la expresión de proteínas y la resistencia eléctrica transepitelial de los sustitutos 

de piel producidos con queratinocitos cultivados por capa alimentadora y explante. Aunque 

ambos enfoques resultan ser adecuados para la construcción de equivalentes de piel, 

encontramos que los queratinocitos obtenidos por capa alimentadora generan modelos con 

características histológicas superiores y que las células en pases bajos producen una barrera 

epidérmica con uniones estrechas más fuertes. Nuestros hallazgos destacan la importancia 

de utilizar queratinocitos indiferenciados y con alta capacidad proliferativa en la 

construcción de modelos de piel, características que se pierden a medida que aumenta el pase 

del cultivo. 

En el Capítulo 3 se validó el modelo como plataforma para la identificación del potencial 

toxicológico de compuestos químicos. Para esto, se realizaron ensayos de irritación y 

corrosión con 30 sustancias, siguiendo las directrices 431 y 439 de la OECD. Los sustitutos 

de piel mostraron una precisión del 86% en ensayos de irritación y del 94% en ensayos de 

corrosión. Nuestros resultados también indicaron que, como respuesta a la exposición a 

irritantes, la inducción de una o más citoquinas podría depender del tipo de compuesto y del 

modelo, lo que destaca la complejidad del proceso inflamatorio. Con fines comparativos, se 

hicieron ensayos en el modelo validado EpiDermTM, el cual presentó un rendimiento más 

bajo, probablemente asociado a la pérdida de calidad del producto dados los largos tiempos 

de envío. Nuestros hallazgos confirmaron la utilidad de los equivalentes de piel para 

evaluación de sustancias irritantes y corrosivas e hicieron énfasis en la necesidad de contar 

con un modelo local para el desarrollo y comercialización de productos químicos. 

Con el fin de desarrollar un sistema para evaluar sustancias sensibilizantes, en el Capítulo 4 

se describe la construcción de un modelo de piel con componentes inmunes. Para esto, se 

incorporaron células CD14 + en el compartimento epidérmico de nuestro modelo. Usando 

esta metodología, encontramos que el microambiente del modelo 3D promueve la 

diferenciación de células CD14 + en células dendríticas, a juzgar por las tinciones 

inmunohistoquímicas. Además, los resultados preliminares de un ensayo de sensibilización 

revelaron que estas células migraron como respuesta a la exposición química, lo que 

confirma la utilidad de los scaffolds de fibrina en la construcción de sustitutos de piel 

inmunes. Se espera que este enfoque pueda ser utilizado para desarrollar equivalentes de piel 

compuestos por diferentes subtipos de células dendríticas con respuestas diferenciales a 

sensibilizantes e irritantes, contribuyendo así a las pruebas actuales de sensibilización. 

El Capítulo 5 describe un protocolo para establecer cultivos de carcinoma basocelular (BCC) 

y generar los respectivos modelos 3D. Haciendo uso de diferentes técnicas de cultivo celular, 

encontramos que la combinación de una capa alimentadora, explantes de piel y la adición de 

un inhibidor de la via rock, permitió el crecimiento de queratinocitos derivados de muestras 

de BCC. Esto dio lugar a la posterior construcción de diferentes modelos 3D con células de 

BCC y fragmentos de explantes de tumores. El modelo de explante presentó una gran 

similitud con el BCC humano, exhibiendo un fenotipo invasivo, una alta expresión del 

marcador EpCAM y una migración lateral de células provenientes del explante. Por otro 

lado, los modelos compuestos por queratinocitos sanos y derivados de tumores, mostraron 

una alteración en la morfología y diferenciación (características típicas de BCC) a medida 

que aumentaba el porcentaje de células tumorales. Todo lo anterior, indica que los sustitutos 

dermo-epidérmicos de fibrina tienen potencial para modelar el carcinoma de células basales, 

ya que recapitulan algunas de las características más relevantes de este tipo de cáncer y, por 
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lo tanto, podrían convertirse en una herramienta útil para probar nuevas terapias contra el 

BCC. 

En el Capítulo 6, como apéndice, se destaca la aplicación del sistema de cultivo de BCC 

para confirmar la presencia de inestabilidad cromosómica (CIN) (característica común en el 

cáncer) en un subconjunto de muestras de BCC. Con este fin, cultivamos, marcamos y 

utilizamos microscopia de células vivas para determinar la frecuencia de anomalías mitóticas 

en células tumorales. Esto dio lugar a una mejor caracterización del BCC, pues encontramos 

que se puede subclasificar en distintos tipos cariotípicos asociados con características 

específicas del transcriptoma. Este nuevo sistema de clasificación es una herramienta 

prometedora para mejorar el diagnóstico actual del BCC y la predicción de las posibles 

respuestas al tratamiento. 

Finalmente, en el Capítulo 7, se resumen y discuten los resultados obtenidos en esta tesis.
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ABSTRACT 

Animal models are commonly used for toxicity screening, cutaneous permeability tests, and 

to study the biological mechanisms behind skin diseases. However, the differences found 

between the structure of human and animal skin yield results difficult to extrapolate from 

animal studies to a human context (1,2). Moreover, there is an increasing concern about the 

use of animals for research purposes, which has led to a ban on all animal testing for 

cosmetics by the European Union (3,4). This has promoted the development of more reliable, 

efficient, and cost-effective methods (5).  

Skin explants have been used as an alternative, but they require large amounts of fresh skin, 

which hinders their use (6). Human skin equivalents (HSEs) represent a potentially powerful 

alternative to animal testing. Recently, tremendous efforts have been done in the research 

and development of HSEs, which can also be adapted to study different human skin diseases 
(7). Currently, new materials and methodologies are studied in order to improve the quality of 

human skin equivalents. In this review, we provide an overview of some of the most 

important existing skin models with a focus on in vitro substitutes. To facilitate 

understanding, an insight into human skin structure and function is also given.  
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HUMAN SKIN STRUCTURE AND FUNCTION 

Human skin provides a barrier that protects the human body against physical and chemical 

factors to which it is regularly exposed. It also has an essential role in homeostasis, 

temperature regulation, immunity, self-healing, and the cutaneous sense, and provides a 

means to transport drugs and reagents into the skin and body (3,8).  

The two main layers of the skin are the epidermis and the dermis (see Figure 1). The dermis 

supports the skin and is made up of 80% water, elastin fibers and, collagen floating in a 

glycoprotein gel. Fibroblasts (FBs), macrophages, and adipocytes are the three major cell 

types of this layer (3,8,9). The epidermis is composed of different types of cells, of which 

keratinocytes (KCs) represent the majority (90–95%). Other epidermal cells with important 

roles are melanocytes, Langerhans cells (LCs), and Merkel-Ranvier cells (8,10).  

The role of keratinocytes and fibroblasts is discussed below. 

Fibroblasts as a key component of the dermis 

Fibroblasts are the most prevalent cell type in the dermis (Figure 1), with a spindle-shaped 

form and an oval flat nucleus. They are the primary source of proteins and polysaccharides 

that form the extracellular matrix (ECM) (11). Appropriate combinations of these ECM 

products give suitable physical and mechanical characteristics to the skin (12). 

Fibroblasts can also modify the production of extracellular matrix components according to 

signals from other cell types. Without these, keratinocyte differentiation is impaired, resulting 

in only in few layers of well-differentiated epidermal cells (13). Additionally, cross-talk 

between fibroblasts and immune cells normally helps to maintain homeostasis in connective 

tissues (12).    

Interestingly, keratinocytes positively affect fibroblasts proliferation. It is believed that the 

interaction between these cells is due to a double-paracrine mechanism that regulates their 

growth. According to this hypothesis, keratinocytes secrete IL-1, which stimulates the skin 

fibroblasts to secret keratinocyte growth factor and granulocyte-monocyte colony-

stimulating factor, which in turn positively influence the proliferation of the keratinocytes 
(13). 

The role of keratinocytes in the epidermis 

In the epidermis, keratinocytes differentiate to form four layers: the stratum basale, stratum 

spinosum, stratum granulosum, and stratum corneum (Figure 1), and they are constantly 

undergoing a process of proliferation, differentiation, keratinization, and exfoliation (3,8,14).  

The basal layer represents the germinative compartment in which keratinocytes proliferate. 

Following cell division, a daughter cell detaches, migrates, and differentiates, forming the 

stratum spinosum, where cells start producing keratin proteins. Then, in the stratum 

granulosum, further differentiated keratinocytes become flattened while accumulating 

keratohyalin granules. Finally, terminally-differentiated keratinocytes generate the stratum 

corneum, which contains anucleated, non-viable but chemically active cells embedded in 
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extracellular lipids. This layer provides an epidermal barrier that reduces trans-epidermal 

water loss and prevents toxins and pathogens from entering the body (3,8).   

Additionally, keratinocytes play a key role in skin inflammatory and immunological 

reactions. In response to physical or chemical stress, keratinocytes produce and release 

inflammatory mediators such as cytokines and other signaling factors, which rapidly trigger 

cutaneous inflammation (15,16).   

Skin immunity  

The skin immune system relies on a rich network of antigen-presenting dendritic cells (DCs) 

that populate the epidermis and the dermis. Epidermal DCs are known as Langerhans cells 

(Figure 1) and are located in a supra-basal layer of the epidermis. They account for 3–5% of 

all cells in the epidermis and are arranged in a network that occupies the interstices between 

neighboring keratinocytes (17,18).   

Through their extended dendrites, LCs form a continuous cellular network that surveys the 

epidermis for foreign antigens, providing the first immunological barrier to the external 

environment (18). Additionally, they express cytokines, growth factors, and other mediators 

as a response to certain stimuli (19).   

Besides the immunological barrier, skin cells have other mechanisms to cope with toxic 

external agents such as irritants and corrosives. 

 
Figure 1. Schematic of human skin 

CUTANEOUS TOXICITY  

The skin can be damaged by daily exposure to chemicals including pharmaceuticals, 

cosmetics, cleaning agents, industrial, and agricultural products. Exposure can be accidental 
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or intentional and, according to the severity and reversibility of possible effects, skin 

irritation, corrosion, or sensitization will take place (3,20).  

Skin irritation 

Skin irritation is often the result of reversible damage of the epidermis following exposure to 

irritants, leading to local inflammation. In response, skin cells release inflammatory 

mediators (chemokines and cytokines) that increase the diameter and permeability of blood 

vessels and trigger the migration of immune cells to the site of injury, resulting in clearance 

and tissue repair. Inflammatory mediators stimulate nerve endings as well, leading to itching 

and stinging sensations (3,21). Therefore, the presence of erythema, edema, dryness, fissures, 

desquamation, itching, and pain are common symptoms of skin irritation and represent the 

physiological manifestation of a complex chain of biochemical, neural, vascular, and cellular 

responses following irritation (3). 

Mechanisms of action of irritant substances 

Many different chemical substances have the potential to cause skin irritation, and various 

pathways are involved. Chemicals can cause skin irritation by at least two distinct pathways: 

firstly, via damaging the barrier function of the stratum corneum and secondly, through direct 

effects on the epidermal cells (3).  

Some irritants entering the stratum corneum may cause delipidation and protein denaturation. 

During delipidation, the balance of lipids is disturbed, producing alterations in lipid 

composition and organization. Consequently, there is a loss of the barrier function, resulting 

in increased penetration of irritants to living keratinocytes (3).  

The most well-characterized irritation mechanism is the one triggered by surfactants. These 

substances can disrupt lipids in membranes resulting in the release of the pro-inflammatory 

cytokine IL-1α (3). IL-1α represents one of the main components in the inflammatory cascade 

since it can induce the expression of further cytokines, such as tumor necrosis factor-alpha 

(TNF-α) or IL-1β, IL-6, IL-7, IL-8, IL-10, IL-12, IL-15, and other signaling factors which 

rapidly generate cutaneous inflammation (3,22). The cytokines IL-1β and TNF-α can also 

activate a number of effector mechanisms to independently trigger an inflammatory response, 

and thus they are considered primary cytokines (3).   

On the other hand, irritants that do not disrupt membrane continuity, probably do not initiate 

the inflammatory response exclusively by the release of IL-1α. Recently, oxidative stress has 

been related to irritation. At high levels, reactive oxygen species can oxidize nucleic acids, 

proteins, and membrane lipids, resulting in altered gene expression or cytotoxicity (22).  

Another possible irritation mechanism involves the interaction of agents with receptors or 

membrane-bound proteins, which may result in altered signal transduction and membrane 

fluidity, giving rise to irritant responses (22). 
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Skin corrosion  

Corrosive substances irreversibly damage the skin, beyond repair. This results in visible 

necrosis within the affected area, which can only be regenerated from the healthy skin 

surrounding the necrotic tissue. Corrosive reactions include ulcers, bleeding, bloody scabs, 

and, in animal experiments, discoloration due to blanching of the skin, alopecia, and scars 
(21). 

It is thought that the major direct chemical processes leading to chemical corrosion are 

physicochemical in nature rather than the result of induced inflammatory changes, although 

inflammation is commonly a consequence of the skin corrosion process (23). 

Mechanism of action of corrosive substances 

Mechanisms of skin corrosion mainly comprise loss of stratum corneum integrity and barrier 

function, caused by inorganic acids and bases and strong organic acids with an extreme pH. 

Contact with acids will alter the skin pH, destroying proteins’ secondary and tertiary 

structure, leading to the loss of their biologic activity, and producing coagulation of proteins 

and cellular death. In some cases, acids can obstruct cellular metabolism by sequestering 

calcium and magnesium ions, resulting in necrosis (24). On the other hand, alkalis react with 

proteins to form proteinates and with lipids to form soaps, causing tissue necrosis (25).   

Corrosive materials mainly affect the epidermis by acid-base reactions of amide and ester 

hydrolysis. Proteins, which are composed of amide bonds, can be destroyed via amide 

hydrolysis, while lipids can be decomposed by ester hydrolysis (26). On the other hand, 

corrosives like cationic surfactants tend to disrupt cellular membranes, leading to erosion of 

the tissue and subsequent necrosis (27). 

When in contact with water, some chemicals, like titanium chloride, generate an exothermic 

reaction that releases energy through heat. Given the high water content of the skin, these 

substances can cause severe skin burns (24).  

Skin sensitization  

Skin sensitizers are substances able to generate an allergic response following contact with 

the skin, also known as allergic contact dermatitis (ACD) (21).  

Skin sensitization results in skin inflammation and itchiness. It is difficult to distinguish 

between skin irritation and ACD by eye (22). In contrast to skin irritation, ACD produces an 

immunogenic inflammatory reaction, in which the skin becomes increasingly reactive to the 

substance as a result of subsequent exposures (28).   

Mechanism of action of skin sensitization 

The induction of skin sensitization requires activation of both the innate and adaptive immune 

responses, and a variety of cells and molecules have pivotal roles to play in the initiation and 

orchestration of cutaneous immune responses to chemical allergens (28). 
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Haptens are small molecules that require the attachment to a large carrier, for instance, a 

protein, to elicit an immune response. Such compounds are best known as skin sensitizers 
(28,29). The induction phase of ACD involves an initial exposure to the hapten on the skin and 

typically binding the chemical to a protein carrier (30). LCs capture and internalize the 

modified protein, resulting in activation and migration (31,32). Migratory LCs upregulate MHC 

class II and other costimulatory molecules on their cell surface and downregulate that of E-

cadherin, which probably facilitates LC disengagement from keratinocytes. After leaving the 

epidermis, LCs localize in the T-cell area of the skin-draining lymph nodes (18), where they 

present the processed antigen to naive T cells. Interactions between the loaded DCs and T-

lymphocytes stimulate the proliferation of specific effector and memory T-cell clones. This 

process is known as sensitization (30).    

In the elicitation phase, after subsequent exposure to the same sensitizer, the primed T cells 

produce an aggressive immune response resulting in a local inflammatory reaction. During 

this process, re-exposure of the hapten triggers recruitment and activation of T lymphocytes 

in the dermis, which release cytokines and recruit other inflammatory cells. These events lead 

to clinically visible tissue inflammation characterized by edema, erythema, scaling, and 

blistering (30). 

Different experimental methods exist to study skin responses to external stimuli. They are 

widely used to study skin biology and for safety analysis of cosmetics and toxicity screening 

of various potentially harmful agents, as discussed below.  

MODELLING HUMAN SKIN  

There are several model systems that recreate different features of human skin and provide a 

better understanding of skin structure, function, or disease. Here, we present the three major 

areas in skin modelling: in vivo, ex vivo, and in vitro models. 

In vivo models 

Animal models are important tools to better understand different skin processes, providing 

complex systems where several types of cells and tissues are present.   

Porcine skin has been extensively used as a model, due to its high similarity to human skin 

in terms of epidermal thickness, permeability, vascular anatomy, collagen structure, adipose 

tissue, and cellular composition. However, there are important differences regarding the 

mechanics of the tissue and the compositions of free fatty acids, ceramides, eccrine glands, 

and apocrine glands. Moreover, information about porcine skin immunity is still lacking (33–

37).   

Mice, rats, and guinea pigs are mostly used in percutaneous absorption studies thanks to their 

availability, low cost, proper size, and easy handling. Yet, several studies have found that rat 

skin is more permeable than human skin to a wide range of agents (33,34,36).  

Although mice are widely used for skin disease studies, mouse skin is significantly thinner, 

DNA repair mechanisms are different, and oncogene and tumor suppressor gene function 

seem to differ too. There are also differences in terms of innate and adaptive immunity, 
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including the balance of leukocyte subsets, defensins, Toll receptors, cytokines and 

chemokine receptors, Th1/Th2 differentiation, and antigen-presenting function of endothelial 

cells (34).  

Due to the ease of storing, ecological safety, and suitability for experimental animal ethics, 

snake skin is utilized as a membrane for drug diffusion studies (33). Nevertheless, various 

reports describe differential responses to different ethanol concentrations between the snake 

and human skin, perhaps because of differences in water content and the nature of the 

intercellular lipids (36,38). 

To predict the hazardous effects of substances and formulations, rabbits are the main 

component of the Draize test (39). However, rabbit and human skin have different 

physiological properties and thus, different responses to physical and chemical stimuli. In 

fact, the Draize irritation test has been criticized for its over or underprediction of human skin 

irritation. Furthermore, the test is based on a subjective analysis of skin damage, and 

therefore, different laboratories often report different results (3).  

Not many experiments have been performed on humans because of the potential risk of 

lesions, and intoxication of the subjects. However, mild or non-irritating materials have been 

tested after ethically approved protocols. The limited available human data on chemical 

toxicity comes from damage after accidental exposure to severe irritants, or to repeated 

exposure to moderate irritants. Patch tests have also provided important data from high 

numbers of volunteers. However, because of possible sensitization reactions, the European 

Union has strict regulations in this matter (3). 

One of the major weaknesses of animal models is that they yield results difficult to 

extrapolate into a human context, due to the differences between the structure of human and 

animal skin (1,2). Additionally, there are ethical issues regarding the use of laboratory animals 

and the European Union implemented a ban on all animal testing for cosmetics (3,4). 

Ex vivo models 

Ex vivo human skin models, obtained from cadavers or plastic surgery leftovers, have been 

successfully used to test substances on real human skin without the risk of harming the test 

subject. They are relevant and highly suitable models since they contain the main cellular 

components, a skin barrier function, and a mature stratum corneum (40). Human explants have 

been used to study skin processes like barrier repair, wound healing, chemical toxicity, 

chronic inflammatory diseases, DNA vaccination, and fungal infection (41).   

Human explants can conserve the viability and proliferative capacity of human skin for up to 

75 days (42), demonstrating their suitability as an alternative method to animal model testing. 

Xu et al. studied wound healing in a human ex vivo skin culture, showing that it retains 

important elements of in vivo skin with several advantages in wound healing studies. 

Interestingly, epidermal proliferation and differentiation was observed after superficial 

wounds, as well as collagen deposition in the dermis (43).  

The main disadvantage of using ex vivo human skin is that it requires a regular supply of 

fresh biopsies of proper size and skin may not be easy to obtain (1,36,40). Moreover, cellular 
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viability and metabolic activity rapidly decrease after tissue removal, then explants need to 

be promptly used (36).  

In vitro models 

In vitro skin models are skin substitutes that attempt to mimic the epidermis, the dermis, or 

both. To date, two kinds of in vitro skin models are available: bi- (2D) and three-dimensional 

(3D) cultures, and include epidermal, dermal, and full-thickness models.  

A 2D culture is anchorage-dependent, with cells growing attached to a surface. Despite its 

simplicity, cells are restricted by their incapacity to mimic the 3D in vivo structure and 

behavior. Cell stratification and differentiation are poor, they may show hyperproliferative 

growth, and are not the best tool to study cellular responses. In fact, important signaling 

pathways work only when cells are placed in a 3D structure (7).   

In vitro 3D models are bioengineered substitutes composed of human keratinocytes and 

fibroblasts and components of extracellular matrix like collagen. At the air-liquid interface, 

the keratinocytes of these systems differentiate and develop a functional barrier (22,44), with 

proper protein expression, and similar lipid composition (8). 

In general, HSEs are applied in two major fields: as clinical skin grafts, and as models for 

research. Skin grafts rely on dermal substitutes, while pharmacological models use either 

epidermal or full-thickness models for chemical hazard identification (8). Skin substitutes are 

also helpful to study fundamental processes in the skin, such as epidermal development, the 

interaction between different cell types, stem cells maintenance, wound healing, or infection 

with different pathogens (13).   

One great advantage of in vitro models, other than being of human origin, is the possibility 

of controlling the cellular composition. Researchers can integrate or omit cell components in 

order to study its importance in the process under investigation (13). Further, in vitro models 

avoid the need to recruit volunteers, and contribute to the reduction of laboratory animals. 

Some of these models have been already validated in cutaneous toxicology and 

pharmacology (45).  

To date, three different kinds of HSEs are available: epidermal, dermal, and full skin models. 

Epidermal models  

Epidermal models are in vitro cultures that consist of different layers of differentiating human 

keratinocytes. For the production of epidermal substitutes, the epidermis and the dermis of a 

skin biopsy are separated, and keratinocytes are isolated and cultured on special substrates 
(8,13).    

More recently, some of these models have been validated as a platform for chemical and drug 

testing and have become commercially available. Table 1 summarizes some available 

epidermal products. 
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Table 1. Human epidermal equivalents for toxicity screening.  

Product Company Description Reference 

EpiDermTM MatTek 

Neonatal human-derived epidermal KCs 

cultured to form a multi-layered, highly 

differentiated model of the human 

epidermis. 

(46) 

SkinEthic RHE EpiSkin 

Human KCs cultured on an inert 

polycarbonate filter at the air-liquid 

interface. 

(47) 

EpiSkin SkinEthic 

Human KCs cultured on a collagen base 

leading to a differentiated epidermis with a 

functional stratum corneum.  

(48) 

Epidermal Skin 

Test 1000 

(EST1000) 

CellSystems 

Human KCs cultured on a polycarbonate 

membrane, leading to a fully differentiated 

epidermis with a functional stratum 

corneum. 

(49) 

Leiden Human 

Epidermal 

model 

Ponec, Bouwstra, 

and EI-Ghalbzouri 

groups 

Human KCs cultured on an inert acellular 

filter and air-exposed to form a 

differentiated epidermis. 

(50) 

KCs: Keratinocytes 

Epidermal skin substitutes have been further improved by the addition of a dermal layer 

containing fibroblasts (13) since their presence helps keratinocytes deal with potentially toxic 

agents (51). 

Dermal models  

Dermal equivalents are in vitro models of the dermal layer of skin, composed of fibroblasts-

populated scaffolds, like collagen gels or de-epidermized human dermis. Dermal models are 

mainly used as grafts for the treatment of full-thickness burns, as the treatment with 

epidermal grafts alone would result in an inferior performance. In contrast to cultured 

epidermal sheets, engineered dermal constructs can prevent wounds from contracting and 

provide greater mechanical stability. Both dermal and epidermal compartments need to be 

replaced, one after the other, since good dermal vascularization needs to be achieved before 

the application of the epidermal layer (13).   

There is a variety of commercial dermal constructs, both natural as well as synthetic. Some 

of these substitutes are chemically-treated allografts, in which cells secrete extracellular 

matrix proteins and different growth factors and cytokines into the wound until they undergo 

normal apoptosis a few weeks after implantation (13). Table 2 shows some available dermal 

substitutes. 

Table 2. Human dermal equivalents (8). 

Product Company Description 

Transcyte 
Advanced Tissue 

Sciences 

Neonatal human FBs cultured on a polymeric scaffold 

that is then cryopreserved, making it a non-living 

wound covering.  

Dermagraft 
Advanced 

Biohealing 

Human foreskin FBs cultured in a biodegradable 

polyglactin mesh. 
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Alloderm 
LifeCell 

Corporation 

Intact acellular matrices produced from cadaver skin 

by removing the epidermis and the antigenic cellular 

elements in the dermis. 

Integra DRT 
Integra Life 

Sciences Corp 

Skin graft composed of an outer layer of a silicon film 

and an inner layer of crosslinked fibers of bovine 

collagen and shark chondroitin sulfate. 

FBs: Fibroblasts 

Full-thickness skin models  

It is known that monolayer cultures of human cells have low relevance due to the lack of 3D 

structure and interactions between cells and extracellular matrix components. Full-thickness 

skin substitutes can overcome these problems by culturing human skin-derived cells to form 

a 3D tissue, composed of both epidermal and dermal layers. The culture of keratinocytes on 

fibroblasts-populated matrices results in an optimum proliferation and differentiation, 

generating human epidermis-like histology (8,13).   

An advantage of HSEs is the ability to incorporate additional cell types in combination with 

keratinocytes and fibroblasts. The recent addition of melanocytes and Langerhans cells has 

broadened the potential applications of these models. 

Some full-thickness skin equivalents are listed in Table 3. 

Table 3. Full-thickness human skin equivalents for toxicity screening. 

Product Company Description Reference 

EpidermFT MatTek 

Neonatal human-derived FBs and KCs co-

cultured to form a highly differentiated 

model of the human dermis and epidermis. 

(52) 

StrataTest StrataTech 

Full-thickness skin model where a human 

KCs cell line (NIKS) and dermal FBs are 

utilized. 

(53) 

RealSkin SkinEthic/L’Oreal 3D skin model made of KCs and FBs. (8) 

Advanced Skin 

Test 2000 

(AST2000) 

CellSystems 
Dermal equivalent with embedded FBs and a 

differentiated epidermal layer of KCs on top. 
(54) 

TESTSKIN™ Organogenesis 
FBs embedded in a bovine collagen matrix 

and differentiated KCs on top.  
(13) 

Fibrin-based 

organotypic 

cultures 

GITTC group 
FBs embedded in a fibrin-gel with 

differentiated KCs on top. 
(55) 

Pigmented 

human epidermis 

with LCs 

L’Oreal 

Co-culture of KCs, MCs, and CD34+-

derived LCs on top of de-epidermized 

acellular human dermis. 

(56,57) 

MUTZ-3-derived 

LCs in HSEs 

Gibbs’ group and 

Institute of 

Pharmacy (Freie 

Universität Berlin) 

Co-culture of KCs and MUTZ-3-derived 

LCs on top of collagen gels with fibroblasts 
(58,59) 

KCs: Keratinocytes, FBs: Fibroblasts, MCs: Melanocytes, LCs: Langerhans cells 



23 

 

Chemical compounds can have a significant impact on the skin by triggering specific 

toxicity-associated responses and the above-discussed models provide a powerful alternative 

to study such processes. However, there are many other internal and external factors that can 

also influence skin health, leading to skin diseases like cancer, and that also require suitable 

systems that allow proper investigation.  

SKIN CANCER  

Cancer is characterized by the uncontrolled growth of transformed cells. Mutations in the 

DNA of the transformed cells lead to an imbalance between proliferation and cell death, 

resulting in tumor formation. When tumor cells enter the circulation, tumors may arise in 

other organs (metastasis), invading surrounding tissues and taking away nutrients to survive 

and grow (1,60,61).   

Since 1940, there has been a 6-fold increase in the incidence rates of skin cancer worldwide. 

Each year, between 2 and 3 million new cases are reported, representing around 30% of all 

newly diagnosed cancers, and making skin cancer by far the most common malignancy (62,63). 

Age is a major risk factor in dermatological cancers and can be a result of life-long sun 

exposure. Additionally, some chemicals, virus infections, and psychological stress are 

involved in many physiopathological processes and may trigger skin cancer. Also, certain 

genetic features like freckles, moles, red hair, or blue eyes are associated with increased 

susceptibility to this pathology (61,64).  

There are three main types of skin cancer: melanoma, basal cell carcinoma (BCC), and 

squamous cell carcinoma (SCC). Melanoma is responsible for most skin cancer-related 

deaths with survival rates falling to 27% when it metastasizes (65). BCC and SCC belong to 

the non-melanoma skin cancer (NMSC) group and represent the vast majority of skin cancers. 

SCC accounts for most NMSC-related deaths and has a higher rate of metastasis (0.3–3.7%) 

than BCC (less than 0.1%) (61,66–68). However, BCC accounts for about 80% of NMSCs and 

may lead to major deformities and morbidity (67–69), leading to a heavy economic burden on 

patients and healthcare systems (70).  

Pathology of basal cell carcinoma  

BCCs arise from abnormal epidermal basal cells and tend to grow slowly. Unlike melanoma 

and SCCs, it does not present precursor lesions (61).    

Genetic mutations can trigger the development of BCC. Particularly, mutation of the tumor 

suppressor PTCH gene, involved in the Hedgehog (Hh) signaling pathway, has been strongly 

associated with BCC, along with the constant activation of Gli1 and Gli2 transcription 

factors. Alterations in genes like CYP, GST, and p53, have also been linked to BCC (61,68,69).   

Prompt treatment of BCCs is vital because as the tumor grows, it becomes more dangerous 

and can cause disfiguration. Most BCCs are treated surgically, which is more effective for 

small early BCC lesions. Radiation therapy is also used, which, however, may require several 

treatments over a few weeks and some tumor tissue might remain. Therefore, radiotherapy is 

only applied when tumors cannot be removed surgically. Other common treatments include 
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cryosurgery, topical medication including SHH inhibitors, and photodynamic therapy, all of 

which are only effective in superficial BCCs (71,72). Some SHH signaling pathway blockers 

have been approved to treat advanced BCCs. However, clinical trials are indicating that not 

all BCCs respond properly and, in a few cases, death has been reported as a severe side effect 
(73).  

At the cytogenetic level, BCC data is still scarce. Previous studies have found aneuploidy in 

80% (74) and 83% (75) of samples. Particularly, gains, losses and/or translocations of 

chromosomes 1, 4, 5, 7, 9, 14 and X have been reported (76–78). A variety of chromosomal 

abnormalities could be associated with intratumoral heterogeneity and histologic features, as 

shown by Herzberg et al. (74), an therefore, cytogenetic analysis of BCCs can become a 

potential help in prognosis and treatment. 

Representative BCC models are required to have a better understanding of cancer biology 

and the mechanisms that mediate invasion and metastasis, and enable the development of 

new therapeutic agents (1,2). Different model systems are currently used to study distinct 

aspects of BCC, as discussed below.  

MODELLING BASAL CELL CARCINOMA   

Given their greater propensity for invasion and metastasis, models of cutaneous melanoma 

and SCC are the most abundant and diverse (63,79). Still, some BCC models have been 

described in the literature, most of which are mouse models or 2D cultures.  

In vivo models of BCC 

Animal models are a useful tool to increase the understanding of cancer progression and 

metastasis, events that only occur in vivo (1). Mice are the most commonly used animal. They 

are typically exposed to UV radiation, chemicals, or viruses with the aim of producing 

carcinogenesis. Yet, the development of proper BCC mouse models has been difficult, since 

murine UV-induced BCCs do not mimic the human condition very well (69). For example, 

Ptch knockout mice exposed to UV developed BCC-like tumors in 4 months, which, 

however, did not recreate completely the different types of human BCC tumors (80). 

Conversely, promising results have been achieved with epidermal Notch1 knockout mice, 

which presented increased susceptibility to tumor growth and developed BCC-like tumors 

after chemical treatment (81).   

Genetic BCC mouse models have also been developed by activating components of the 

Hedgehog signaling pathway. The first animal model of this kind presented BCC-like tumors 

after 4 days of embryonic skin development (82). These types of tumors also arose after the 

overexpression of mutant SMO (83), and the transcription factors Gli1 and Gli2 (84,85).   

Another approach is based on tumor xenografts. However, there have only been few 

reproducible xenograft implantations of human BCCs in animal models (86), since numerous 

attempts of transplanted human BCC failed to form lesions that closely resembled their 

human counterpart (86). In a recent study, 14 BCC tumors were transplanted into 18 SCID-

beige mice (T, B, and natural killer cells deficient) of which only 3 yielded anaplastic tumors 
(87).   
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When using mice, one should bear in mind that tumor development and progression are 

influenced by the genetic background of the mice. It is known that some mice strains are 

tumor-resistant, while others can be highly susceptible to tumors (88). Moreover, immune 

responses of transgenic mice affect tumor growth and the ability of the viral vector to infect 

the cells (86) 

The lack of predictive models may delay the development of new therapeutic agents, thereby 

there is an urgent need for adequate skin disease models that better mimic the human 

condition. 

Ex vivo models of BCC 

There are a number of BCC explant models showing a high level of similarity to native 

tumors. Models based on decellularized human skin provide a proper microenvironment, but 

inter-donor variability leads to different responses, affecting the reproducibility of these 

assays (2). 

Recently, Hochberg proposed a different way of using BCC biopsies in which skin tumors 

are sliced and maintained in culture medium. In this system, the sample 3D structure is 

conserved, keeping the original cell types and extracellular matrix products, positively 

impacting the results after anti-tumor treatments (86). 

Explants models, however, depend on a continuous provision of tumor biopsies of suitable 

size, which is disadvantageous in drug evaluation studies (1). 

In vitro models of BCC 

In the last years, advances in the tissue engineering field have provided models to study 

diseased human skin and early neoplastic progression (7). These models offer a better 

understanding of the biological properties of tumor cells, cell proliferation, gene activation, 

invasive phenotype, and allow the development of efficient therapies (2,63).  

In vitro models developed for BCC consist mainly of 2D cultures. For instance, Grando et al. 

cultured BCC biopsies fragments and obtained different types of cells: normal fibroblasts, 

keratinocytes, and epithelioid spindle-shaped cells. Trypsin was used to remove 

contaminating fibroblasts, and normal keratinocytes-like cells were eliminated by 

cornification after increasing calcium concentration. The remaining cells belonged to nodular 

BCC, as judged by their biphasic morphology, slow growth, soft agar growing capability, 

ultrastructural similarities to nodular BCC, and the expression of several BCC-related 

markers (89). 

Likewise, Asada et al. cultured explants from BCC biopsies on mitomycin-treated 3T3 feeder 

layers. Spindle-shaped cells grew from most of the BCC explants, with differential 

expression of a number of antibodies when compared to normal keratinocytes. Furthermore, 

unlike healthy keratinocytes, BCC cells were able to form colonies after being cultured in 

soft agar (90). 

As in vivo studies have revealed keratinization impairments in BCC tumor cells, Flaxman 

and Van Scott studied the keratinization of BCC cells grown in vitro. They used biopsy 
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explants from patients having multiple BCCs, which were incubated in growth medium. 

Contrary to the in vivo situation, biopsy-derived cells presented a highly organized 

keratinization process, just as exhibited by the healthy counterpart. They concluded that  BCC 

keratinization deficiency may be a reversible defect and that if cells could keratinize in vivo, 

it could lead to the generation of keratin cysts instead of skin tumors (91).  

Regarding 3D models, a full-thickness equivalent was developed by Mahmudur to 

investigate the role of PTCH1 in BCC biology. The dermis component was produced with 

Matrigel, collagen, and fibroblasts. A keratinocytes cell line (NEB1) with PTCH1 

suppression, was grown on top of the Matrigel layer. However, there was no recapitulation 

of BCC characteristics in the 3D model (61).  

Since Lysyl oxidase (LOX) is associated with antitumor activity and is down-regulated in 

many carcinomas, Bouez et al. investigated its expression in BCC and developed a skin 

equivalent to study its effect on human keratinocytes behavior. Fibroblasts were seeded on a 

chitosan-cross-linked collagen-GAG matrix, and keratinocytes and HaCat cell lines (wild-

type or LOX silenced) were seeded on top of it. They found an invasive phenotype in the 

skin equivalent where the protein LOX was specifically absent (92).  

Table 4 summarizes the characteristics of different in vitro BCC models. 

Table 4. In vitro models for BCC. 

FBs: fibroblasts, KCs: keratinocytes 

Model Strengths  Weaknesses  Reference 

Pure cultures of BCC cells 

obtained by selective 

elimination of FBs and 

normal KCs.   

Pure culture of BCC cells 

that showed several 

similarities to freshly 

excised nodular BCC. 

Bi-dimensional model. (89) 

BCC explants grown on a 

mitomycin-treated 3T3 

feeder layer.  

In vitro culture of BCC 

cells that conserve some in 

vivo features.  

Bi-dimensional model. (90) 

BCC explants cultured in 

growth medium. 

Allows a deeper 

understanding of 

keratinization of BCC 

cells.  

Bi-dimensional model 

showing distinct 

keratinization pattern 

from in vivo BCC cells. 

(91) 

Matrigel, collagen, and a 

FBs dermal layer and KCs 

cell lines on top (PTCH1 

gene suppression). 

Showed that different cell 

lines lead to different 

outcomes.  

Cell line use; no context 

of healthy epidermal 

cells. 

(61) 

FB within a chitosan-cross-

linked collagen-GAG 

matrix and HaCat (LOX 

silenced) seeded on top of 

it. 

Invasive tumor phenotype. 

Cell lines may not show 

the same outcome 

compared to primary 

cells. 

(92) 
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CONCLUSIONS 

Several models have been developed to study normal and diseased skin. Here, we have 

presented the three main types of skin models: in vivo, ex vivo, and in vitro.  

In vivo models are useful tools to understand highly complex skin processes, including 

immune and toxicological responses to external stimuli and tumor progression and spread. 

Animal skin, however, presents structural and genetic differences to human skin, hampering 

the correct prediction in the human context.  

Ex vivo models are highly suitable to study human skin biology, as they contain all the major 

cellular and structural components of human skin. Their main disadvantage is the 

requirement of constant tissue supply and the donor variation they introduce.  

In vitro models are a powerful alternative, as they are of human origin, do not require a 

continuous supply of biopsies, and contribute to the reduction of animal testing. Recent 

efforts have led to the development of different models of healthy and diseased skin, among 

which 3D skin equivalents stand out. They have been shown to recapitulate some of the most 

important characteristics of human skin such as epidermal differentiation, skin barrier 

formation, and interaction between different cell types, allowing epidermal models to be 

validated as platforms for chemical hazard identification. The challenge now is validate skin 

models with an additional dermal layer that can also respond to external stimuli and would 

more closely mimic the in vivo situation.  

Currently, efforts are focused on adapting these models to study skin immunology and 

diseases, most of which are represented by 2D cultures or only involve the use of cell lines. 

Further improvement is therefore required in order to have systems that more faithfully 

mimic the real condition. As for immune models, the use of primary dendritic cells is 

encouraged, as they do not present the genetic or physical modifications of cell lines. In the 

case of skin cancer, it is necessary to culture cells with malignant potential in the context of 

a 3D network of healthy cells. To accomplish this goal, engineered human tissues that display 

the 3D human architecture and cellular composition are essential tools, given their superiority 

for modelling skin behavior.  

THESIS AIM 

The aim of the research described in this thesis was to develop full-thickness fibrin-based 

skin equivalents for applications in the toxicology, immunology, and cancer fields. To this 

end, we first determined the suitability of keratinocytes obtained by two culture systems 

(explants and feeder layers) to produce fibrin-based organotypic cultures. We next validated 

our model for toxicological purposes by evaluating the irritant and corrosive potential of 

different substances, according to the OECD guidelines. To further broaden the possible 

applications of the model, we increased its complexity by modulating the epidermal 

composition in 2 ways: 1) by adding immune cells precursors (CD14+ cells) and 2) by 

incorporating basal cell carcinoma-derived cells. The resulting skin equivalents were 

evaluated morphologically and functionally.  
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ABSTRACT 

Human skin equivalents (HSEs) are in vitro models constructed from primary human cells 

isolated from skin biopsies. The function and morphology of primary cells are particularly 

dependent on the donor and the cell isolation and culture method, which are crucial factors 

for achieving reliable skin tissues.  

In this study, two approaches were used to obtain keratinocytes: explant culture and a feeder 

layer of mouse fibroblasts. Skin samples were taken from three patients and each sample was 

processed by both methods. For the construction of HSEs, explant culture and feeder layer-

derived keratinocytes, in both low and high passages, were seeded on a fibrin gel containing 

fibroblasts. The morphology and expression of epidermal markers were evaluated by 

hematoxylin-eosin staining and immunohistochemistry. The integrity of the epidermal 

barrier was studied by measuring the transepithelial electrical resistance.  

Both methods produced fibrin-based HSEs showing similar morphological characteristics to 

those of native skin and expressing epidermal differentiation markers. Keratinocytes were 

able to differentiate and the integrity of thigh junctions was confirmed. The use of a feeder 

layer allowed a faster growth of keratinocytes, which generated a healthier, thicker, and more 

organized epidermis, improving the outcome obtained with explant culture.  
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INTRODUCTION  

Human skin equivalents (HSEs) are bioengineered skin substitutes composed of primary cells 

(keratinocytes, fibroblasts, and/or stem cells) and/or components of the extracellular matrix. 

In the last decades, tremendous efforts have been made in the research and development of 

HSEs, leading to skin models for the evaluation of pharmaceutical and cosmetic products. 

Those accepted by international bodies like the European Centre for the Validation of 

Alternative Methods (ECVAM) are composed of human keratinocytes seeded on a support 

and cultured in such a way as to form a differentiated epidermis, mimicking the architecture 

of human skin, and allowing the direct application of various chemicals (1,2).   

An essential step for producing HSEs is cell isolation and culture. Today, the most common 

methods for isolating keratinocytes from skin biopsies are based on the use of explant 

fragments and feeder layers. In the former, cells are obtained by cutting the skin into small 

pieces which are placed on a cell culture dish and air-dried until proper attachment is 

achieved. Basal keratinocytes migrate from the skin fragment occupying the culture surface, 

and fibroblasts only grow until some days later. However, one of the main limitations of the 

explant method is that fibroblasts may outgrow the keratinocytes (3). Therefore, they must be 

harvested before they can take over the culture. Additionally, calcium and serum-containing 

media can lead to the rapid differentiation of basal keratinocytes, decreasing their 

proliferative capacity and applicability in subsequent applications.   

The second approach, the gold standard method, is based on Green and Rheinwald’s studies 
(4). Keratinocytes are disaggregated by proteolytic enzymes and cell suspensions are seeded 

on lethally irradiated mouse fibroblasts that promote human keratinocytes growth (5,6). 

Among its many advantages, Green and Rheinwald’s protocol has led to high expansion rates 
(4,7,8), preservation of keratinocyte stemness, and regenerative capacity. There has been no 

evidence of adverse effects on cell growth and development due to the use of mouse cells 
(7,9).  

Previous work in our group showed the feasibility of obtaining fibrin-based skin substitutes 

with explant culture as a source of keratinocytes (10). The question remains as to whether such 

models can benefit from the advantages associated with Green and Rheinwald’s method. We, 

therefore, investigated whether keratinocytes obtained by using a fibroblasts feeder layer are 

as suitable as explants to produce fibrin-based skin models.  

MATERIALS AND METHODS 

Skin cells isolation and culture 

After informed consent, skin samples were obtained from blepharoplasties leftovers 

performed at the IPS Universitaria of the University of Antioquia, Colombia. The samples 

were taken from 3 patients, 2 men and 1 woman, aged from 46 to 53 years.  

Each sample was divided into 2 equal pieces and explant culture and fibroblasts feeder layer 

were used as culture methods. For the former, the protocol described by Morales et al. (10) 

was followed. Briefly, skin biopsies were mechanically fragmented and placed on T25 
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culture flasks (Falcon™) with no media to allow attachment. Then, DMEM supplemented 

with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (all from 

Lonza) was added. Both keratinocytes and fibroblasts were obtained. To keep fibroblasts 

from taking over the entire culture, fragments of epidermis were carefully cut and placed on 

the flask surface.  

For the second approach, described by Rheinwald and Green (4), we used mitomycin C-

treated murine fibroblasts (3T3/J2) as a feeder layer for keratinocytes. Skin samples were 

mechanically fragmented and incubated (37°C, 5% CO2) in 0.25% Trypsin/EDTA (Sigma-

Aldrich) under stirring. Then, a cell strainer (70 μm) was used, and disaggregated cells were 

cultured in T25 flasks containing mitomycin C-treated 3T3/J2 cells and QN medium. QN 

consisted of DMEM:HAM F12 (3:1) (Lonza/Sigma) supplemented with 10% (v/v) FBS, 1% 

penicillin/streptomycin (Lonza), 1% L-glutamine (Lonza), 8 ng/mL cholera toxin (Life 

Technologies), 24 μg/mL adenine, 5 μg/mL insulin, 0.4 μg/ mL hydrocortisone and 1.3 

ng/mL triiodothyronine (all from Sigma).The medium was changed every 2–3 days. 10 

ng/mL Epidermal Growth Factor (Austral Biologicals) was added to QN medium, now called 

QC, on the 3rd day. 

Fibroblasts were also obtained by seeding cell suspensions in T25 flasks containing DMEM 

supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-

streptomycin.  

To investigate the effect of cell passage number, propagation of cells obtained by both 

methods was performed on mitomycin C-treated 3T3 fibroblasts. Therefore, for each sample, 

4 culture conditions were used: 1) Low passage (P1) cells obtained by explant culture, 2) 

High passage (P>1) cells obtained by explant culture, 3) P1 cells obtained by feeder layer, 

and 4) P>1 cells obtained by feeder layer. 

Human skin equivalents construction   

For the construction of the dermal equivalent, Morales’ protocol was followed (10). Briefly, a 

mix of human plasma, 0.9% NaCl (Corpaul), Tranexamic Acid (Ropsohn), and a fibroblast 

solution (0.7×104 cells/mL) was prepared. To promote fibrin polymerization, 1% CaCl2 

(Sigma) was added and the solution was gently mixed, poured into a 12-well plate Corning 

3460 Transwell, and incubated (37 °C, 5% CO2) for 15 min. 

Once the dermal gel was formed, 3x104 keratinocytes were seeded on top, and the HSE was 

kept in QN medium for 3 days and then QC was added. After 7 days, the culture was exposed 

to the air-liquid interface for 14 days more to stimulate keratinocytes differentiation.  

For every culture condition, at least 3 HSEs were produced.  

Histology and immunohistochemistry  

On the 21st day, HSEs were fixed in 10% paraformaldehyde. After fixation, tissues were 

dehydrated and embedded in paraffin. Five micrometers sections were cut and stained with 

hematoxylin-eosin (H&E). The slides were examined under the microscope. 
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For immunostaining, 4 μm sections were washed and rehydrated with ethanol/xylene. 

Primary antibody was incubated for 1 h at room temperature and, after 2 washes with TBST, 

horseradish peroxidase was used for the subsequent color-based reaction. The antibodies used 

for epidermal characterization were: mouse monoclonal anti-Cytokeratin 14, mouse 

monoclonal anti-Loricrin, and mouse monoclonal anti-Integrin (all from Abcam).  

Transepithelial electrical resistance (TEER) measurement 

TEER measurement was used to evaluate the integrity of tight junctions as an indicator of 

the tightness of the epidermal barrier (11). On the 21st day, culture media was removed and 

800 µL of PBS was added into both apical and basolateral sides. For measurements, a 

Millicell-ERS2 volt-ohm meter (Millipore, Bedford, MA, USA) was used. A pair of 

electrodes were immersed into the insert and the outer well.  

To assess the impedance, a squared wave current was applied. Results from at least three 

different measurements for each tissue replicate were recorded. The mean values are 

expressed in ohms per unit of surface area.  
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RESULTS 

Co-culture with 3T3 cells yields higher amounts of keratinocytes 

After an average of 14 days following biopsy processing, cells from all samples were 

harvested by trypsinization. The average keratinocytes density of the three biopsies is 

reported in Figure 1. The feeder layer approach yielded significantly higher amounts of 

keratinocytes when compared with the explant culture method.  
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Figure 1. Cell density obtained after the first harvest. Data represent the mean ± SEM of 3 samples. 

For statistical analysis, a two-tailed t-test was applied. *p≤0.05 

Feeder layer-derived HSEs show higher histological resemblance to native skin  

After 21 days of culture, histological and immunohistochemical characteristics of the HSEs 

were evaluated.  

H&E staining of tissues composed of cells of 3 different samples, processed by 2 different 

methods, and in both low and high passages are presented in Figure 2. A separation between 

dermis and epidermis can be seen in all cases. Feeder layer-derived HSEs (Figure 2a and b) 

displayed a healthy, thick epidermis with columnar basal cells. The formation of the 4 

different epidermal layers can be appreciated as well: basal layer (black head arrow), spinous 

layer (blue head arrow), granular layer (red head arrow), and horny layer (green head arrow). 

Moreover, necrosis is low and a healthy fibroblasts populated dermis is present.  

Even though explant-derived HSEs showed a thick epidermis, keratinocytes seem to be 

unorganized and the four layers are not easily distinguishable (Figures 2d-f). Sample 3 

derived-HSEs showed impairment in the differentiation process, regardless of the cell culture 

method (Figure 2c, f).   
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On the other hand, high passage keratinocytes (P>1) formed a tissue where the epidermis is 

not as continuous and thick as expected, and the formation of the four epidermal 

differentiation stages is not always present (Figures 2g-l). In some cases, there is no evidence 

of stratum corneum formation (Figures 2g, h, j, k), and basal cells were already flattened or 

irregular (Figures 2i-l).  A certain degree of parakeratosis is present in sample 3 HSEs (yellow 

head arrows).   

Together, these results indicate that cells grown on a murine 3T3 feeder layer are able to 

produce skin models with more morphological similarities to native skin, especially in early 

passages.  

Sample 1 Sample 2 Sample 3 

 

Figure 2. Histological characteristics of HSEs determined by H&E staining. a), b) and c) Low 

passage feeder layer-derived HSEs of samples 1, 2, and 3; d), e) and f) Low passage explant culture-

derived HSEs of samples 1, 2, and 3; g), h) and i) High passage feeder layer-derived HSEs of samples 

1, 2 and 3; j), k) and l) High passage explant culture-derived HSEs of patients 1, 2 and 3. 80X.   

Feeder layer-derived keratinocytes produce HSEs with more epidermal cell layers 

Next, we evaluated epidermal thickness by assessing the number of cell layers in the models 

(Figure 3). To this end, the number of cell layers in the epidermis of different H&E images 

sections were counted. Significant differences were found between HSEs with low and high 
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passages keratinocytes, regardless of the cell culture method, as well as between different 

methods. Low passage keratinocytes of both explant culture and feeder layer, gave rise to 

tissues with a higher number of cell layers, doubling the high passage counterpart. Explant 

culture cells, of both low and high passages, provided significantly fewer layers when 

compared to feeder layer-derived cells.  

Feeder layer HSEs showed to be the approach that generated the overall greatest epidermal 

thickness and, importantly, the passage number significantly compromised the number of 

epidermal layers. 
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Figure 3. Number of epidermal cell layers in HSEs composed of cells obtained by explant culture or 

feeder layer. Data represent the mean ± SEM of at least 7 image sections per culture condition. For 

statistical analysis, a two-tailed t-test was applied. *p≤0.05, **p≤0.01, ****p≤0.0001 

Expression of epidermal markers is no affected by keratinocytes source  

Figure 4 shows the immunohistochemistry staining of three epidermal markers expressed by 

HSEs. 

Cytokeratin 14 (K14) is one of the major structural proteins of stratifying epithelia and is 

synthesized by the basal proliferative layer (12). The HSEs showed a strong K14 expression 

(Figure 4a, d, g, and j), comparable to that of human skin (Figure 4m).  

Integrin plays an important role as one of the components of hemidesmosomes and serves as 

an anchoring site between dermis and epidermis (13). Although to a lesser extent than native 

skin (Figure 4n), integrin staining was stronger in the basal layer of the HSEs (Figure 4b, e, 

h, and k).  

In order to evaluate the formation of the stratum corneum, loricrin expression was examined. 

Loricrin is a terminally differentiating structural protein comprising more than 70% of the 

cornified envelope. Even though its presence is faint, it was found, predominantly, in the 

horny layer of both feeder layer and explant culture HSEs (Figure 4c, f, i, and l). Its presence 

in HSEs in which incomplete differentiation was found, as judged by histology results (Figure 

2), is indicative of premature differentiation (Figure 4f and l).  
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These results indicate that the expression pattern of cytokeratin 14, integrin, and loricrin is 

not affected by keratinocytes culture method nor passage.  

Cytokeratin 14 Integrin Loricrin 

 
Figure 4. Expression pattern of epidermal markers HSEs. Cytokeratin 14 expression of a) Low 

passage feeder layer HSEs, d) High passage feeder layer HSEs, g) Low passage explant culture 

HSEs, j) High passage explant culture HSEs, and m) native skin. Integrin expression of b) Low 

passage feeder layer HSEs, e) High passage feeder layer HSEs, h) Low passage explant culture 

HSEs, k) High passage explant culture HSEs, and n) native skin. Loricrin expression of c) Low 

passage feeder layer HSEs, f) High passage feeder layer HSEs, i) Low passage explant culture HSEs, 

l) High passage explant culture HSEs, and o) native skin. Images are representative of all the 

samples. 80X.  
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Transepithelial Electrical Resistance is affected by cell passage 

As transepithelial electrical resistance (TEER) values are indicative of tight junction strength, 

the integrity of the barrier function of HSEs was evaluated by measuring the TEER in all 

tissues after 21 days of culture (Figure 5). There were no differences in TEER between cell 

culture approaches, but significant differences were found between HSEs composed of P1 

and P>1 keratinocytes. Low passage keratinocytes of both explant culture and feeder layer, 

gave rise to tissues with tighter epidermal barriers when compared to the high passage 

counterpart. These data suggest that high passage keratinocytes may show synthesis and/or 

functional defects of tight junction proteins when producing HSEs. 
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Figure 5. TEER of HSEs composed of cells obtained by explant culture or feeder layer. Data represent 

the mean ± SEM of at least 3 tissues per culture condition. For statistical analysis, a two-tailed t-test 

was applied. n.s: non-significant; *p≤0.05; ** p≤0.01. 
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DISCUSSION 

In this study, we investigated the feasibility of feeder layer-derived keratinocytes to generate 

fibrin-based skin models, using explant culture cells for comparison. We found that feeder 

layer-derived cells produced HSEs with similar morphological and immunohistochemical 

characteristics to native skin. Moreover, they displayed improved histological features when 

compared to explant culture-derived models.  

Our results showed that keratinocytes yield after co-culture with murine fibroblasts was 

significantly higher than that of the explant method. It is known that feeder layers release 

extracellular matrix proteins and growth factors that promote keratinocytes growth (5,6). 

Moreover, they can detoxify the culture medium, act as a substrate for the attachment of cells, 

contribute to the suppression of keratinocyte differentiation, and extend keratinocytes’ life 

span (7,9). Therefore, the 3T3 feeder layer allows keratinocytes to conserve the proliferative 

and undifferentiated state, increasing the final yield.  

For explants, the final yield depends on 1) the number and dimension of the skin fragments, 

2) the presence of a proliferative promoting agent, and 3) the presence of calcium in culture 

media. Thus, the number of cells is dictated by the size of the biopsy and the media that 

indirectly promotes the rapid differentiation of cells. A number of studies have highlighted 

the importance of using low calcium concentration during the first days of culture since this 

ion reduces the proliferation rate and promotes sequential differentiation (15–18). In this work, 

low calcium concentration was not used, which likely contributed to the lower number of 

keratinocytes obtained by this method.  

Orazizadeh et al. (3) compared the enzymatic and explant methods for monolayer cultures of 

keratinocytes. In contrast to our results, they found no attachment of skin cells to either feeder 

layer or type I collagen scaffold. Perhaps, seeding cell density was not high enough or trypsin 

treatment was harsh. However, the authors found that explant keratinocytes could grow for 

multiple passages and expressed pan-cytokeratin when plated on a collagen scaffold surface, 

which confirms the importance of having extracellular matrix support for the long-term 

growth of keratinocytes.   

Concerning 3D models, histology results showed that P1 feeder layer-derived keratinocytes 

were able to generate tissues that more closely resembled human skin structure. In native 

skin, each layer of the epidermis is characterized by a unique morphology and function of 

cells that lose their columnar shape as they differentiate. Such transition was more evident in 

P1 feeder layer-derived HSEs, which, accordingly, presented columnar-shaped cells in the 

basal layer, and anucleated cells in the corneum stratum, in addition to greater epidermal 

thickness. In opposition, HSEs composed of explant culture cells presented a less organized 

differentiation process.  

As keratinocytes express specific proteins and cytokeratins along their differentiation path, 

we examined the presence of cytokeratin 14, integrin, and loricrin in HSEs. There were no 

considerable differences in the expression of differentiation markers between HSEs, 

irrespective of the culture method and passage number. All HSEs were positive to cytokeratin 

14, integrin, and loricrin, indicative of a stratification process. The slighter strong staining of 
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integrin in P1 feeder layer-derived skin models can be explained by the higher amount of 

columnar-shaped basal cells, which results in a more developed basement membrane. 

Importantly, P>1 HSEs expressed loricrin despite presenting incomplete stratification, 

suggesting disturbances in the differentiation process. In effect, models lacking stratum 

corneum presented flattened basal cells in the first layers of the epidermis. 

HSEs composed of P1 cells showed significantly higher levels of TEER when compared to 

high passage models, indicating that the integrity of the barrier function was improved and 

suggesting that cells health plays an important role in HSEs development. In fact, the lowest 

resistance values correspond to HSEs with the thinner and unstratified epidermis, as judged 

by H&E results. Considering that culture time and calcium presence contribute to 

keratinocytes differentiation (15–18), it is expected that early passage cultures contain a greater 

number of cells with high proliferative capacity that can lead to the formation of stronger 

tight junctions, more cell layers, and a continuous basal layer.   

Our finding that low passage feeder layer-derived cells are associated with improved fibrin-

based skin models, indicates the importance of cell fitness when HSEs are constructed. 

Keratinocytes seeded on a dermal support should initially proliferate and cover the surface, 

thanks to the cells in a basal and undifferentiated state. Differentiation is later induced by 

exposure to the air-liquid interface and by the confluence itself. Consequently, seeding 

differentiated and low proliferative keratinocytes (i.e high passage cells) will hinder the 

epithelialization of the dermal surface, leading to impairments in the stratification process. 

As we did not study the effect of low calcium, we cannot discount the possibility that healthy 

cells in higher passages can be obtained with other nutritionally optimized media.  

In summary, this work shows that feeder layer-derived keratinocytes are suitable to generate 

fibrin-based HSEs. When compared to explant culture HSEs, histological features were 

improved. Of note, a tighter epidermal barrier was achieved when early passage keratinocytes 

were used. These results highlight the necessity of using undifferentiated and highly 

proliferative epidermal cells when skin models are constructed. 
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CHAPTER 3 

Dermo-epidermal organotypic cultures for the in vitro evaluation of skin irritation 

and corrosion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C. Gaviria a,b, N.Y. Becerra a, J.D. Vergara a, L.A. Correa a,c,d, S. Estrada a, L.M. Restrepo a,e 

aTissue Engineering and cell therapy research Group, School of Medicine, University of Antioquia, Colombia 
bEuropean Research Institute for the Biology of Ageing, University Medical Center Groningen, The Netherlands 

cDermatology Department, School of Medicine, University of Antioquia, Colombia 
dLaboratorio Clínico VID, Congregación Mariana, Colombia 

eMedical Research Institute, School of Medicine, University of Antioquia, Colombia 

This chapter is based on: Toxicology in vitro. 2020; 63; 104657 



51 

 

ABSTRACT 

In recent years different in vitro skin models for chemical hazard identification have been 

developed. Most of them consist only of human keratinocytes, neglecting the contribution of 

other skin constituents. Cultures containing the dermal and epidermal components provide 

an attractive system to investigate, in a more realistic model, toxicological responses, which 

represents a distinct advantage over keratinocytes-based models that do not faithfully mimic 

the in vivo environment.   

This study aimed to validate dermo-epidermal organotypic cultures (ORGs) as a platform to 

perform irritation and corrosion tests. Skin models were constructed by seeding keratinocytes 

on fibroblast-containing fibrin gels. Following the 431 and 439 OECD tests guidelines, the 

irritant and corrosive potential of 30 substances were determined by means of viability 

measurements (MTT assay). Cytokine release was used as a second endpoint for the 

evaluation of irritants. For comparison, the commercially available EpiDermTM model was 

also tested. 

Skin models displayed similar histological characteristics to native skin and were able to 

classify different substances with high accuracy, showing their applicability to skin irritation 

and corrosion tests. Cytokines release showed to be a complex process, as judged by the 

distinct upregulation between chemicals and models. Further studies are required to confirm 

how cytokine release is linked to irritation potential. 
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INTRODUCTION 

The skin can be damaged after topical exposure to several chemicals, leading to irritation and 

corrosion. Irritation is characterized by reversible damage of the tissue, resulting in a local 

inflammatory reaction that is manifested through the release of cytokines, erythema, and 

edema. Corrosion irreversibly damages the epidermis and the dermis, beyond repair, causing 

ulcers and bleeding. Consequently, the assessment of potential human health risks posed by 

chemical substances is required by many regulatory bodies such as the OECD (Organization 

for Economic Co-operation and Development) before commercialization (1,2). 

Nowadays, studies for chemical hazard identification are mainly based on animal 

experiments. One of the most popular methods is the Draize test, which attempts to predict 

the possible irritation or corrosion by applying chemicals on the skin and connective tissue 

of rabbits (3,4). Nevertheless, ethical issues raised by animal research have led to the 

development of in vivo systems to evaluate skin toxicological responses. Most of them consist 

of human keratinocytes deposited on special supports and cultured in such a way as to form 

a stratified epidermis, mimicking the architecture of human skin, and allowing the direct 

application of various chemicals (2,5).    

Among commercially available human skin models, EpiDerm, EpiSkin, and SkinEthic RHE 
(3,5). However, they are only composed of keratinocytes, ignoring the effect of other skin 

constituents that can respond to toxic stimuli and express secondary inflammatory 

biomarkers. Cultures containing the dermal and epidermal components could provide an 

attractive in vivo system to investigate, in a more realistic model, toxicological skin 

responses. This represents a distinct advantage over keratinocytes-based models, which do 

not mimic faithfully the in vivo environment (6). To date, there are not commercially available, 

validated dermo-epidermal models used for evaluating the effects of chemical substances.  

By developing a fibrin-based dermal-epidermal organotypic culture (ORG), preliminary 

results from previous work in our group showed a system with the potential to classify 

chemical substances (7). The aim of this study was to validate the performance of our in-house 

model as a system for chemical hazard identification, by performing irritation and corrosion 

tests with 30 different chemical substances (19 of which are contained in the most recent 

OECD test guidelines –TG-), along with cytokine release quantification. For comparison, the 

validated commercial model EpiDermTM was tested as well.       

MATERIALS AND METHODS 

EpiDermTM model 

Given that the full-thickness model EpiDermFT is not yet validated by OECD for irritation 

and corrosion tests, here, we use the widely known and validated epidermal model 

EpiDermTM, which is a highly differentiated tissue consisting of normal, human-derived 

epidermal keratinocytes cultured on specially prepared tissue culture inserts.  

EpiDermTM tissues (EPI-200-SIT and EPI-200-SCT) were obtained from MatTek 

Corporation. DMEM based media for maintaining cultures was supplied by the manufacturer 

(EPI-100-NMM and EPI-100-ASY). The tissues were maintained according to the supplier’s 
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instructions: upon reception, models were inspected and transferred to 6-well plates prefilled 

with medium and pre-incubated, for 1h, at 37°C, 5% CO2, and 95% RH. At the end of the 

pre-incubation period, inserts were transferred to new wells and EPI-200-SIT tissues were 

incubated again overnight. EPI-200-SCT tissues were used immediately.    

Skin cells isolation and culture 

After informed consent, human skin samples were obtained from blepharoplasties and 

circumcisions’ leftovers.  

Based on Morales’ protocol (7), skin samples were taken and mechanically fragmented. 

Fragments were either placed on T25 culture flasks (Falcon™) or incubated (37°C, 5% CO2) 

in 0.25% Trypsin/EDTA (Sigma-Aldrich) under stirring. Skin fragments and half of the cells 

obtained after Trypsin treatment, were cultured in DMEM supplemented with 10% (v/v) fetal 

bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (all from Lonza).  

To grow keratinocytes, suspension cells were cultured in a mitomycin C-treated 3T3 feeder 

layer and QN medium. QN consisted of DMEM:HAM F12 (3:1) (Lonza/Sigma) 

supplemented with 10% (v/v) FBS, 1% penicillin/ streptomycin (Lonza), 1% L-glutamine 

(Lonza), 8 ng/mL cholera toxin (Life Technologies), 24 μg/mL adenine, 5 μg/mL insulin, 0.4 

μg/ mL hydrocortisone and 1.3 ng/mL triiodothyronine (all from Sigma). The medium was 

changed every 2-3 days. 10 ng/mL Epidermal Growth Factor (Austral Biologicals) was added 

to QN medium, now called QC, at day 3-4.   

ORGs construction   

For the construction of the dermal equivalent, Morales’ protocol was used (7). Briefly, a mix 

of human plasma, 0.9% NaCl (Corpaul), tranexamic acid (Ropsohn), and a fibroblast solution 

(7x103 cells/mL) was prepared. To promote fibrin polymerization, 1% CaCl2 (Sigma) was 

added, and the solution was gently mixed, poured into a 12-well plate Corning 3460 

Transwell, and incubated (37°C, 5% CO2) for 15 minutes.  

Once the dermal gel was formed, 27x103/cm2 keratinocytes were placed on top and the ORGs 

were kept in QN medium for 3 days. On day 4, QC was added. After 7 days, the culture was 

exposed to the air-liquid interface for 14 days to stimulate keratinocytes differentiation.  

Histological studies  

On the 21st day, ORGs were collected and fixed in 10% paraformaldehyde at room 

temperature. After fixation, tissues were dehydrated and embedded in paraffin. Five 

micrometers sections of the samples were stained with hematoxylin-eosin (H&E). The 

stained slides were examined under the microscope.  

Skin corrosion test 

The test was carried out on the 21st day of culture. Sixteen chemicals, 7 non-corrosives, and 

9 corrosives were evaluated (see Table 1) following 431 OECD test guidelines (8). The ORGs 

and EPI-200-SCT tissues were topically treated with the test substances for 3 min and 60 

min. 8N KOH and H2O were used as positive and negative controls, respectively. After 
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exposure, tissues were washed and the MTT assay was performed immediately. Two tissue 

replicates were used for each chemical substance, control, and exposure time. 

Skin irritation test 

The test was carried out on the 21st day of culture. Fourteen chemicals, 6 non-irritants, and 8 

irritants were evaluated (see Table 1) following 439 OECD test guidelines (9). The ORGs and 

EPI-200-SIT tissues were topically treated with the test substances for 60 min (25 min at 

room temperature and 35 min at standard conditions). 5% SDS and 0.9% NaCl were used as 

positive and negative controls, respectively. Following exposure, tissues were washed and 

incubated again for 42h. After 24h, supernatants were harvested and stored at -20°C for 

cytokine release analysis. At the end of incubation time, the MTT assay was performed. 

Three tissue replicates were used for each chemical substance and control. 

Acceptability criteria 

Based on 431 and 439 OECD test Guidelines, a tissue batch was considered as conforming 

if: 

- For EpidermTM, the mean OD values of the negative control are between 0.8 and 2.8 for 

every exposure time.  

- For the ORGs, the mean OD values of the negative control are between 0.6 and 2.8 for 

every exposure time, as it is the range that includes all OECD validated models. 

- The mean viability of the tissue replicates exposed for 1 hour to the positive control is < 

15%.  

- For irritation, the standard deviation (SD) is ≤ 18. 

- For corrosion, in the range 20 - 100% viability, the Coefficient of Variation (CV) between 

tissue replicates is ≤ 30%.  

The run was only valid if tissue replicates and controls meet their respective acceptance 

criteria. 

To evaluate the barrier function of the tissues an acceptability range for the IC50 was 

established based on EpiSkinTM and LabCyte EPI-MODEL24 SIT values. A range between 

1 and 4 mg/mL was accepted.   

Table 1. Characteristics of tested substances. 

Test substance # CAS Chemical class MSDS classification  

Water 7732-18-5 Neutral inorganic Non-irritant 

Isopropanol 67-63-0 Alcohol Non-irritant 

Tween 20 10% (w/v) 9005-64-5 Non-ionic surfactant Non-irritant 

Methyl stearate 112-61-8 Ester Non-irritant 

Heptyl butyrate 5870-93-9 Ester Non-irritant 

Hexyl salicylate 6259-76-3 Ester Non-irritant 

Naphthaleneacetic acid 86-87-3 Aromatic compound Irritant 

1-methyl-3-phenyl-1-piperazine 5271-27-2 Organic base Irritant 

1-Bromohexane 111-25-1 Halocarbon Irritant 

Potassium hydroxide 5% (w/v) 1310-58-3 Inorganic base Irritant 
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Triton X-100 1% (w/v) 9002-93-1 Non-ionic surfactant Irritant 

Cyclamen aldehyde 103-95-7 Aldehyde Irritant 

Cinnamaldehyde 104-55-2 Electrophile Irritant 

Sodium dodecyl sulfate 1% (w/v) 151-21-3 Anionic surfactant Irritant 

Eugenol 97-53-0 Neutral organic Non-corrosive 

Calcium carbonate 471-34-1 carbonic salt Non-corrosive 

Phenethyl bromide 103-63-9 Electrophile Non-corrosive 

Sodium carbonate 497-19-8 Inorganic base Non-corrosive 

4-Amino-1,2,4-triazole 584-13-4 Organic base Non-corrosive 

4-(Methylthio)benzldehyde 3446-89-7 Electrophile Non-corrosive 

Lauric acid 143-07-7 Organic acid Non-corrosive 

Sodium dodecyl sulfate 20% (w/v) 151-21-3 Anionic surfactant Corrosive 

Potassium hydroxide 10% (w/v) 1310-58-3 Inorganic base Corrosive 

Bromoacetic acid 79-08-3 Organic acid Corrosive  

Glyoxylic acid monohydrate 563-96-2 Organic acid Corrosive 

Ethanolamine 141-43-5 Organic base Corrosive 

Hydrochloric acid 14.4% (v/v) 7647-01-0 Inorganic acid Corrosive 

Boron trifluoride dihydrate 13319-75-0 Inorganic acid Corrosive 

Dichloroacetyl chloride 79-36-7 Electrophile Corrosive 

Trizol*30) - Monophasic solution  Corrosive 

*431 OECD Test guideline covers the use of phenol as a test substance. In this work, Trizol was used 

instead, which contains more than 50% content of phenol, along with Guanidinium thiocyanate, both 

classified as corrosives.  

Viability assay  

At the end of chemical treatment, tissue viability was evaluated by the MTT assay. Tissue 

samples were washed with 0.9% NaCl and the medium of each well was replaced by 600 μL 

of MTT (Alfa Aesar) solution (1 mg/mL in PBS -Sigma-) at the basolateral side. Tissues 

were incubated at standard conditions for 3 hours. The MTT was removed, and the tissues 

were washed with 0.9% NaCl. The culture inserts were then immersed in 2 ml/well of 

isopropanol for the extraction of formazan crystals, and culture plates were covered with 

parafilm, protected from light, and left at room temperature overnight. After extraction, 

samples of the formazan solution of each well were mixed and transferred in three aliquots 

of 200 μL each into 96-well plates. The optical density (OD) of the samples was read at 570 

nm and corrected against blanks. Viability was expressed as a percentage relative to negative 

controls:  

% 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑂𝐷 𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑥100 

To identify the substances that may reduce MTT into formazan, a pre-check was performed 

by mixing the test substance with MTT solution and incubating it for 60 min at standard 

conditions. If the MTT mixture containing the test chemical turned blue/purple, the test 

chemical was presumed to reduce the MTT and freeze-killed controls were used. These 

control tissues then underwent the whole skin corrosion or irritation test. The true tissue 

viability was then calculated as follows: 
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% 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑂𝐷 𝑙𝑖𝑣𝑖𝑛𝑔 𝑡𝑖𝑠𝑠𝑢𝑒 − 𝑂𝐷 𝑓𝑟𝑒𝑒𝑧𝑒 𝑘𝑖𝑙𝑙𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒

𝑂𝐷 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑥100 

Barrier function (IC50 assay) 

After 21 days of culture, the IC50 assay was carried out. Eight concentrations of SDS (from 

0 to 5 mg/mL) were tested and cell viability was assessed at 18 h. A curve fitting was 

performed and the IC50 value was estimated by the SDS concentration required to reduce 

cell viability by 50%. Three tissue replicates were used for each concentration.  

Proinflammatory cytokines release assay 

Proinflammatory cytokines were detected in the media harvested from tissues 24 h after the 

irritation test. To this end, a Cytometric Bead Array human inflammatory cytokines kit 

(Becton Dickinson) was used. Each bead in the kit provides a capture surface for Interleukin 

1β (IL-1β), Interleukin 6 (IL-6), Interleukin-8 (IL-8), Interleukin10 (IL-10), and Tumor 

Necrosis Factor α (TNF-α). The assay was performed according to supplier instructions.  

Prediction model 

The prediction models to assess chemical hazard were based on 431 and 439 OECD test 

guidelines, which use viability thresholds to classify a substance as irritant, corrosive, or none 

(Table 2).  

Table 2. Prediction models based on viability endpoint. 

Prediction model Viability Classification 

Irritation 
≤ 50% after 60 min exposure Irritant 

> 50% after 60 min exposure Non-irritant 

Corrosion 

˂ 50% after 3 min exposure Corrosive 

≥ 50% after 3 min exposure and  

˂ 15% after 60 min exposure 
Corrosive 

≥ 50% after 3 min exposure and  

≥ 15% after 60 min exposure 
Non-corrosive 

Statistical analysis 

Data are presented as mean ± standard deviation (SD). Quantitative differences between 

samples and the viability threshold were assessed by the one-way student’s t-test and a p-

value < 0.05 was considered statistically significant.  

Contingency table statistics were used for evaluating the predictive ability of the models. 

Specificity corresponds to the percentage of non-irritant chemicals (according to the MSDS 

classification) identified as non-irritants in our test. Sensitivity represents the percentage of 

irritant chemicals (according to the MSDS classification) identified as irritants in our test. 

Accuracy corresponds to the overall percentage of correct classification. 
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RESULTS 

Histological characteristics of the skin models 

After 21 days of culture, histological characteristics of the ORGs were evaluated.  

H&E staining of the skin model is presented in Figure 1. For comparison, an image of the 

validated commercial model EpiDermTM is also shown. A separation between dermis and 

epidermis can be seen (dashed line) in both native skin and the ORGs. In both models (Figure 

1a and b) a healthy and thick epidermis and intercellular spaces (blue arrow) are observed. 

Our model presents an epidermal thickness similar to that of native skin, while the one of 

EpiDermTM is thicker. It is possible to see the four different epidermal layers: basal layer 

(black head arrow), spinous layer (blue head arrow), granular layer (red head arrow), and 

horny layer (green head arrow). Moreover, necrosis is low and a healthy dermis is present.   

Columnar-like basal cells are present in EpiDermTM (Figure 1b) and native skin (Figure 1c). 

In our model, basal cells were not that easily distinguishable.  

 
Figure 1. Histological characteristics of the skin models determined by H&E staining. a) ORGs, b) 

EpiDermTM, and c) native human skin. A separation between dermis and epidermis (dashed line), 

intercellular spaces (blue arrow), basal layer (black head arrow), spinous layer (orange head arrow), 

granular layer (red head arrow), and horny layer (green head arrow) are shown. 80X. 

Barrier function (IC50 assay) 

To evaluate the ability of the stratum corneum of the ORGs to resist the rapid penetration of 

SDS, the IC50 of ORGs value was determined. Upon application of various SDS 

concentrations (from 0 to 5 mg/mL) and subsequent viability measurement, the value 

required to reduce tissue viability by 50% was determined to be 2.009 mg/mL (Figure 2).  
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Figure 2. IC50 curve for a representative batch of the ORGs. Dashed lines show the IC50 value, 

which was determined by curve fitting (red). 

Skin corrosion test 

For the in-house model, 16 substances were evaluated. The OD values of the negative control 

of different batches varied between 0.6 and 1.7, meeting the acceptance criteria of 0.6 ≤ OD 

≤ 2.8. The mean viability of the positive control (relative to negative control) varied between 

3.2% and 11.7%, meeting the acceptance criteria of ˂ 15%. In the range 20 - 100% viability, 

the CV was ≤ 30% for all substances except for Phenithyl bromide at 60min. 

According to viability results (Figure 3) and MSDS classification (Table 1), all substances, 

but Phenithyl bromide, were correctly classified (Table 6). For the calculations, invalid tests 

were considered misclassified.  

In the case of EpiDermTM, 7 chemicals were tested. The acceptance criteria for negative 

control OD was not met for Lauric acid, 4-(Methylthio) benzaldehyde, and boron trifluoride 

dehydrate (3.3 ± 0.5), but was correct for all the other substances (1.5 ± 0.01). The mean 

viability of the positive control (relative to negative control) varied between 1.3% and 11.9%, 

meeting the acceptance criteria of ˂ 15%. In the range 20 - 100% viability, the CV was ≤ 

30%, for all substances except for KOH 10% at 60min.  

EpiDermTM correctly classified 3 out of 7 substances (Figure 4 and Table 6). For the 

calculations, invalid tests were considered misclassified. 
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Figure 3. ORGs viability after exposure to corrosive substances, according to 431 OECD TG. Dashed 

lines indicate 15% and 50% viability thresholds. Data shown represent the mean ± SD for n=2. *p < 

0.05, **p < 0.01, and ***p < 0.001 compared to 50% viability threshold. +p < 0.05, ++p < 0.01 

compared to 15% viability threshold. 
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Figure 4. EpiDermTM viability after exposure to corrosive substances, according to 431 OECD TG. 

Dashed lines indicate 15% and 50% viability thresholds. Data shown represent the mean ± SD for n 

= 2. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to 50% viability threshold. +p < 0.05, ++p 

< 0.01 compared to 15% viability threshold.  

 



60 

 

Skin irritation test 

For the in-house model, 14 substances were evaluated. The OD values of the negative control 

of different batches varied between 0.6 and 1.7, meeting the acceptance criteria of 0.6 ≤ OD 

≤ 2.8. The mean viability of the positive control (relative to negative control) varied between 

3.2% and 11.7%, meeting the acceptance criteria of ˂ 15%, and the SD was always ≤ 18%. 

According to viability results (Figure 5) and MSDS classification (Table 1), all substances 

but Tween 20 (10%) and Methyl stearate were correctly classified (Table 6).  

In the case of EpiDermTM, 12 chemicals were tested. The negative control OD varied between 

1.8 and 1.9, meeting the acceptability criteria. The mean viability of the positive control 

(relative to negative control) varied between 4.2% and 5.5%, meeting the acceptance criteria 

of ˂ 15%, and the SD was always ≤ 18%.  

EpiDermTM correctly classified 9 out of 12 substances. Isopropanol, 1-Bromohexane, and 

KOH 5% were misclassified (Figure 6 and Table 6). 
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Figure 5. ORGs viability after exposure to irritant substances, according to 439 OECD TG. Dashed 

line indicates 50% viability threshold. Data shown represent the mean ± SD for n = 3. *p < 0.05, **p 

< 0.01, and ***p < 0.001 compared to 50% viability threshold. 
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Figure 6. EpiDermTM viability after exposure to irritant substances, according to 439 OECD TG. 

Dashed line indicates 50% viability threshold. Data shown represent the mean ± SD for n = 3. *p < 

0.05, **p < 0.01, and ***p < 0.001 compared to 50% viability threshold. 

Proinflammatory cytokines release assay 

In response to chemically-induced tissue trauma, skin cells release inflammatory chemokines 

and cytokines (10). To determine whether cytokines release could be used as an irritation 

predictor, 5 different cytokines were measured (IL-1β, IL-6, IL-8, IL-10, and TNF-α).  

Our model did not show considerable cytokine increase following irritant exposure. Instead, 

a tendency for cytokine reduction was observed after the challenge (Table 3). Interestingly, 

ORGs secreted outstanding amounts of IL-6 and IL-8 even in basal conditions, while with 

both irritant and non-irritant compounds, IL 10 and TNF were released in small quantities, 

below the detection limit, which may explain their high variability.    

Compared to our model, EpiDermTM released lower quantities of IL-1β, IL-6, and IL-8 for 

all tested substances (Table 4), although IL-6 and IL-8 presented the highest values as well. 

TNF-α levels were higher than those found in our model, but there was no considerable 

change during the tests. IL-10 was not detected at all. Interestingly, all irritants, but SDS, 

induced IL-8 release after exposure (more than 80% over negative control).  

 



62 

 

Table 3. Cytokine release in ORGs following irritation tests 

 
Each value represents the cytokine concentration in supernatants and is expressed as mean ± S.D of three tissue samples. 

IL/NC: ratio of cytokine concentration in treated tissues (mean) to negative control (mean).   
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Table 4. Cytokine release in EpiDermTM following irritation tests 

 

Each value represents the cytokine concentration in supernatants and is expressed as mean ± S.D of three tissue samples. 

IL/NC: ratio of cytokine concentration in treated tissues (mean) to negative control (mean) 
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Prediction capacity 

While ORGs did not show an obvious trend, for EpiDermTM a tendency was observed for 

irritants to increase IL-8 release (relative to negative control). Therefore, to improve the 

capacity of classifying the chemicals as irritant or non-irritant, we proposed a possible 

additional prediction model based on viability and cytokines endpoints (Table 5): a chemical 

was classified as non-irritant when cell viability was above 50% and the ratio between IL-8 

mean release and negative control mean release was ˂ 1.8. A chemical was classified as an 

irritant in all the other cases.  

Table 5. Proposed prediction models based on viability and cytokine release.  

Skin model Viability endpoint Cytokines endpoint Classification 

ORGs 
≤ 50% after 60 min exposure  No impact on classification Irritant 

> 50% after 60 min exposure No impact on classification Non-irritant 

EpiDermTM 
≤ 50% after 60 min exposure  No impact on classification Irritant 

> 50% after 60 min exposure IL-8/NC ˂ 1.8 Non-irritant 

IL/NC: ratio of cytokine concentration in treated tissues (mean) to negative control (mean) 

The classification capacity of the prediction models is presented in Table 6. 

Table 6. Prediction capacity of models. 

Test substance 
ORGs  EpiDermTM  MSDS 

classification v v v + c 

Water NI NI NI NI 

Isopropanol NI I I NI 

Tween 20 10% (w/v) I NI NI NI 

Methyl stearate I NI NI NI 

Heptyl butyrate NI NI NI NI 

Hexyl salicylate NI NI NI NI 

Naphthaleneacetic acid I - - I 

1-methyl-3-phenyl-1-piperazine I I I I 

1-Bromohexane I NI I I 

Potassium hydroxide 5% (w/v) I NI I I 

Triton X-100 1% (w/v) I I I I 

Cyclamen aldehyde I I I I 

Cinnamaldehyde I - - I 

Sodium dodecyl sulfate 1% (w/v) I I I I 

Eugenol NC NC NC NC 

Calcium carbonate NC NC - NC 

Phenethyl bromide C* NC - NC 

Sodium carbonate NC NC - NC 

4-Amino-1,2,4-triazole NC NC - NC 

4-(Methylthio)benzldehyde NC C* - NC 

Lauric acid NC C* - NC 

Sodium dodecyl sulfate 20% (w/v) C C - C 

Potassium hydroxide 10% (w/v) C NC* - C 

Bromoacetic acid C C - C 
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Glyoxylic acid monohydrate C C - C 

Ethanolamine C C - C 

Hydrochloric acid 14.4% (v/v) C C - C 

Boron trifluoride dihydrate C NC* - C 

Dichloroacetyl chloride C C - C 

Trizol C C - C 

v: viability endpoint, c: cytokine endpoint, NI: non-irritant, I: irritant, NC: non-corrosive, C: 

corrosive, *: acceptability criteria was not met and the substance was considered misclassified.  

The specificity, sensitivity, and accuracy were assessed based on the viability endpoint alone 

and on the combination of viability and cytokine release. The results are shown in Table 7. 

The number of substances included for the sensitivity, specificity, and accuracy calculations 

is presented in parenthesis.  

Table 7. Irritation and corrosion tests performance on ORGs and EpiDermTM. 

Prediction model 

ORGs  EpiDermTM 

Irritation  

v 
Corrosion  

Irritation  

v 

Irritation  

v + c 
Corrosion 

Sensibility 100% (8/8) 100% (9/9)  67% (4/6) 100% (6/6) 50% (2/4) 

Specificity 67% (4/6) 86% (6/7)  83% (5/6) 83% (5/6) 33% (1/3) 

Accuracy 86% (12/14) 94% (15/16)  75% (9/12) 92% (11/12) 43% (3/7) 

v: viability endpoint, c: cytokine endpoint 
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DISCUSSION 

In this study, the performance of fibrin-based dermo-epidermal organotypic cultures was 

validated by using the irritation and corrosion protocols established by the OECD, along with 

a measurement of released cytokines as a complement for the irritation test. Preliminary 

irritation and corrosion tests indicated that ORGs were a good candidate model to 

discriminate irritant and corrosive substances (7). Our results reveal that ORGs are able to 

classify irritants and corrosives, with an overall accuracy of 86% and 94%, respectively. 

Before the use of any of the OECD validated methods, it is recommended to verify the 

morphology and barrier function of the tissues. Histological characterization of fibrin-based 

models showed that keratinocytes proliferated and differentiated forming different epidermal 

layers. The tissues further present a healthy and thick dermis with well-distributed fibroblasts. 

Additionally, the acceptance criteria for barrier function were met, as assessed by IC50. 

These results indicate that our model shows proper morphology and that the stratum corneum 

is strong enough to resist the rapid penetration of SDS, confirming the suitability for 

toxicology tests.  

To evaluate the performance of the skin models, 30 proficiency substances were tested in the 

ORGs, 14 for irritation and 16 for corrosion (1 misclassified: Phenithyl bromide). Phenithyl 

bromide is water-insoluble, and as such it easily passes through the lipid layer of the stratum 

corneum, rapidly reaching the underlying components and causing damage. Therefore, any 

difference in stratum corneum characteristics of replicates may have led to increased 

variability. Validated models such as EpiDermTM display a thicker corneum stratum, which 

will likely keep Phenethyl Bromide from passing into the deeper layers.   

Chemical weight can play an important role as well. Methyl Stearate was incorrectly 

classified and, along with Phenithyl bromide, it presents a high molecular weight (298.5 

g/mol and 185.1 g/mol, respectively), a reason why they are likely to associate with skin 

tissues for longer periods (11), resulting in their retention and subsequent invalidation and/or 

misclassification. These findings suggest that ORGs are more sensitive to high molecular 

weight compounds. Shorter exposure times or stratum corneum strengthening could be of 

help to better classify these types of compounds.  

Surfactants as Tween 20 and SDS caused problems during the irritation tests in the ORGs. 

SDS partially destroyed the fibrin matrix and Tween 20 (10%) was misclassified, suggesting 

that surfactants have a deleterious effect on our system. It would be convenient to test other 

non-irritant surfactants to confirm our hypothesis.  

As for EpiDermTM, 19 substances were tested, 12 for irritation and 7 for corrosion (4 

invalidated: Lauric acid, 4-(Methylthio) benzaldehyde, boron trifluoride dehydrate, and KOH 

10%,). EpiDermTM misclassified isopropanol, 1-Bromohexane, and KOH 5%. This model 

displayed 75% accuracy for irritation and 43% for corrosion. Since EpiDermTM has been 

already validated for the tested chemicals, the annulled tests and misclassifications are likely 

due to quality decreased. Indeed, according to the EpiDermTM supplier, EPI-200-SIT and 

EPI-200-SCT have a shelf life of 96 h at 2-8°C and extended periods of time are not 
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recommended. In our case, shipping times were slightly above the limit of 96 h, which 

probably affected the results.  

These findings indicate that ORGs can discriminate in a competitive way the irritation and 

corrosion potential of different chemicals and highlight the necessity of having a local model 

to avoid quality loss during international models shipping.  

As several inflammatory biomarkers are produced during skin irritation, we next measured 

the release of different inflammatory cytokines and evaluated its suitability as a second 

endpoint to assess irritation potential.   

Of all the cytokines produced by keratinocytes, IL-1α, IL-1β, and TNF-α act as primary alarm 

signals and are able to independently trigger cutaneous inflammation (12,13), whilst IL-10 

limits the inflammatory effects (12). ORGs and EpiDermTM release of IL-1β, TNF-α, and IL-

10 was quite discrete, and EpiDermTM showed no release of the latter. A possible explanation 

is that their maximum release is not reached in the first 24 h due to their low secretion rate. 

Cells may also uptake these cytokines as part of their normal metabolism, reducing their 

levels in the medium. There was not an obvious trend when comparing the release of IL-1β, 

TNF-α, and IL 10 before and after exposure. Interestingly, misclassified substances such as 

Tween 20 10%, 1-Bromohexane, and KOH 5%, substantially increased IL-1β levels over 

negative control.   

Both skin models released outstanding levels of IL-8. Of note, under basal conditions, ORGs 

IL-8 secretion was about 45 higher than EpiDermTM. In agreement with this, Bernhofer et al. 
(14) reported that full-thickness models secrete 100–150-fold higher amounts of IL-8 than 

epidermal equivalents alone. Studies on keratinocytes secretion of cytokines indicate that, 

upon stimulation, keratinocytes release IL-1α, inducing other keratinocytes and fibroblasts 

to upregulate IL-8 production (12,13,15), which can explain the high concentrations reached by 

our dermo-epidermal model. However, there is no obvious trend in ORGs IL-8 release after 

irritant exposure, while EpiDermTM did show an IL-8 pattern: almost all irritant substances 

rose IL-8 levels more than 80% over the negative control. This finding allowed us to go 

further and propose a prediction model combining both viability and cytokine release 

endpoints, which indeed increased EpiDermTM prediction capacity.      

ORGs secreted noteworthy IL-6 levels. IL-6 is produced by both keratinocytes and 

fibroblasts after stimulation with IL-1α and TNF (11) and plays an important role in 

perpetuating skin inflammation and promoting keratinocytes proliferation (12). We observed 

that 24 h after treatment, irritant substances reduced IL 6 release to less than 70% of negative 

control, indicative of detrimental effects on the tissues after the treatment. Indeed, IL-6 

diminution was accompanied by viability decrease, suggesting that irritants induced 

significant cytotoxicity and that shorter exposure times and/or lower chemical concentrations 

could be of help to better classify irritants. 

It is worth mentioning that ORGs released high amounts of IL-6 and IL-8 under basal 

conditions. Fibrin provides a provisional matrix at sites of injury and inflammation, 

stimulating keratinocytes and fibroblasts to behave as they usually do in an inflammatory 

context, that is, releasing proinflammatory cytokines. Therefore it is possible that 
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keratinocytes-derived IL-1 has stimulated the release of IL-6 and IL-8 in both keratinocytes 

and fibroblasts (13,16,17).   

These results show that different substances seem to differently alter the release of cytokines 

and this changes from one model to another. The different cytokines and cells involved in 

irritation response highlight the complexity of this process, and perhaps the induction of one 

or more cytokines could be concentration-, chemical-, and model-specific. Further studies 

are needed to determine whether cytokine release will increase accuracy when testing several 

types of irritant compounds. In any case, IL-6 and IL-8 might be a good indicator of irritation, 

since they are general mediators in tissue injury (12) and could be of help to better classify 

chemicals.   

Irritation and corrosion tests performed in the ORGs were based on the protocol proposed for 

EpiDermTM in the OECD test guidelines. However, all models have differences regarding 

structure, morphology, and composition and each one must establish the exposure times and 

the amount of chemical to be applied that generate the most reliable results. Cell viability and 

cytokine release measurements at different time points along with chemical concentration 

curves could be a useful tool to establish our own protocol, improve the outcome, and 

determine the advantages of using cytokines as a second endpoint.   

Our demonstration that OECD irritation and corrosion tests can be applied to ORGs indicate 

that they are able to identify chemicals hazard. This is important at the local level since 

several research groups and pharmaceutical companies in Colombia carry out irritation and 

corrosion tests to evaluate their products. As the importation of internationally validated skin 

equivalents is hampered by quality loss and difficult administrative and legal norms, our in-

house model represents an advantage for the development and commercialization of chemical 

products in our country.  

In summary, our results indicated that fibrin-based organotypic cultures fulfill the 

morphology and barrier function requirements for the application of OECD protocols and 

confirmed that they are a useful tool for chemical hazard identification. Further studies are 

now needed to gain insight into the cytokines secretion pattern in response to irritation. If 

there is indeed an association between cytokine production in ORGs and irritation potential, 

this could allow a sub-categorization of irritants, improving the prediction capacity of the 

model. 
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CHAPTER 4 

Incorporating dendritic cells into dermo-epidermal organotypic cultures 
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ABSTRACT  

In the last years, different in vitro skin models have been created for studying skin biology 

and as platforms for chemical hazard identification. However, most of them are mainly 

composed of keratinocytes and/or fibroblasts and largely lack the immune component. 

Immunocompetent skin equivalents provide an attractive system for determining the skin 

sensitization potential of chemicals and to investigate, in a more relevant model, 

immunological processes.   

There are a few reports on the development of immune skin models and the vast majority 

uses Langerhans cells as an immune component. Here, we describe the construction of a skin 

model composed of freshly isolated CD14+ cells co-cultured with keratinocytes and 

fibroblasts. To this end, keratinocytes and CD14+ cells were seeded on a fibrin gel populated 

by fibroblasts. The morphology and expression of dendritic cell markers were evaluated by 

hematoxylin-eosin and immunohistochemistry staining, respectively. We further performed 

a preliminary sensitization test to assess the capability to respond to skin allergens.  

Skin models displayed similar histological characteristics to native skin and induced the 

differentiation of CD14+ cells into dendritic cells. The fibrin-based dermal compartment 

supported the migration of dendritic cells. Given the heterogeneous nature of CD14+ 

precursors, this system highlighted the possibility of engineering skin equivalents with 

different dendritic cells populations.  
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INTRODUCTION 

Dendritic cells (DCs) are responsible for initiating immune responses by processing antigens 

and presenting them to T lymphocytes (1). Skin sensitizers penetrate through the epidermis 

and are captured by epidermal residing DCs, referred to as Langerhans cells (LCs). During 

the sensitization phase, LCs process antigens and migrate to lymphoid nodes to present them 

to T cells (2,3). During this phase, DCs undergo a maturation process and acquire an 

immunostimulatory phenotype (1,2). In the elicitation phase, repeated exposure to the same 

sensitizer causes the activation of memory T cells leading to allergic inflammation (4).  

Currently, the identification and evaluation of chemicals are based on animal experimentation 
(5,6). The development of in vitro tests for evaluating sensitization potential of chemicals has 

been driven by 1) ethical issues raised by animal research, 2) the European Union ban on 

animal testing for cosmetics (7), and 3) the very clear differences found between human and 

animal skin immunology (8).  

Fresh human skin explants are relevant in vitro models to study LCs biology and responses. 

However, they introduce high donor variation and rely on the constant supply of biopsies of 

proper size (8–11). Other in vitro alternatives are based on chemical reactivity or responses of 

primary and immortalized cell lines in monocultures. Nevertheless, bi-dimensional cultures 

lack the architecture, morphology, phenotype, and behavior found in vivo (5), yielding limited 

information.  

Three-dimensional constructs are a suitable alternative, as they more faithfully mimic the in 

vivo environment. Current commercially available models are mainly composed of 

keratinocytes and/or fibroblasts, but largely lack the immune component (12). To date, only a 

few immune 3D constructs have been described. L’Oreal developed a reconstructed 

epidermis with CD34+-derived LCs, using a collagen matrix (4) and a de-epidermized 

acellular matrix (13) as a dermal compartment. This model, however, requires a fresh cord 

blood supply, which may not always be accessible, and lacks a fibroblasts-populated dermal 

component, which plays an essential role during LCs migration (14). Kosten’s (8) and Bock’s 
(12) studies showed the feasibility of co-seeding keratinocytes and MUTZ-3-derived LCs in a 

full-thickness skin equivalent containing collagen gels with fibroblasts. The model provided 

a promising tool for chemical hazard identification and LCs biology, even though cell lines 

may not fully mimic in vivo cellular processes. In another approach, monocyte-derived LCs 
(8,12,15) and monocyte-derived dermal DCs (15) were successfully cultured onto collagen gels 

populated by fibroblasts, showing specific responses to allergens or UV light.    

There is no gold standard method for the construction of an immune in vitro model of the 

skin.  Knowing that keratinocytes can release IL4 and GM-CSF into the culture medium (15–

17) and that they are able to induce differentiation of hematopoietic progenitors into LCs (18), 

we investigate whether freshly isolated CD14+ cells could be used to develop a 3D immune 

skin model that promotes their differentiation into dendritic cells. To our knowledge, no 

protocol has been established for the use of freshly isolated monocytes in skin equivalents. 

We further tested its capability to respond to skin sensitizers.  
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MATERIALS AND METHODS  

3T3 maintenance and feeder layer preparation 

NIH 3T3 cells were maintained in culture in DMEM supplemented with 10% (v/v) fetal 

bovine serum (FBS,) and 1% (v/v) penicillin-streptomycin (all from Gibco). Cells were 

passaged when a 70-80% confluence was reached. To establish the feeder layer, 3T3 cells 

were seeded at a density of 12x103 cells/cm2 and the next day were gamma-irradiated with a 

dose of 60 Gy (i3T3).  

Human skin cells isolation and culture 

Keratinocytes and fibroblasts  

After informed consent, human skin samples were obtained from blepharoplasties and 

mammary reductions leftovers, performed at the Department of Plastic Surgery at the 

UMCG, Groningen, The Netherlands  

Samples were washed in phosphate-buffered saline (PBS, Gibco), immersed in 70% ethanol 

for 1 min, and mechanically fragmented. Fragments were placed on 10 mm culture dishes 

(Greiner Bio-One) and air-dried for 15-20min. Then, QN medium (described in Chapter 2) 

supplemented with 10 uM Rock Inhibitor (Y-27632, STEMCELL Technologies) was added. 

The medium was changed every 2-3 days. 10 ng/mL Epidermal Growth Factor (EGF, 

Preprotech) was added to QN medium at day 3-4. Both keratinocytes and fibroblasts were 

obtained. For subsequent passages fibroblasts were cultures in DMEM supplemented with 

10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (all from Gibco). 

Keratinocytes were also obtained by dissociation with 0.25% Trypsin and subsequent seeding 

on a gamma-irradiated NIH 3T3 feeder layer. Culture medium was used as described above.  

Preparation if keratinocytes conditioned medium 

When confluence was higher than 60%, keratinocytes supernatant was collected, centrifuged 

for 5 min at 200xg and sterile filtrated through 0.2 µm. It was stored at 4°C if promptly used 

or -20°C for longer periods.  

Monocytes and monocytes-derived DCs (mo-DCs) 

Peripheral blood mononuclear cells (PBMC) were obtained from buffy coats following 

density gradient centrifugation using Lymphoprep (STEMCELL). After 3 washes with PBS, 

monocytes were isolated by magnetic separation using MojoSort™ Human CD14 Nanobeads 

(Biolegend), according to the manufacturer’s instructions.  

Monocytes were cultured at a concentration of 1x106 cells/mL in either keratinocytes 

conditioned medium or RPMI 1640 medium (Gibco). For the latter, 10% heat-inactivated 

FBS (hiFBS), 1% L-Glutamine, and 1% (v/v) penicillin-streptomycin were used. 

Differentiation into dendritic cells was induced by stimulation with 20 ng/ml recombinant 

human IL-4 and 100 ng/ml recombinant human GM-CSF (all from Preprotech) and incubated 
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at 37 °C and 5% CO2. Every 2 days, re-stimulation with IL-4 and GM-CSF was performed. 

Cells were harvested on day 7.   

Phenotypic analysis 

Before incorporation into the skin model, cell cytometry was used to analyze the expression 

of phenotypic markers in both fresh isolated CD14 and mo-DCs. Briefly, 0.5-5x105 cells 

were incubated on ice for 30 min at RT with the following monoclonal antibodies: APC-

conjugated anti-human CD14 (Invitrogen) and PE-conjugated anti-human CD209 (DC-

SIGN, BioLegend). Cells were then washed in PBS plus 0.2% BSA (Gibco) and flow 

cytometry was performed with the BD FACSCanto™ System. Histograms were analyzed 

using the FlowJo vX software.  

Three-dimensional model construction  

Skin equivalents with and without immune cells were constructed. To this end, freshly 

isolated monocytes were used.   

For the generation of the dermal equivalent, a mix of human plasma, 0.9% NaCl (Sigma-

Aldrich), tranexamic acid (Sigma-Aldrich), and a fibroblast solution (7x104 cells/mL) was 

prepared. To promote fibrin polymerization, 1% CaCl2 (Fisher Chemical) was added, and the 

solution was gently mixed, poured into 12-well cell culture inserts (0.4 μm pore size, Greiner 

bio-one), and incubated (37°C, 5% CO2) for 30 minutes. Subsequently, each gel was covered 

with DMEM containing 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin, and 

incubated overnight at 37 °C.   

The next day, the medium was removed, and the gels were equilibrated with QN medium for 

2h at 37 °C. For the epidermal compartment, 1x105 keratinocytes alone or a mix of 1x105 

keratinocytes and 1x105 CD14+ cells were seeded onto the fibrin gels. The constructs were 

incubated for 1.5 h at 37 °C to allow cells to adhere to the dermal compartment and then kept 

in QN medium supplemented with 10 uM ROCK inhibitor for 3 days. Then, 10 ng/ml EGF 

were added and, at day 7, constructs were raised to the air-liquid interface and ROCK 

inhibitor was removed. The medium was changed every other day for the next 14 days.   

Chemical treatment  

The test was carried out after 21 days of culture. Three chemicals, 1 irritant and 2 strong 

sensitizers, were evaluated to test the predictive performance of our model. The tissues were 

treated with the substances for 24h at a non-toxic concentration, as assessed by MTT assay. 

PBS (control), sodium dodecyl sulfate (SDS, irritant; Sigma-Aldrich), Formaldehyde 

(sensitizer, Sigma-Aldrich), and Manganese (II) Chloride Tetrahydrate (MnCl2·4H2O, 

sensitizer; Fisher Chemical), dissolved in PBS, were applied to the apical side of the 

constructs (30 uL/cm2).  

SDS was applied at a concentration of 1 mg/mL, as it has been reported before that 0.5-5 

mg/mL SDS causes a minor decrease in different skin equivalents viability (6,8,12), and our 

model previously displayed a reduction of more than 90% viability when treated with 10 

mg/mL SDS (Chapter 3). Formaldehyde was used at 2 mg/mL based on Gibbs et al. studies 

showing insignificant cytotoxic effects in the epiCS® model. Previous studies have reported 
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a MnCl2 lethal concentration of 1 mM for dendritic cells (19,20), and a significant viability 

decrease experienced by keratinocytes at 386 uM (21). To ensure a non-toxic concentration, a 

100-fold dilution of MnCl2 lethal dose was used.  Following exposure, tissues were washed 

and fixed in paraformaldehyde 4%. 

Histology and immunohistochemistry  

On the 21st day, tissues were collected and fixed in 4% paraformaldehyde at room 

temperature. After fixation, tissues were dehydrated and embedded in paraffin. Five 

micrometers sections of the samples were stained with hematoxylin-eosin (H&E).  

For immunostaining, 5 μm sections of paraffin-embedded tissues were washed with xylene 

and rehydrated with ethanol. The primary antibody was incubated overnight at 4°C. After 3 

washes with PBST, the secondary antibody was applied for 30min. Finally, horseradish 

peroxidase was used for the 3,3′-Diaminobenzidine (DAB)-based color reaction.  

The antibodies used for epidermal characterization were mouse anti-CD1a and rabbit anti-

Langerin (all from Abcam).  
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RESULTS 

Phenotypic characterization of monocytes and mo-DCs 

We first evaluated the phenotypic characteristics of freshly isolated monocytes and in vitro 

differentiated monocytes. Cells were analyzed by flow cytometry for the surface expression 

of CD14 and CD209 (monocyte-derived dendritic cell marker). As expected, magnetic 

isolation of CD14 cells from PBMC, led to an enrichment of CD14 (Figure 1a).  

We then studied the ability of keratinocytes conditioned medium to induce differentiation of 

CD14+ cells over a period of 7 days and compared it to the commonly used medium RPMI 

plus hiFBS, GM-CSF, and IL-4.  

After 7 days of culture in both RPMI with GM-CSF and IL-4 or keratinocytes conditioned 

medium, differentiation was induced and cells displayed typical dendritic morphology 

(Figures 1f and g) and started increasing CD209 expression at similar levels (Figure 1c) as 

well as granularity (Figure 1d) while decreasing CD14 levels (Figure 1b). 

These results indicate that keratinocytes conditioned medium is able to induce differentiation 

of CD14+ cells in a similar manner to supplemented RPMI. 

 

 
Figure 1. Phenotypic characteristics of monocytes and mo-DC. a) CD14 cells enrichment (yellow-

shadowed) after isolation by magnetic beads from PBMCs (green-shadowed). The CD14+ enriched 

population was cultured in RPMI with hiFBS, GM-CSF, and IL-4 (red-shadowed) or in keratinocytes 

conditioned medium (blue-shadowed) for 7 days. The expression of b) CD14, c) CD209, and d) 

granularity was analyzed by flow cytometry. Morphological changes of CD14+ cells from e) day 0, 

to day 7 in f) RPMI or g) keratinocytes conditioned medium.   
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Development of a skin model with an immune component 

Knowing that keratinocytes conditioned medium can promote CD14+ differentiation (Figure 

1), we developed a 3D fibrin-based skin model consisting of keratinocytes and fibroblasts, 

with or without CD14+ cells. 

An illustration of the process is shown in Figure 2a. We examined the morphology and 

dendritic cells markers expression (CD1a and Langerin) of the resulting models. Histological 

and immunohistochemical characteristics are presented in Figure 2b-j. For comparison, 

images of native skin are shown (Figure 2d, g, and j).  

The tissues were able to form a continuous epidermis over the dermal layer (Figure 2b and 

c), showing a stratification process with different epidermal layers. There was a clear 

separation between dermis and epidermis with keratinocytes attached to the basal membrane. 

Importantly, the incorporation of CD14 cells did not alter the morphology of the equivalents 

(Figure 2c).  

Immunohistochemical staining for langerin, a Langerhans cells marker, revealed positive 

expression in models containing CD14+ cells (Figure 2f). Unlike native skin (Figure 2g), 

langerin-positive cells were mainly found in the dermis. CD1a was dimmer, showing a wide-

spread pattern in the epidermis (Figure 2i), with positive cells in both dermis and epidermis.       
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Figure 2. Characterization of HSEs containing mo-DCs. a) schematic illustration of the protocol for 

the construction of skin equivalents from day 0 to day 21. Histological characteristics of HSEs 

constructed with b) keratinocytes, c) keratinocytes and freshly isolated CD14+ cells, and d) native 

skin. Expression of langerin in HSEs constructed with e) keratinocytes, f) keratinocytes and freshly 

isolated CD14+ cells, and g) native skin. Expression of CD1a in HSEs constructed with h) 

keratinocytes, i) keratinocytes and freshly isolated CD14+ cells, and j) native skin.  

Sensitization test 

To provide an insight into the feasibility of the model to identify sensitizers, we performed a 

sensitization test with three substances: 1 irritant and 2 strong sensitizers. MTT assay 

confirmed that chemical concentration did not cause major viability issues (not shown).   

 

 



80 

 

Histological changes 

There were no considerable alterations in morphology after application of the two sensitizers, 

except for a slight thinning of the epidermis following formaldehyde treatment (compare 

Figure 3e with Figure 2c), while the irritant agent (SDS) partially damaged the epidermis 

(compare Figures 3a and d with Figures 2b and c), which started detaching during washing 

steps.   

 
Figure 3. Histological characteristics of HSEs after the sensitization assay. Models constructed with 

keratinocytes after the exposure to a) 1 mg/ml SDS, b) 2 mg/ml formaldehyde, and c) 10 uM MnCl2. 

Models constructed with keratinocytes and CD14+ cells after the exposure to d) 1 mg/ml SDS, e) 2 

mg/ml formaldehyde, and f) 10 uM MnCl2. 

Presence and distribution of langerin-positive cells 

We next investigated whether the number and distribution of langerin positive cells were 

affected after the challenge with the test substances. Following stimulation, cells were 

counted in at least 6 random fields of vision and the percentage of langerin positive cells was 

calculated. For comparison, models containing only keratinocytes are presented (Figure 4a-

c). Langerin positive staining could be found in all conditions (Figures 4d-f) with frequencies 

ranging from 3 to 11% of total cells (Figure 4g). Interestingly, after irritant exposure, all 

stained cells were present in the dermis, while sensitizers led to an accumulation of positive 

cells in the upper dermis. Epidermal langerin+ percentage did not change after formaldehyde 

treatment, whereas stained cells were no longer located in the epidermis following MnCl2 

exposure (Figure 4h).  
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Figure 4. Langerin expression of HSEs after the sensitization assay. Models constructed with 

keratinocytes after the exposure to a) 1 mg/ml SDS, b) 2 mg/ml formaldehyde, and c) 10 uM MnCl2. 

Models constructed with keratinocytes and CD14+ cells after the exposure to d) 1 mg/ml SDS, e) 2 

mg/ml formaldehyde, and f) 10 uM MnCl2. g) Langerin positive and negative frequencies of indicated 

cell number (n) in models exposed to test substances. h) Distribution of langerin positive cells in 

models exposed to test substances. 
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DISCUSSION 

In this study, we investigated whether freshly isolated CD14 cells could differentiate into 

dendritic cells when incorporated into a 3D skin model. We describe the development and 

initial characterization of fibrin-based models composed of keratinocytes, fibroblasts, and 

CD14+ cells. Our results show that freshly isolated CD14+ cells are able to differentiate into 

dendritic cells in a 3D setting, as judged by the expression of langerin and CD1a. Moreover, 

they displayed migration capacity through the fibrin network.  

Our finding that CD14+ cells can differentiate into dendritic cells in an in vitro skin 

environment is supported firstly by our monolayer cultures. After seven days in keratinocytes 

conditioned medium, cells acquired a dendritic morphology, started expressing a specific 

monocytes-derived dendritic cells marker (CD209), and became granular, while 

downregulating CD14 levels. This was achieved in a similar way to RPMI medium 

supplemented with IL4 and GM-CSF, the standard method to obtain monocytes-derived 

dendritic cells. In agreement, previous studies have shown that keratinocytes can release IL4 

and GM-CSF (15–17), essential factors to stimulate differentiation of monocytes. 

Freshly isolated CD14 cells were then incorporated into a fibrin-based skin model. 

Histochemical analysis revealed a stratified epithelium that was not altered after the addition 

of CD14+ cells. Confirming the previous result, both langerin and CD1a positive cells were 

detected, indicating that co-culture with keratinocytes and fibroblasts in a 3D structure 

promotes the differentiation into Langerhans cells and, likely, other types of CD1a+ dendritic 

cells. Consistent with our findings, Régnier et al. previously showed that CD34+ progenitors 

give rise to LCs when incorporated in a reconstructed epidermis (18). Evidence of an 

association between skin equivalent microenvironment and dendritic cell generation also 

comes from Bechetoille et al. work. These authors found that a skin model containing 

keratinocytes and fibroblasts secreted important factors for the maintenance of dendritic cells 

(GM-SCF, TGF-b1, IL-4, IL-13, and IL-15) (15). Our results indicate that our culture system 

is a reservoir of growth factors and cytokines that promotes the generation of dendritic cells 

from CD14+ precursors. 

Given the complex network of cytokines produced by keratinocytes and fibroblasts, we did 

not expect the CD14+ cells to differentiate into a unique population, but rather, into different 

subtypes of dendritic cells. In fact, it has been shown that there is a heterogeneous population 

of monocytes (22) and that in vitro differentiation of these cells gives rise to different 

populations of DCs (23). Indeed, in this study isolated CD14+ cells included both CD209+ 

and CD209- subsets (not shown), which may have differentiated into distinct populations. 

The cytokine network inside our model led to the generation of epidermal DCs, as shown by 

positive langerin staining, and possibly of dermal DCs. Despite its weak and diffuse staining, 

CD1a levels indicated the presence of dendritic cells in both epidermal and dermal 

compartments. The possibility that all CD1a+ dendritic cells are Langerhans cells is unlikely, 

given the complexity of the system. Angel et al. demonstrated that CD14+, CD1a+, and 

migratory Langerhans cells co-exist in the healthy human dermis as different subsets (24), 

which may be present in our system. Definitive proof of the presence of different dermal DCs 

subsets in our model will require further studies with more DCs markers.   
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Although some langerin-stained cells could be observed in the epidermis, LCs were mainly 

located in the dermal compartment, suggesting that they were activated, had a migratory 

phenotype, and/or matured spontaneously under basal conditions. We previously showed that 

our fibrin-based model releases IL-1β, IL-6, IL-8, and, to a lesser extent, TNF-α (Chapter 3), 

and probably other inflammatory cytokines that might induce DCs maturation. In fact, 

commonly used maturations cocktails include TNF-α, IL-1α, IL-1β, IFN-γ, and others, in 

different combinations (23,25). In addition, a recent study found that IL-6 is required for 

chemotaxis of mature DCs (26), which may have contributed to DCs migration through the 

fibrin-based dermal model. Further research is needed to address which culture conditions 

(different media supplementation) and cell composition are essential for dendritic cells 

localization and maturation.  

To gain insight into the capability of our skin equivalent to identify sensitizers, we report 

preliminary results of a small sensitization test. Exposure to two strong sensitizers 

(formaldehyde and MnCl2) did not substantially affect the morphology or viability of the 

tissues, while the irritant (SDS) provoked partial detachment of the epidermis. Unexpectedly, 

after SDS treatment all langerin+ cells were in the dermis, unlike control tissue which 

displayed around 40% of LCs in the epidermis. Because the percentage of LCs within the 

tissues did not vary significantly, these results suggest that irritant exposure induced 

epidermal LCs migration. It has been shown before that application of a skin irritant can 

cause a transient DCs migration (27,28) as a result of a rapid maturation, in contrast to the long-

lasting migration induced by mechanical injury (28). Another possible contributing aspect is 

the fact that irritation induces apoptosis of skin cells (29), which can contribute to DCs 

maturation and migration, as reported by Bertho et al. (30). On the other hand, a strong 

sensitizer like MnCl2 effectively triggered the migration of epidermal LCs towards the 

dermis, particularly the upper region, without changing the proportion of these cells in the 

tissue. Formaldehyde application, however, did not change LCs localization, except for an 

accumulation in the upper dermis and a slight reduction in the percentage of DCs. It is unclear 

whether this is caused by a subset of dead or rapid migratory DCs. These data suggest that 

LCs inside our 3D skin model can respond differently to chemical treatment with specific 

migration patterns for irritants and sensitizers. Additional experiments including more 

chemicals, a wider range of concentrations, and other markers will be required to resolve this 

matter.  

Our results showed that a 3D skin equivalent composed of keratinocytes and fibroblasts 

effectively promotes the differentiation of CD14+ cells into dendritic cells. Importantly, it 

highlighted the possibility of obtaining a skin model composed of different subsets of DCs 

from a single population of CD14+ precursors, which would provide an improved system to 

model skin immunity. This approach, to the best of our knowledge, has not been attempted 

before. A major advantage of this type of model is that different DCs subsets could differently 

respond to sensitizers and irritants, improving the current in vitro sensitization assays. 

Further, they can offer deeper insight into DCs behavior and interaction with the surrounding 

tissue and other skin cells.   

In summary, we have constructed an immune 3D skin model by co-seeding CD14+ cells with 

keratinocytes and fibroblasts, which promoted the differentiation of CD14 cells into dendritic 

cells. Our results revealed the presence of both CD1a+ cells and Langerhans cells, which 
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displayed migratory capacities through the fibrin-based dermal compartment. Considering 

the heterogeneity of CD14+ cells and the complex skin model microenvironment, this 

approach provides the means of obtaining improved models with different DCs subsets.    
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ABSTRACT  

Basal cell carcinoma (BCC) is one of the most common types of skin cancer, accounting for 

about 75% of non-melanoma skin cancer. Animal models are commonly used to study tumor 

growth and test therapeutic agents. Besides ethical issues and the differences between human 

and animal skin, it has been difficult to obtain mouse models for BCC that faithfully mimic the 

human condition. Therefore, relevant systems to study human BCC pathology are urgently 

needed.  

In vitro models composed of human skin cells can be adapted to study different human diseases. 

However, there are a few reports on the culture of BCC, as it has shown to be particularly 

difficult to grow in vitro. Here, we describe a protocol to culture primary BCC and the further 

generation of 3D models. Using culture plates containing gamma-irradiated 3T3 cells and 

keratinocytes medium supplemented with rock inhibitor, we were able to obtain cells from all 

tested tumor biopsies. 3D models were then generated by seeding tumor explants or BCC-

derived cells and normal keratinocytes on a fibroblasts-populated fibrin gel.    

The BCC-derived cells differed from normal keratinocytes in their morphology and adhesion 

molecules expression. Moreover, fibrin-based models supported the growth of both tumor 

explants and cell suspensions and showed to be a promising tool for the 3D culture of primary 

BCC, recreating relevant features of this type of cancer and providing an alternative system to 

study human BCC and test therapeutics agents.  
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INTRODUCTION 

Basal cell carcinoma (BCC) is one of the most common human cancers, accounting for 75% of 

non-melanoma skin cancer and affecting around 1 million people in 2020 (1,2). It arises from 

basal cells of the epidermis, tends to grow slowly, and very rarely metastasizes (3,4). Early 

treatment of BCCs is essential because as the tumor grows, it becomes more dangerous and can 

cause significant deformity and scarring, destroying cartilage, and producing considerable 

morbidity (1,5,6). Unlike other skin cancers, BCC has no precursor lesions and recurrence is 

frequent (7).  

Currently, the study of cancer pathology and new therapeutic agents is mostly based on animal 

experiments. Their main limitation, other than ethical issues, is the difficulty of inducing a BCC 

murine condition that faithfully mimics the human one (5). Moreover, the differences between 

the structure of human and animal skin make it difficult to extrapolate results to a human context 
(8,9).  

Xenograft models have been used as cancer study tools as well, but they have not shown 

reproducibility and usually lack similarity to human BCC (10,11).  Some BCC ex vivo models 

have been successfully described, showing high similarity to native tumors, but they depend on 

a continuous supply of fresh tumor biopsies, limiting their applicability as a drug testing 

platform (8).  

Proper systems that allow the continuous and accurate study of human BCC pathology are 

highly desirable. In vitro models could serve that purpose, as they are composed of human cells 

and can be adapted to study different conditions (12), overcoming the necessity of constant 

biopsies supply.  

There are not many reports on the successful cultivation of BCC. Due to its very slow growth, 

low platting efficiency, contamination with other cell types, and lack of attachment molecules, 

BCC has been extremely difficult to grow in vitro. Bradbeer et al. cultured nodular BCC from 

explants obtaining 17% growth efficiency (13). Brysk et al. successfully grew BCC cells from 

cell suspensions of 8 patients (14) but reached only a few passages, which has also been the 

limitation of other studies (15,16). The establishment of a BCC-derived cell line was achieved by 

using an undifferentiated aneuploid BCC tumor (17), which, however, might not be broadly 

representative of BCC tumors. There is only one report on the establishment of nodular BCC 

cultures with 100% efficiency (18). Nevertheless, the authors could not rule out the possibility 

that BCC cells had a mesenchymal origin.  

Here, we describe a protocol to establish primary BCC cultures with improved proliferation 

rates and epithelial morphology, yielding cell outgrowth from 100% samples. We further show 

a method to generate 3D primary BCC models, using a fibroblasts-populated fibrin gel and 

tumor-derived cells and/or healthy keratinocytes.  
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MATERIALS AND METHODS 

3T3 maintenance and feeder layer preparation 

NIH 3T3 cells were maintained in culture in DMEM supplemented with 10% (v/v) fetal bovine 

serum (FBS) and 1% (v/v) penicillin-streptomycin (all from Gibco). Cells were passaged when 

70-80% confluence was reached.  

For the establishment of the feeder layer, 3T3 cells were seeded at a density of 12x103 cells/cm2. 

The next day, cells were gamma-irradiated with a dose of 60 Gy (i3T3) and the medium was 

refreshed.  

Human skin cells isolation and culture 

Basal carcinoma cells 

After informed consent, biopsies of BCC were obtained from Mohs surgery leftovers performed 

at the Department of Dermatology at the UMCG, Groningen, the Netherlands. The samples 

were taken from 24 patients aged from 45 to 95 years. Specifications of all samples are provided 

in Table 1.  

Fresh samples were immediately immersed in DMEM supplemented with 10% (v/v) FBS and 

1% (v/v) penicillin-streptomycin. Before processing, samples were washed with 70% ethanol 

for 30 sec. Tissue dissection and culture were performed in biosafety. One part of the biopsy 

was frozen while the remainder was used for culture. The biopsies were placed in 100 mm Petri 

dishes (Greiner Bio-One) and washed thoroughly with phosphate-buffered saline (PBS, Gibco). 

Each sample was mechanically fragmented and here different processing and culture methods 

were used:    

Tissue pieces were incubated in 0.25% Trypsin (Gibco) under stirring. Then, cells were filtered 

through a 100 μm cell strainer and Trypsin was inactivated. Cell suspensions were cultured in 

QN medium (described in Chapter 2) on top of: 

1) Non-coated cell culture dishes. 

2) Matrigel (Corning). 

3) i3T3 cells. 

4) i3T3 cells in the presence of 10 uM Rock inhibitor (Y-27632, STEMCELL Technologies).  

In another approach, skin fragments were placed on: 

5) Non-coated culture dishes.  

6) Culture dishes containing i3T3 and in the presence of 10 uM Rock inhibitor.  

Explants were air-dried for about 10 min to allow attachment. Thereafter, 2 mL of QN medium 

were poured gently into dishes without disturbing the explants. The dishes were then incubated 

at standard conditions (37°C, 5% CO2) and 24 h later additional 2 mL of medium were added. 

After 2 days, 10 ng/mL Epidermal Growth Factor (EGF, Preprotech) was added to the media.   
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Keratinocytes and fibroblasts  

After informed consent, human skin samples were obtained from blepharoplasties and 

mammary reductions leftovers, performed at the Department of Plastic Surgery at the UMCG, 

Groningen, The Netherlands  

Samples were washed in PBS, immersed in 70% ethanol for 1 min, and mechanically 

fragmented. Fragments were placed on 10 mm culture dishes and air-dried for 15 min. Then, 5 

mL of QN medium were added. The media was supplemented with 10 uM Rock inhibitor and, 

on day 2, 10 ng/mL EGF were added. The medium was changed every 2-3 days.  

Table 1. Information on the BCC sample set. 

Sample  Gender Age Localization UV exposure Classification 

BCC 1 M 73 Nasal ala High Nodular 

BCC 2 M 88 Ear (helix) High Nodular/infiltrative 

BCC 3 F 70 Nose (tip) High Nodular 

BCC 4 F 70 Nose (tip) High Nodular 

BCC 5 F 50 Nasal ala Moderate Nodular 

BCC 6 M 74 Nasal ala High Nodular 

BCC 7 F 48 Nasolabial fold Moderate Nodular 

BCC 8 M 79 Temple High Nodular/infiltrative 

BCC 9 F 72 Ear (helix) High Nodular/infiltrative 

BCC 10 F 64 Forehead Moderate Nodular 

BCC 11 M 51 Forehead Moderate infiltrative 

BCC 12 F 45 Forehead Moderate infiltrative 

BCC 13 F 78 Temple High Nodular 

BCC 14 M 87 Scalp High Nodular/infiltrative 

BCC 15 F 69 Scalp Moderate Nodular/infiltrative 

BCC 16 F 56 Nose/medial canthus Moderate Nodular 

BCC 17 F 64 Scalp Moderate Nodular 

BCC 18 M 65 Nasal ala Moderate Nodular 

BCC 19 M 70 Cheek Moderate Nodular 

BCC 20 F 80 Nasal ala Moderate Nodular 

BCC 21 F 84 Nose (sidewall) Moderate Nodular 

BCC 22 F 95 Temple Moderate Nodular/infiltrative 

BCC 23 F 86 Nose (sidewall) High Nodular 

BCC 24 F 87 Nose (sidewall) Moderate Nodular 

Quantitative RT-PCR 

RNA was isolated from BCC-derived cells and healthy skin-derived keratinocytes using the 

RNeasy kit (Qiagen). Reverse transcription was performed by using 1 μg of total RNA 

(Superscript II, Invitrogen) and random primers. The resulting cDNA was used as a template 

for qPCR (ABI PRISM 7700 Sequence Detector) in the presence of SYBR-green (Invitrogen). 

Tubulin was used to correct the total amount of cDNA. Values in BCC-derived cells were 

compared to the expression values in normal keratinocytes (normalized to 1). The following 

primers were used:  
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BPAG1 Fw ATGAGAACAATTGAGCAGCTGC 

BPAG1 Rv GGCAATCTGGGCTTCCAAGATATGT 

BPAG2 Fw TCCAGCGGCTCTCCTGGCCCA 

BPAG2 Rv TATTCCTGGTCGGCCAGGGGT  

b4 integrin chain Fw CGGATGCTGCTTATTGAGAAC 

b4 integrin chain Rv GAGGGTGGAGGATGTGCTTAG 

b3 laminin 5 chain Fw AACGTGGTGGGTCCCAAAT 

b3 laminin 5 chain Rv TGCTCGGATCTGCTCAATCT 

EpCAM Fw GCAGCTCAGGAAGAATGTG 

EpCAM Rv CAGCCAGCTTTGAGCAAATGAC 

Three-dimensional BCC model construction  

For the construction of the dermal equivalent, a mix of human plasma, fibroblasts, 0.9% NaCl 

(Sigma-Aldrich), and tranexamic acid (Sigma-Aldrich) was prepared. To promote fibrin 

polymerization, 1% CaCl2 (Fisher Chemical) was added and the solution was gently mixed, 

poured into 12 well ThinCert™ cell culture inserts, 0.4 µm pore diameter (Greiner Bio-One), 

and incubated (37°C, 5% CO2) for 30 minutes. Subsequently, each gel was covered with 

DMEM containing 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin, and incubated 

overnight at 37 °C. 

The next day, the medium was removed, and the gels were equilibrated with QN media for 2h 

at 37 °C.  

Three different approaches were used to construct the epidermal compartment: 

1) Explant model: a biopsy fragment of suitable size was placed on top of the dermal 

compartment. QN medium, supplemented with 10 uM ROCK inhibitor, was added on the 

basolateral side and, after 2 days, the model was kept in QC, always exposed to the air-liquid 

interface.  

Organotypic 3D models were also generated with varying amounts of healthy keratinocytes and 

BCC-derived cells: 

2) Keratinocytes and BCC mix model: a total of 2x105/cm2 cells were suspended in 200 µL QN 

and placed on top of the gels. Different keratinocytes and BCC cells percentages were used. 

The constructs were incubated for 1.5 h at 37 °C to allow keratinocytes adhesion to the dermal 

compartment. The models were kept in QN medium supplemented with 10 uM rock inhibitor 

for 2 days and then QC was used. On day 7, the culture was exposed to the air-liquid interface 

for 14 days to stimulate keratinocytes differentiation. The medium was changed every other 

day. 

3) Keratinocytes attachment layer model: a fixed number of keratinocytes (5x104) was 

resuspended in 200 µL QN and placed on top of the gels. Models were incubated for 1.5 h at 

37 °C and kept in QN medium supplemented with 10 uM rock inhibitor overnight. Then, 0-

20x104 BCC-derived cells/cm2 were seeded on top of the keratinocytes and the tissues were 

cultured as above-mentioned.  

In all cases, rock inhibitor was removed after 7 days. 
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Histology and immunohistochemistry  

On the 21st day, tissues were collected and fixed in 4% paraformaldehyde. After fixation, 

tissues were dehydrated and embedded in paraffin. Five micrometers sections of the samples 

were stained with hematoxylin-eosin (H&E). Immunostaining of EpCAM was performed on 

paraffin sections using an anti-Ber-EP4 antibody. 
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RESULTS  

Establishing a culture system to grow primary BCC 

We first tried to determine the culture method that optimized BCC cells attachment and growth. 

In total, 6 different approaches were used. Data on cell processing and culture methods are 

shown in Table 2.  

To evaluate the effect of different surfaces, we documented morphology and growth capacity 

during culture. In vitro cultures of cells derived from BCC samples are presented in Figure 1.  

Cell suspensions failed to grow without the presence of a feeder layer. Cells seeded on non-

coated dishes did not show keratinocytes attachment, while only contaminating fibroblasts were 

present (Figure 1a). When dishes were coated with Matrigel, few samples showed keratinocytes 

adhesion (Figure 1b) but no growth at all, and they were completely differentiated. The use of 

i3T3 feeder layers allowed the growth and proliferation of keratinocytes from 67% of samples 

(Table 2), which took over the culture after some weeks (Figure 1c). Similarly, almost half of 

the samples processed by explant culture (Table 2) showed the presence of keratinocytes 

(Figure 1d). In one of the samples, only cells with mesenchymal-like morphology appeared 

(Figure 1e). However, keratinocytes hardly went any further than passage 1 and fibroblasts 

contamination was a common problem.  

In order to enhance BCC keratinocytes growth and proliferation, the medium was supplemented 

with 10 uM rock inhibitor (RI), which has been reported to enhance keratinocytes proliferation 
(19–23). Due to the inadequate condition of 1 sample and the minuscule size of another, 2 out of 

5 seeded cell suspensions did not make it on i3T3 cells in the presence of RI (Table 2).  

When tumor explants were placed on a culture dish with an i3T3 feeder layer (Figure 1f-h) and 

RI, keratinocytes-like cells successfully grew from all samples, and proliferation was 

significantly improved. After initial harvest, cells were able to proliferate on i3T3, even for 

later passages. In some cases, they acquired both spindle and epithelioid characteristics (Figure 

1h) and after an average of 5 passages, some samples became irregular displaying enlarged-

sized cells (compare upper and lower sides cells of Figure 1i) with decreased proliferation rate.  

We, therefore, defined QC medium with 10uM RI and the presence of a feeder layer, as the 

method for expanding BCC-derived cells. Figure 2 shows the schematic of the protocol to grow 

cells from a BCC sample. 

Table 2. Cell culture conditions and success rates on passage 0. 

Culture method 
No. 

samples 

Cell 

outgrowth 
Success Comments 

Non-coated dish 3 0 0% FB-like morphology  

Matrigel 3 0 0% Attachment with no growth 

Explants 16 7 44% FB-like morphology in 1 sample 

Cell suspensions on i3T3 6 4 67% - 

Cell suspensions on i3T3+RI 5 3 60% One deteriorated sample*   

Explants+i3T3+ RI 7 7 100% FB-like cells in 1 sample 

FB: Fibroblasts, RI: rock inhibitor, *: Underlying infection 
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Figure 1. Cultures of primary basal cell carcinoma. Cells derived from Trypsin-treated tissues failed to 

grow on a) non-coated culture dishes and b) Matrigel-coated dishes but had a 67% success rate on c) 

gamma-irradiated 3T3 feeder layer. Cells derived from explants d), showing mesenchymal morphology 

e), and in the presence of rock inhibitor and 3T3 feeder layer at various days of culture, including f) the 

moment they started to grow, g) when they reached a 40-50% of confluence, and when they started to 

acquire a spindle-like shape at subsequent passages h). After 5 passages some BCC-derived cells 

showed enlargement in size and proliferation arrest i). 
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Figure 2. Schematic illustration of the protocol of primary BCC culture 

Quantitative PCR 

To confirm that the cells obtained by our culture system are indeed BCC cells and not normal 

keratinocytes or mesenchymal cells, we investigated whether these presented dysregulation of 

cell-cell and basement membrane (BM) attachment molecules, typical features of BCC (24–30). 

For comparison, keratinocytes derived from healthy skin were used to compare mRNA levels.   

Figure 3 illustrates the mRNA relative expression of BCC anchoring components. Although 

non-significant differences were found, transcripts levels of BPAG1, BPAG2, the β4 subunit 

of the α6β4 integrin, and the β3 chain of laminin 5 were reduced in all tumor-derived cells. 

There was higher variability for EpCAM, which did not display increased expression, as usually 

reported for BCC.  
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Figure 3. Quantitative PCR showing expression of cell-cell (EpCAM) and BM adhesion molecules 

(BPAG1, BPAG2, β4 subunit of α6β4 integrin, and β3 chain of laminin 5). Error bars show SEM for 3 

BCC tumors (BCC) and 3 healthy skin-derived cells (Control). For statistical analysis, a two-tailed t-

test was applied.  

Three-dimensional BCC models development 

We next investigated whether BCC-derived cells could be used to develop a 3D BCC model. 

To faithfully mimic skin tissue, it is necessary to culture cells with malignant potential in the 

context of a 3D network of healthy cells. To evaluate the effect of the presence of healthy 

keratinocytes, 3 different epidermal models were constructed by using 1) a BCC explant, 2) a 

mix of normal keratinocytes and BCC-derived cells, and 3) normal keratinocytes as an 

attachment layer for BCC-derived cells. RI was used to boost proliferation before the air-liquid 

interface exposition.  

We examined the morphology and BerEP4 expression of the resulting models.  

Histology of BCC models  

Given the advantages of ex vivo explant models when it comes to mimicking skin tissue (they 

preserve the skin cellular components, structure, and extracellular matrix composition), a BCC 

explant model was first constructed (Figure 4a). There was lateral migration of biopsy-derived 

keratinocytes over the dermal compartment (Figure 4b) with disturbed attachment in some 

places (Figure 4c). Importantly, the large mass of epidermal cells remained viable (Figure 4d) 

and the characteristic dermal migration of some types of BCC was present (Figure 4e).    
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Figure 4. Histological characteristics of BCC explant model generated by seeding a BCC biopsy on a 

fibroblast-containing fibrin gel. a) Schematic illustration of the protocol for the construction of the 

model, b) cells migrating from the explant and covering the gel, c) weak attachment between explant 

and dermal compartment, d) large mass of epidermal cells, e) migration into the dermal compartment.   

Knowing that the fibrin-based dermal equivalent can support the culture of BCC explants 

(Figure 4), we next proceeded to develop a 3D model with cells obtained from skin explants. 

To this end, cells from 2 nodular BCC samples were used, one for each strategy. 

As a first approach, a mix of healthy (KC) and tumor-derived keratinocytes (BCC) were seeded 

on top of a fibrin gel (Figure 5a). A total of 2x105/cm2 cells were used. Compared to native skin 

(Figure 5b), the 100% KCs model showed similar epidermal thickness with a well-

differentiated epidermis (Figure 5c). As the percentage of BCC-derived cells increased (Figures 

5d-i), the epidermis began to lose its native morphology and acquire an impaired differentiation 

pattern with dyskeratotic features (black arrows). Basal cells were not easily distinguishable, or 

they were already flattened (green arrows). Terminal differentiation was compromised as well. 

The addition of 10% BCC cells (Figure 5d) did not significantly affect epidermal thickness. 

However, epidermal thinning could be seen as the percentage increased (Figures 5e-g). 

Interestingly, percentages higher than 50% BCC were accompanied by nuclei in the corneum 

stratum (red arrows) and poor attachment to the dermal compartment (Figure 5j).  
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Figure 5. Histological characteristics of and 3D BCC models fabricated with different percentages of 

healthy (KC) and tumor-derived cells (BCC). a) Schematic illustration of the protocol for the 

construction of the model, b) native human skin, c) 100% KC and 0% BCC, d) 90% KC and 10% BCC, 

e) 75% KC and 25% BCC, f) 50% KC and 50% BCC, g) 25% KC and 75% BCC, h) 10% KC and 90% 

BCC, i) 0% KC and 100% BCC, j) 25% KC and 75% BCC model showing dermal detachment.  

Given the alteration of BM adhesion molecules exhibited by BCC, as a second approach we 

used a fixed number of healthy keratinocytes as an attachment layer for different numbers of 

BCC cells. An illustration of the protocol and the histological characteristics of the models are 

presented in Figure 6. The model exclusively composed of KCs (Figure 6b) showed epidermal 

differentiation and adequate thickness, even though columnar-like basal cells were not easily 

distinguishable. Models with 2.5x104 BCC cells/cm2 (Figure 6c) displayed a high resemblance 

to pure KCs equivalents, with differentiation (although not everywhere) and proper epidermal 

width. Interestingly, epidermal islands became apparent (black arrows) as well as dyskeratotic 
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figures (red arrows). When the number of BCC cells was doubled (Figure 6d), the size of the 

epidermis decreased and a tendency for dermal infiltration was appreciated as well (not shown). 

In models with 10x104 BCC cells (Figure 6e), islands and invasive behavior (black arrow) were 

noticeable and the epidermal compartment became thinner. Models with greater numbers of 

BCC cells presented increased impairment of epidermal differentiation and dyskeratosis, as 

well as a certain degree of parakeratotic cells (Figure 6f). Pure BCC models showed thinner 

and a more unorganized epidermis, with fewer cell layers (Figure 6g).  

 
Figure 6. Histological characteristics of 3D BCC models fabricated with healthy keratinocytes (KC) as 

an attachment layer for tumor-derived cells (BCC). a) Schematic illustration of the protocol for the 

construction of the model, b) pure KC model. Different numbers of BCC cells were seeded on top of 

5x104 KCs/cm2: c) 2.5x104 BCC cells/cm2, d) 5x104 BCC cells/cm2, e) 10x104 BCC cells/cm2, f) 20x104 

BCC cells/cm2, g) No attachment layer, pure BCC model.  

Immunohistochemistry of BCC models  

As the epithelial cell adhesion molecule (EpCAM) is strongly increased in BCC, we evaluated 

its presence in our 3D models by immunohistochemical staining. Figure 7 shows the expression 

of the EpCAM antibody BerEP4 in the explant model. As expected, cells contained in the inner 

zone of the explant strongly express BerEP4 (Figure 7a-c), while, at the epidermal-dermal 

interface, BerEP4 expression was absent or weak (Figure 7b). Interestingly, cells that were able 

to migrate from the biopsy show low or null expression of the BCC marker, as well as cells that 

invaded the dermis (Figure 7d).   
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Figure 7. Expression of BerEP4 in the BCC explant model. a) Positive cells within a large epidermal 

mass, b) magnified image showing BerEP4-expressing cells and weak attachment between the explant 

and dermal compartment, c) null expression of BerEP4 in the external regions, d) migration and 

invasion into the dermal compartment.    

Figure 8 illustrates BerEP4 expression in models containing a mix of healthy and tumor-derived 

keratinocytes. The model composed of 100% KC was negative for the BerEP4 staining pattern 

(Figure 8a). Changes in the expression of this protein were not considerable as the percentage 

of BCC-derived cells increased (Figures 8b-h). All of them showed absent or weak staining of 

BerEP4. Of high importance is that BerEP4 appears stronger in areas with structural 

abnormalities, clefts, or detachments (Figures 8c, e-g, arrows), which are typical features of 

human BCCs.  Interestingly, the 100% BCC model (Figure 8h), showed null-to-weak intensity, 

with less intratissue detachment. These results are in line with our previous findings showing 

no upregulation of EpCAM in monocultures (Figure 3) and suggest that EpCAM levels are 

preserved in both 2D and 3D settings.  

 
Figure 8. Expression of BerEP4 in 3D BCC models fabricated with different percentages of healthy 

(KC) and tumor-derived cells (BCC): a) 100% KC showing null expression of BerEP4, b) 90% KC and 

10% BCC, c) 75% KC and 25% BCC showing clefts and structural abnormalities, d) 50% KC and 50% 

BCC, e) 25% KC and 75% BCC, f) 10% KC and 90% BCC, g) close-up of structural abnormality 

showing weak staining of BerEP4, h) 0% KC and 100% BCC.  
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Figure 9 presents the BerEP4 expression of models fabricated with healthy keratinocytes as an 

attachment layer for BCC cells. BerEP4 is present in areas with poor epidermal stratification 

and dermo-epidermal clefts, with moderate intensity in models containing BCC-derived cells 

(Figures 9b-f). As the number of tumor cells increases, each model exhibits more BerEP4 

positive sections. The model composed of solely BCC cells (Figure 9f) showed the thinnest and 

unhealthy epidermis with the highest number of positive BerEP4 areas and attachment 

perturbations.  Although at moderate levels, these models show increased BerEP4 intensity, as 

compared to those fabricated with a mix of healthy and tumor-derived cells (Figure 8).  

 
Figure 9. Expression of BerEP4 in 3D BCC models fabricated healthy keratinocytes (KC) as an 

attachment layer for tumor-derived cells (BCC), a) pure KC model. Different numbers of BCC cells 

were seeded on top of 5x104 KCs/cm2: b) 2.5x104 BCC cells/cm2, c) 5x104 BCC cells/cm2, d) 10x104 BCC 

cells/cm2, e) 20x104 BCC cells/cm2, f) No attachment layer, pure BCC model (20x104 BCC cells/cm2).   

Altogether, these results show that, unlike BCC tumor explants, in vitro cultured BCC cells 

present reduced EpCAM levels, which could be increased by using healthy keratinocytes as an 

attachment layer for BCC cells. Such setting is based on cell-cell instead of BM adhesions, 

overcoming the limitation of low production of BM attachment molecules in BCC-derived 

cells. 
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DISCUSSION 

In this study, we describe a protocol to culture primary basal cell carcinoma and show the 

subsequent generation of three-dimensional BCC models. With the proposed method, 

successful growth from all BCC samples was achieved. Moreover, fibrin-based dermo-

epidermal cultures showed to be a useful tool to develop a 3D BCC model, as they support the 

growth of both tumor explants and cell suspensions.  

We first determined the culture method that better supports primary BCC growth and 

subculture. A combination of a 3T3 feeder layer along with a media supplemented with Rock 

inhibitor allowed us to obtain cells from all the tested samples with further expansion, except 

for 1 case. Human BCC has shown to be difficult to culture and there are not many reports on 

the successful establishment of a culture method. Explant cultures have led to low efficiencies. 

For example, Bradbeer et al. achieved outgrowth from only 14% explants of 5 BCC tumors 

samples (13). With this technique, we were able to grow cells from 44% samples. Perhaps a more 

complex media like ours promotes the migration of cells from skin fragments. In agreement 

with our results, the use of cell suspensions on irradiated 3T3 allowed other authors to 

successfully grow cells from 47% (15) and 71% (31) samples. In these studies, however, few 

passages were achieved, probably because of the natural slow growth of BCC-derived cells 

which facilitates in vitro differentiation and the subsequent proliferation arrest.  

To overcome this problem, Brysk et al. seeded cell suspensions on type I collagen coated-plated 

and low calcium medium (KGM), successfully growing 8 BCC samples and reaching 4-5 

passages (14). Additionally, there is one report on the establishment of nodular BCC cultures 

with 100% efficiency, in which authors used low-calcium and serum-free media, obtaining cells 

with both spindle and epithelioid morphology (18). We therefore decided to use culture 

conditions that favored attachment, growth, and prevent differentiation of cells. Since Asada et 

al. showed growth from 73% samples when culturing explants on mitomycin-treated 3T3 cells 
(32) and given the numerous advantages of using a feeder layer for keratinocytes culture (33–35), 

we tried a combination of explant culture and i3T3 cells. Rock inhibitor was included in the 

media in an attempt to prevent differentiation. We were able to grow cells from 100% samples, 

obtaining a keratinocyte-like morphology as well as spindle and epithelioid features, which fits 

well with previous reports (18,36). These results therefore highlight the importance of having 

stromal support along with an undifferentiation-promoting media to culture BCC-derived cells. 

Several studies have shown that BCC presents abnormalities in cell-cell and basement 

membrane anchoring components (24–30,37,38). Although not significant, our results revealed that 

all tested BCC samples had decreased levels of mRNA encoding for BPAG1, BPAG2, the b4 

subunits of the a6b4 integrin, and the b3 chain of laminin 5. These findings could be confirmed 

in more high-powered studies. We suggest that this may account for BCCs decreased ability to 

grow in vitro, as the adherence to culture surfaces results compromised and cell attachment is 

necessary for proliferation of many cell types (39). Another possibility is that there is no 

requirement for BCC-derived cells to have the above-mentioned attachment molecules to 

proliferate, given that anchorage-independent growth is a hallmark of transformed cells. 

Consequently, BCC in vitro growth may improve by using low attachment culture conditions. 

Indeed, this has been reported by Asada et al., who managed to grow 90% BCC cell suspensions 

on soft agar (32). Our results suggest that our BCC cultures exhibit alterations in the synthesis 
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of attachment molecules that may be worthy of further investigation. It also indicates that BCC-

derived cells are likely tumor cells and not contaminating keratinocytes.  

EpCAM, the epithelial cell adhesion molecule, is strongly increased in carcinogenesis, 

especially in BCC, and has been associated with malignant proliferation (40,41). We found high 

variability in mRNA levels, with no evidence of upregulation. A possible explanation is that 

only low EpCAM expressing cells migrate from tissue fragments to the plate surface or that 

cells lose it as they move. Reports on EpCAM function on migration and proliferation have 

been inconsistent. Some studies have shown that EpCAM overexpression is associated with 

enhanced proliferation (40,42) and migration (43), while others have found that its knockdown 

leads to increased proliferation (44) and migration in epithelial cells (45). Gaiser et al. suggested 

that EpCAM downregulation may promote BCC infiltration (46). Whether EpCAM has any 

inhibitory effect on the migration of BCC cells remains to be elucidated.  

We used explant fragments and BCC-derived cells to develop explant and cell suspensions-

derived 3D models, respectively. The explant model displayed lateral migration of biopsy-

derived cells with the characteristic dermal invasion of some types of BCC. Of note, the large 

epidermal BCC mass remained viable. As expected, BerEP4 (anti-EpCAM antibody) was 

strongly expressed in the central regions of the explant, while migrating cells show weak or 

non-detectable staining. This is in agreement with our previous results showing variable but 

still low synthesis of EpCAM in monolayer cultured cells, which also migrated from BCC 

explants. Areas with a disturbed attachment were observed as well and could be the result of 

the downregulation of basement membrane anchoring components, as observed in BCC-

derived cells. These results indicate that fibrin-based scaffolds are able to support the growth 

and maintenance of BCC tumor explants, leading to a model that displays great similarity to 

human BCC, thanks to the preservation of the main cellular components, viability, 

functionality, and structure found in vivo. Therefore, it could represent a promising tool to study 

BCC biology.  

Regarding cell suspension-derived models, we observed loss of both normal epidermal 

morphology and proper differentiation as the number of BCC-derived cells increased. This is 

in agreement with the fact that BCC is composed of cells with alterations in stratification and 

keratin expression (15,32), which, consequently, are unable to produce a normal-like epidermis. 

Unlike in vivo tumors, EpCAM expression was absent or weak but still stronger in models 

containing BCC cells, contrary to our findings in monolayer cultures. Interestingly, positive 

staining was observed in places with differentiation impairments and clefts, typical 

characteristics of BCC tumors (48). The observed clefts can be the result of the downregulation 

of basement membrane anchoring components. Some authors have proposed that reduced levels 

of attachment molecules prevent tumor islands from remaining attached to their BM, which 

may also play a role in migration and invasion capacity (24,37). We indeed found alterations in 

the synthesis of BM adhesion molecules in BCC-derived cells, and interestingly, models 

fabricated with healthy keratinocytes as an attachment layer for BCC revealed a tendency for 

dermal infiltration. These results suggest that EpCAM is rather expressed in cells with 

compromised differentiation and reduced BM adhesion (e.g BCC cells) and that the 3D setting 

may promote its upregulation. These models, therefore, recapitulate some of the most important 

characteristics of BCC: impaired differentiation and diminished attachment to BM, features that 

otherwise will be difficult to appreciate in monolayer cultures. Future investigations could focus 



106 

 

on culture conditions that can preserve EpCAM levels, thereby providing a closer tumor-like 

morphology.   

As far as we know, only two studies have reported the development of a 3D model of BCC, 

which, unlike ours, were entirely composed of keratinocytes cell lines. Mahmudur (3) seeded 

NEB1 cells (with targeted suppression of PTCH1) on top of a mix of Matrigel, collagen, and 

fibroblasts. There was no evidence of tumor development, dermal invasion, or epidermal island 

formation. The expression of typical BCC markers and the degree of differentiation were not 

evaluated. Perhaps other characteristics are needed besides suppression of PTCH1 in order to 

develop a BCC-like morphology. In fact, Bigelow et al. (49) found dermal infiltration dependent 

on EGFR activity by using HaCat cells overexpressing shh (ptch ligand) on fibroblasts-

populated collagen gels. The models exhibited similar BCC morphology, cytokeratin 14 

expression, and suprabasal proliferation. The intact expression of attachment molecules 

possibly facilitated the development of a BCC-like phenotype. Their results show the feasibility 

of having a 3D in vitro model of BCC. Since normal healthy cells were not present, it is not 

possible to know to what extent it can recreate the initial stages of BCC.   

Although we were able to obtain BCC-derived cells that could be further subcultured, passages 

higher than 5 were not obtained. Our feeder layer requires serum-containing media, which, 

however, can lead to differentiation of basal keratinocytes, and the amount of rock inhibitor 

may have not been enough to counter such an effect. We did not study the effect of other rock 

inhibitor concentrations or low calcium media, thus, it is still possible that higher passages can 

be achieved with optimized conditions. Regarding 3D model development, relevant BCC 

features were recapitulated. However, lack of attachment molecules, differentiation stimuli, and 

the presence of a healthy non-tumoral dermis may have compromised the ability of BCC-

derived cells to fully develop into an in vivo-like tumor. Future studies could focus on the 

construction of models with low attachment settings, lower levels of differentiation-promoting 

conditions, or the use of BCC-derived fibroblasts in the dermal compartment.    

Our results underscored the importance of having a feeder layer that provides a means of 

attachment and releases factors for the growth and proliferation of BCC. More crucial is the 

inhibition of differentiation, which allowed us to obtain cells from all samples. This opens the 

door for the creation of specially designed media that totally prevents differentiation and 

supports the presence of feeder layers, increasing the life spam of current primary BCC cultures. 

The subsequent creation of 3D models offers, for the first time, a promising system to model 

primary BCC in a more realistic environment, offering deeper insight into tumor physiology 

and allowing the study of novel therapeutic agents, interactions between tumor and healthy 

cells, and disease progression.  

In summary, we have established a protocol to culture primary BCC cells showing outgrowth 

from 100% samples. Our results revealed that a combination of explants, a 3T3 feeder layer, 

and rock inhibitor, allows the growth, proliferation, and subculture of BCC cells, as judged by 

their morphology and adhesion molecules expression. Moreover, we found that dermo-

epidermal organotypic cultures have the potential to model basal cell carcinoma, recapitulating 

some of the most relevant characteristics of this type of cancer and could therefore become an 

important tool to test new therapeutics that target BCC.  
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CHAPTER 6 

ADDEMDUM 

Single-cell DNA sequencing reveals distinct molecular types of basal cell carcinoma with 

unique transcriptome features 
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ABSTRACT 

Aneuploidy, a hallmark of cancer, is the result of chromosomal instability (CIN) during mitosis. 

While some aneuploid cancers display stable karyotypes, other tumors display cell-to-cell 

karyotype variability indicative of CIN. CIN cancers are typically associated with poor clinical 

outcome, as they are endowed with the potential to adjust their genomes to changing conditions 

including therapy. To further explore this, we assessed the degree of aneuploidy and CIN in 

basal cell carcinoma (BCC) and investigated whether the karyotypic makeup of tumors was 

associated with distinct transcriptional responses.  

 

Samples from 11 BCC patients were processed for single-cell whole-genome sequencing 

(scWGS) to measure aneuploidy and karyotype heterogeneity. In parallel, samples were 

processed for transcriptome analysis. To confirm scWGS analysis, we determined chromosome 

mis-segregation rates in primary BCC cultures by live-cell time-lapse imaging,   

 

scWGS revealed different grades of aneuploidy between BCCs, ranging from euploidy to 

tumors with up to 7 aneusomic chromosomes. A subset of BCCs displayed intratumor 

karyotype heterogeneity, indicating that CIN can play a role in BCC. Importantly, in vitro 

cultures corroborated the presence of a CIN phenotype in a subset of tumors. Samples were 

clustered into three groups based on the level of aneuploidy and intratumor karyotype 

heterogeneity. Karyotype-driven group classification was also reflected by the tumour 

transcriptomes and revealed distinct gene expression signatures related to aneuploidy and CIN. 

 

While BCCs are typically classified based on histopathological features, we find that BCCs can 

be stratified based on karyotypic landscape. Importantly, this classification is linked to distinct 

molecular features and could thus be the starting point of a molecular classification system for 

BCC including a readout for CIN. Importantly, the approach that we have developed is broadly 

applicable and could therefore also improve the diagnosis and treatment of other cancer types. 

 

Genomic heterogeneity driven by chromosomal instability (CIN) is thought to drive therapy 

resistance in cancer. We studied karyotype heterogeneity and its effect on the transcriptome in 

the skin cancer basal cell carcinoma (BCC). We identified transcriptional signatures 

distinguishing aneuploid from CIN BCCs that may be useful for the stratification of tumors and 

prediction of treatment response. 
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INTRODUCTION 

Cancer cells frequently display chromosomal instability (CIN), the process that drives abnormal 

chromosome distribution during mitosis. CIN results in cells with an abnormal DNA content, 

i.e. aneuploidy. In untransformed cells, aneuploidy leads to a stress response resulting in 

decreased proliferation, senescence, or cell death (1). In contrast, cancer cells take advantage of 

CIN to drive tumorigenesis through the generation of new karyotypes, providing cancer cells 

with great potential to acquire additional tumorigenic traits involved in e.g. immune evasion 

and resistance to chemotherapy (2–5).  

Although the terms ‘aneuploidy’ and ‘CIN’ are often used interchangeably, they are in fact 

different phenomena as cells can be stably aneuploid without a CIN phenotype (6). While stably 

aneuploid cells generally grow slower (7,8), CIN cells often display increased cell death, 

presumably as a result of the emergence of unfavorable karyotypes (6,9,10). It is therefore 

conceivable that aneuploidy and CIN provoke different responses at the RNA level in primary 

tumors. Understanding the contribution of stable aneuploidy to cancer development versus that 

of CIN will therefore help to improve treatment strategies.  

The recent advent of single-cell whole-genome sequencing (scWGS) technology facilitates 

addressing this question, as it allows to infer CIN from intratumor karyotype heterogeneity in 

primary tumor samples and thus discriminate stable aneuploid cancers from those exhibiting a 

CIN phenotype (11–14). While several studies have investigated aneuploidy and CIN in cancer 

and their effects on driver mutations (4,15), little is known on whether aneuploidy and CIN trigger 

distinct transcriptional responses in cancer. 

In this study, we investigated this issue using primary basal cell carcinoma (BCC) samples. 

BCCs are epidermal tumors for which data on genome-wide cytogenetics is scarce (16,17). Most 

BCCs can be cured by complete surgical resection. However, in a subset of patients, surgical 

excision is restricted by tumor location, or have BCCs progressed towards an advanced stage 

and/or metastasized (18,19). These patients are treated with chemo- or radiotherapy, bringing 

along the inherent risk of developing therapy resistance.  

To better understand the contribution of CIN and aneuploidy to BCC, we subjected a cohort of 

BCCs to single-cell whole-genome sequencing (scWGS) to infer CIN and performed RNA-

sequencing to measure matching transcriptomes. We also estimated the frequency of mitotic 

errors in a subset of cultured BCCs to confirm CIN inferences and to further characterize 

primary BCC cultures. This revealed transcriptional signatures that discriminate aneuploid 

BCCs from euploid BCCs, and stably aneuploid BCCs from aneuploid BCCs exhibiting CIN, 

suggesting that CIN provokes a distinct transcriptional response. As CIN tumors are believed 

to be more aggressive and have a tendency to become drug-resistant (5,20), a CIN-induced 

transcriptome could become a powerful readout for diagnosis to stratify tumors for treatment 

in the future. 
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MATERIALS AND METHODS 

Basal cell carcinoma sample isolation and processing 

BCC samples were obtained from surplus material from Mohs surgery performed at the 

Department of Dermatology at the UMCG, Groningen, the Netherlands.  

Half of the sample was stored immediately in RNAlater (Thermo Fisher Scientific) and stored 

at 4°C overnight followed by transfer to -80°C until RNA isolation. The remaining half was 

processed for single-cell WGS. For this purpose, samples were pre-wetted using PBS (Gibco) 

and cut into 1 mm³ cubes, followed by treatment with Dispase-II (Merck Millipore) for 1 hour 

at 4°C on a roller mixer. Samples were then treated with 0.05% trypsin-EDTA and incubated 

at 37°C for 15 minutes. Dispase and trypsin were inactivated by FBS. Homogenization was 

performed by repeated resuspension for 30 to 60 seconds until cellular clumps disassociated. 

Ice-cold PBS/FBS was added to the samples, which then were passed through a 100 µm cell 

strainer and collected, followed by an additional passage through a 40 µm strainer. Samples 

were centrifuged at 500×g for 8 minutes at 4°C and washed twice with PBS/FBS before 

resuspension in PBS. Cell viability and counts were assessed using trypan blue and a TC-20 

automated cell counter (Biorad). Samples were finally resuspended at 107 cells per mL in FBS 

with 10% DMSO and stored at -80°C until single-nuclei sort. 

Primary cells culture 

Basal carcinoma cells 

The system culture established in Chapter 5 was followed. Briefly, fresh samples were washed 

with 70% ethanol for 30 sec before processing. Tissues were mechanically fragmented and skin 

fragments were placed on 60 mm culture dishes containing i3T3 cells as a feeder layer. Explants 

were air-dried for about 10 min and thereafter, QN medium (described in Chapter 2) 

supplemented with 10 uM rock inhibitor (Y-27632, STEMCELL Technologies) was poured 

gently into dishes without disturbing the explants. After 2 days, 10 ng/mL Epidermal Growth 

Factor (EGF, Preprotech) was added to the media.  

For subculture, cells were differentially detached: i3T3 were first detached with 0.05% trypsin-

EDTA (Sigma-Aldrich) and then BCC cells were harvested following 0.25% trypsin-EDTA 

treatment. Cell suspensions were frozen or seeded on i3T3 for further expansion.  

Keratinocytes 

After informed consent, human skin samples were obtained from blepharoplasties and 

mammary reductions leftovers, performed at the Department of Plastic Surgery at the UMCG, 

Groningen, The Netherlands. 

The protocol described in Chapter 5 was followed. Briefly, samples were immersed in 70% 

ethanol for 1 min, and mechanically fragmented. Fragments were placed on 10 mm culture 

dishes and air-dried. Thereafter, skin pieces were cultured in QN medium and, after 2 days, 10 

ng/mL EGF were added. All media was supplemented with 10 uM rock inhibitor. 
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Primary cells labeling and time-lapse imaging 

To visualize the DNA, the PIGZ-H2B-mCherry plasmid and 2 packaging vectors (PAX and 

VSV) were first transfected into 293T cells. After 48h, the media containing retroviral particles 

was harvested and filtered with a 0.45 μm filter (Sigma), and the culture media was changed 

with fresh DMEM containing 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin. This 

procedure was repeated two times more and the media was stored at -80°C until use.  

Keratinocytes and BCC-derived cells were transduced by refeeding them with the media 

containing retroviral particles plus 4 µg/ml Polybrene (EMD Millipore) and 10 µM ROCK 

inhibitor. After the 3rd transduction, retroviral media was removed, and then fresh media was 

added into infected cells.    

For time-lapse, between 75000 and 150000 cells were seeded on imaging dishes (Greiner)  

containing either Matrigel or i3T3. After 24h, cells were imaged for 48h on a DeltaVision Elite 

imaging station (Applied Precision, GE Healthcare). Images were taken every 4-6 min using 

the 40x objective.   

Single-cell whole-genome sequencing and AneuFinder analysis 

Samples for scWGS samples stored in FBS and 10% DMSO were thawed, washed with PBS, 

and incubated in staining buffer (100 mM Tris-HCl [pH7.4], 154 mM NaCl, 1 mM CaCl2, 0.5 

mM MgCl2, 0.2% BSA, 0.1% NP40, 10 µg/mL Hoechst 33358, and 10 µg/mL propidium 

iodide [PI] in ultrapure water) for a minimum of 20 minutes at 4°C in the dark. Single G1 nuclei 

were sorted using a FACSJazz (BD Biosciences) into 96-well plates containing 5 µL freezing 

buffer (1X ProFreeze and 7.5% DMSO in PBS). Plates were stored at -80°C until processed for 

single-cell library preparation using a Bravo automated liquid handling platform (Agilent 

Technologies, Santa Clara, CA, USA) (21). Clusters for sequencing were generated using an 

Illumina cBot. Libraries were sequenced (single-end 50 bp) on a HiSeq 2500 (Illumina, San 

Diego, USA) at ERIBA, and demultiplexed using standard Illumina software (bcl2fastq 

v.1.8.4). Sequencing reads were mapped to the human reference genome (hg19/GRCh37) using 

Bowtie2 (v.2.2.4), and duplicate reads were marked using BamUtil (v.1.0.3). Aligned 

sequencing libraries were curated and analyzed for copy number alterations using AneuFinder 

(v.1.8.0) at an average bin size of 2 Mb. GC-correction and variable bin width strategies were 

applied as described before (13). 

RNA-sequencing library preparation and analysis 

For transcriptome analysis, RNA was isolated from BCC samples followed by quality control 

on a Bioanalyzer (Agilent). RNA sequencing libraries were prepared with poly(a) selection 

using the NEXTflex kit (Bioo Scientific). Individual libraries were barcoded and pooled 

followed by sequencing. Demultiplexed sequencing reads were aligned to the human reference 

(GRCh37) using a splicing-aware algorithm (STAR [25]). Differential gene expression was 

determined using DESeq2 [26]. Genes were considered differentially expressed (DE) at a 

significance of FDR < 0.05 (p-values adjusted using Benjamini-Hochberg [BH]). GO-term and 

KEGG pathway enrichment analyses were performed on significant DE genes using 

WebGestaltR [27]. Heatmaps for gene expression profiles were generated using the heatmap2 

and pheatmap packages within R, plotting normalized log2 gene expression values. 
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Sequencing data availability 

Unaligned sequencing data have been submitted to the European Nucleotide Archive (ENA) 

and are available only upon request due to EU patient privacy legislation (accession number 

PRJEB28285). 

Supplementary data can be found online: 

https://www.biorxiv.org/content/10.1101/492199v1.supplementary-material
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RESULTS 

Single-cell whole-genome sequencing reveals karyotype heterogeneity in BCC 

Tumor samples were collected from 11 patients diagnosed with BCC alongside with healthy 

control tissue where possible (median age: 74.5 years, Table 1). The histopathological 

assessment revealed that the cohort included the most common subtypes: nodular/infiltrative, 

infiltrative, micronodular, or nodular (Figure 1a). To circumvent the limitations of traditional 

karyotyping methods (22), we subjected samples to scWGS (24 cells per sample) to quantify 

aneuploidy and intratumor copy number heterogeneity (Figure 1b) (11,23). 72.7 ± 15.6% (mean 

± SD) of the libraries passed quality control, additional scWGS quality metrics can be found in 

Table S1. 

With the exception of BCC5, all BCCs displayed structural and/or numerical abnormalities in 

multiple or most cells (Figure 1c), indicating reasonable tumor cell purity. Non-aneuploid cells 

in aneuploid BCCs are likely non-cancer cells that surround the cancer nodules. Besides whole 

chromosome abnormalities, a subset of BCCs also harbored structural aberrations typically 

involving the gain or loss of whole chromosome arms, e.g. involving loss of Chr. 9p (Figure 

1c). Interestingly, in addition to aneuploidy, two BCCs (BCC3 and BCC9) exhibited significant 

karyotype heterogeneity, a strong indication for ongoing CIN (21,23).  

To stratify the BCCs based on aneuploidy and karyotype heterogeneity for subsequent 

transcriptional analysis, we calculated the aneuploidy and heterogeneity scores using 

AneuFinder (23) for the tumor karyotypes as a whole, as well as for individual chromosomes 

(Figure 1d). For these calculations, euploid libraries were excluded, circumventing an impact 

of non-cancer cell libraries on heterogeneity scores. Together, these analyses revealed that the 

BCCs could roughly be grouped into three distinct karyotypic subtypes: BCCs 1, 4, 5, 6, 7, and 

8 showed little to no aneuploidy, with 0 to 2 aneusomic chromosomes (group 1; near-euploid). 

BCCs 2, 10, and 11 displayed a much larger number of aneusomic chromosomes, but no 

intratumor heterogeneity (group 2; stably aneuploid). Finally, BCC3 and BCC9 displayed both 

multiple aneusomic chromosomes as well as intratumor heterogeneity and were therefore 

classified as CIN (group 3; CIN). Together, these data reveal that basal cell carcinoma exhibit 

widely varying karyotypes with a subset displaying intratumor heterogeneity.  

Table 1. information on the BCC sample set. 

Sample 

ID 
Gender Age Topography 

UV 

exposure 
Classification scWGS 

RNA-

seq 

Matched 

healthy 

skin 

In vitro 

culture 

BCC1 M 77 Nasal ala Low Nodular     

BCC2 F 54 Temple Moderate Nod./infilt.     

BCC3 M 78 Cheek High Micronodular     

BCC4 M 85 Upper lip High Infiltrative     

BCC5 M 58 Chin High Nod./infilt.     

BCC6 M 74 Ear High Nodular     

BCC7 F 41 Next to eye High Nod./infilt.     

BCC8 M 55 Upper lip Moderate Micronodular     

BCC9 F 75 Forehead Moderate Nodular     

BCC10 F 75 Forehead  Moderate Nodular     

BCC11 M 89 Ear High Nod./infilt.     
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BCC12 M 70 Cheek Moderate Nodular     

BCC13 F 80 Nasal ala Moderate Nodular     

BCC14 F 56 
Nose/medial 

canthus 
Moderate Nodular  

   

Green blocks indicate whether a sample was processed for single-cell whole genome sequencing 

(scWGS), RNA sequencing or in vitro culture 

 

Figure 1. Single-cell whole-genome sequencing reveals varying degrees of karyotype heterogeneity in 

BCC. a. Representative images of the BCC classification, based on H&E staining. b. Schematic 

overview of the sample processing pipeline, from homogenization to library preparation for scWGS and 

transcriptome analysis (RNA-seq). c. Genome-wide copy number heatmaps of 11 BCC samples, with 

individual cells in rows and genome position in columns. Chromosome boundaries are indicated in 

black lines, with colors corresponding to the most likely assigned copy number state per 2 Mb bin as 

determined by AneuFinder. The percentage of aneuploidy indicates the fraction of libraries that display 

aneuploidy for at least 1 chromosome arm. d. Genome-wide aneuploidy and heterogeneity scores for 

the aneuploid libraries. Samples processed further for RNA-sequencing are highlighted in bold. 

c 

d 

a b 

c 
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CIN phenotype in BCC cultures  

Even though scWGS experiments reveal considerable levels of karyotype heterogeneity in a 

subset of BCC samples, we cannot rule out that these consisted of several different stably 

aneuploidy cells. To further confirm a possible CIN phenotype, we labeled keratinocytes and 

BCC-derived cells with an H2B-mCherry fusion protein. We determined the chromosome mis-

segregation rate in 3 BCC samples-derived cells using time-lapse imaging. To make a 

comparison, keratinocytes from healthy biopsies were analyzed in parallel.  

BCC cells and, to a lesser extent, keratinocytes exhibited CIN. We found significant differences 

between BCC13 and its healthy counterpart, showing 60% of mitosis with signs of unbalanced 

chromosome distribution (Figure 2, left panel). These results confirm the existence of a CIN 

phenotype in a subset of cultured BCCs, and further suggest that BCC cultures can preserve 

some of their in vivo mitotic characteristics. 

 

 

Figure 2. Frequency of mitotic errors as analyzed by live-cell time-lapse imaging of the labeled BCC-

derived cells. The average number of cell divisions was 53 for KC1, 89 for KC2, 46 for BCC12, 40 for 

BCC13, and 80 for BCC14. Right panel: still frame of a mitotic cell from BCC12 labeled with H2B-

mCherry, showing a mitotic error (lagging chromosome, white arrow). For statistical analysis, a two-

tailed student’s t-test was applied. ns:non-significant, *: p˂0.05. Data represent at least 3 biological 

replicates.  

Transcriptome analysis reveals general deregulation of SHH, cell cycle, and cilia genes in 

BCC   

To determine the impact of aneuploidy and/or CIN on the tumor transcriptomes, we next 

subjected a subset of BCCs from each cluster alongside with healthy control skin samples to 

RNA sequencing (Figure 1d, Figure 3a). Interestingly, principal component analysis (PCA) 

revealed a clear separation between karyotypic subgroups (compare Figure 1d to Figure 3a) 

indicating that CIN and aneuploidy have a strong impact on the tumor transcriptomes. We 

determined which genes were significantly dysregulated in BCC in general as compared to 

control skin. 5,197 genes were differentially expressed (DE) between healthy skin and BCC 

(Wald test, FDR<0.05; Figure 3b – left panel) and enriched for functions in skin/epidermis 

development, cell cycle regulation, and cilium biology (Figure 3b – right panel). This fits well 

with current literature, which frequently reports keratinization alterations (epidermal 
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development) and dysregulation of the Hedgehog signalling pathway in BCC (Figure 3c) 
(16,18,19,24–26).  

 

Figure 3. Aneuploidy and CIN-specific transcriptome signatures in basal cell carcinoma. a. Principal 

component analysis (PCA) of the RNA-seq libraries, showing the percentage of contribution of PC1 and 

PC2 to variance, and color-coded by group identifier. b. The number of significant DE genes up- and 

downregulated between all BCCs and healthy skin (left panel) and GO & KEGG-pathway enrichment 

analysis (right panels). Where indicated, columns show GO-term or KEGG pathway description, the 

number of observed genes, fold enrichment (FE) over expected observations, and BH-adjusted p-value 

(FDR). c. Expression heatmap of commonly deregulated genes in basal cell carcinoma, related to SHH 

and WNT signaling. Normalized expression values are expressed as z-scores (by gene). Gene names 

highlighted in bold are significantly dysregulated (FDR < 0.05). 

Altogether, we conclude that BCCs can be subdivided into three distinct karyotypic classes that 

are associated with distinct transcriptome features, with the CIN phenotype having the strongest 

impact on the tumor transcriptome. 

 

 

 

a 
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DISCUSSION 

In this study, we examined aneuploidy and intratumor karyotype heterogeneity in a panel of 

BCCs, a feature that, to our knowledge, has not been studied before for this cancer. We found 

that BCCs can be grouped into three karyotypic types: near-euploid, stably aneuploid, and CIN. 

Of note, the aneuploidy scores were similar between stably aneuploid and CIN tumors, 

suggesting that differences between stably aneuploid and CIN tumors are the sole consequence 

of the CIN phenotype.  

To conform the existence of a CIN phenotype, we employed the in vitro BCC culture system 

previously described (Chapter 5) and subjected a subset of samples to time-lapse imaging. Our 

results revealed mitotic aberrations in 1 out of 3 samples, confirming that, in both tumors and 

in vitro cultures, some but not all BCCs display ongoing CIN. These results corroborate the 

observations derived from scWGS indicating the existence of CIN in BCC and further suggest 

that cells growing from tumor samples represent true BCC, as they present distinct mitotic 

features. Further experiments are needed to directly correlate the karyotypic features of BCC 

tumors and their in vitro counterpart. 

We next investigated whether BCC is associated with distinct transcriptional responses by 

performing RNA sequencing in BCCs and control skin samples. Indeed, this revealed common 

dysregulations across all BCCs: enrichment in skin development functions, cell cycle 

regulation, and cilium biology, as well as alterations in the Hedgehog pathway. This is in 

agreement with previous findings showing mutations in genes involved in the Hedgehog 

pathway (27)(28) and perturbations in epidermal differentiation (29). Of note, our results show that 

CIN and aneuploidy strongly affect tumor transcriptomes.  

Our findings are not only relevant for the fundamental understanding of aneuploidy and CIN in 

cancer, but also bear clinical relevance. For instance, several Sonic Hedgehog inhibitors are at 

various stages of clinical trials (18,19) for the treatment of inoperable BCCs (for instance locally 

advanced or metastatic BCC) (18). As CIN BCCs would be particularly at risk of developing 

resistance against such drugs, our molecular classification for BCCs (using single-cell 

genomics, transcriptome analysis, or possibly evidence of DNA damage) could aid in predicting 

therapy resistance when treating patients suffering from advanced or metastatic BCC. 
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CHAPTER 7 

General discussion 
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Animal models are extremely important to study skin biology, cutaneous toxicity, and its 

associated diseases. Nonetheless, their main limitations include not only the differences 

found between human and animal skin (1,2) but also ethical issues, which has compelled the 

development of alternative methods in line with the 3 rules guidelines: reduction, refinement, 

and replacement of animals in experiments (1).    

Different approaches have been used in the construction of in vitro alternatives including 

dermo-epidermal models, which however are not yet validated for toxicological purposes, 

largely lack a proper immune component, and have tremendous potential to improve current 

in vitro skin cancer models. The dermal compartment is usually represented by a collagen 

matrix with embedded fibroblasts or a fibroblasts-derived matrix. Fibrin has emerged as an 

alternative biopolymer with several advantages: 1) its precursors can be easily obtained from 

blood, allowing the generation of autologous scaffolds, 2) presents customizable properties 

such as fiber thickness or matrix pore size, useful for tissue engineering applications, 3) 

isolation and processing is highly cost-effective (3), and 4) provides many attachment sites 

for cells, promoting migration and cell growth (4).  

In this thesis, we generated full-thickness fibrin-based skin models for applications in 

toxicology, immunology, and cancer.  

Culturing primary keratinocytes: effects on fibrin-based full-thickness models 

An essential step for producing skin equivalents is cell isolation and culture. Two widely 

used methods to obtain keratinocytes are explant culture and 3T3 feeder layers. Therefore, 

we first obtained keratinocytes by both systems and investigated their suitability to produce 

fibrin-based full-thickness models. We found that the use of a feeder layer provides higher 

final cell density and led to tissues with a healthier and thicker epidermis, as compared to the 

explant culture method. This is consistent with the fact that feeder layers contribute to the 

suppression of keratinocyte differentiation and extend keratinocytes’ life span (5,6), which 

leads to highly proliferative cells with the capacity to firstly cover the dermal surface and 

later differentiate generating a stratified epidermis.  

Another crucial aspect of keratinocytes culture is medium composition. A number of studies 

have highlighted the importance of using low calcium concentration as it reduces the 

proliferation rate and promotes sequential differentiation of keratinocytes (7–10). Our finding 

that early passage cells produce models with higher TEER values supports this notion since 

these cultures would contain a greater number of undifferentiated and highly proliferative 

cells that can lead to increased cell density and the subsequent formation of stronger tight 

junctions.  

Altogether, our findings showed that feeder layer-derived keratinocytes generate fibrin-based 

skin equivalents with improved histological features as compared to explant culture. Of note, 

a tighter epidermal barrier is achieved when early passage keratinocytes are used. 

Our results highlight the necessity of using undifferentiated and highly proliferative 

keratinocytes for the generation of skin models, which will create healthy and ordered basal 

and suprabasal layers with an improved epidermal barrier. This is especially important in 
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pharmaco-toxicological applications, for which the morphology and barrier function of the 

tissues should be verified before the application of any chemical testing protocol (11,12).  

Validation of fibrin-based skin models for irritation and corrosion tests 

In the last years, tremendous efforts have been done in the development of human skin 

equivalents to evaluate toxicological responses. Most of them, however, are only composed 

of keratinocytes (13–15), ignoring the effect of other skin constituents like the dermis, that have 

the ability to respond to toxic stimuli and express inflammatory mediators like cytokines (16).    

Knowing that feeder layer-derived keratinocytes produce dermo-epidermal tissues with 

proper morphology and barrier function, we proceeded to evaluate their performance for 

chemical hazard identification following OECD test guidelines (11,12). Our model displayed a 

prediction capacity of 86% and 94% for irritation and corrosion, respectively, fulfilling the 

precision values criteria established by the OECD. For comparison, we also tested the 

validated model EpiDermTM and found 75% accuracy for irritation and 43% for corrosion. 

Since EpiDermTM is validated for the OECD protocols, the lower performance is attributed 

to quality decrease during long shipping times, as shown by the high number of annulated 

tests.  

Another approach to assess irritation potential is based on the measurement of cytokines 

production and release. However, literature reports on this matter have been somehow 

inconsistent. Previous studies have shown that IL-1α measurements can lead to a distinction 

of irritant potency in both epidermal and full-thickness models (17,18). In contrast, a study 

performed on SkinEthicTM concluded that quantification of IL-1α release does not increase 

performance when the model is challenged with irritant chemicals (19). As for IL-6 and IL-8, 

increases of both (20) or just IL-8 (21) have been reported following exposure. Indeed, we found 

that EpiDermTM levels of IL-8 increased after irritant treatment, improving its prediction 

capacity. On the other hand, we found that cytokines release in the dermo-epidermal fibrin-

based model was differently altered by the tested substances, indicating first that our model 

is able to release a number of cytokines and second, that the induction of cytokines after 

irritant exposure could be chemical- and model-specific. 

Taken together, these findings show that fibrin-based 3D skin equivalents can discriminate 

irritation and corrosion, making it a promising tool for toxicological applications. Having a 

local model represents an advantage for the commercialization of products in developing 

countries like Colombia and would prevent quality loss during international models shipping. 

Whether there is an association between cytokine release and irritation potential, needs to be 

determined in further experiments.  

Besides irritation and corrosion, allergic responses are another undesired effect following 

chemical exposure. As a result of the existing difficulties for discriminating between irritants 

and allergens (e.g., they both have cytotoxic effects and generate cytokine-mediated 

responses (22)), pertinent in vitro protocols for the evaluation of sensitizers are still missing.   
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Towards the generation of an immune skin model  

Currently, the identification and evaluation of skin sensitizers are mainly based on animal 

experimentation. However, as previously discussed, ethical factors and the questionable 

results obtained in animal experiments have accelerated the development of in vitro tests for 

determining the sensitization potential of chemicals (23–25).  

To date, most available in vitro models are mainly composed of keratinocytes and/or 

fibroblasts, but largely lack the immune component. Important progress has been achieved 

by the addition of other cell types, but not many immune 3D constructs have been described 

involving the use of dendritic cells (26), Langerhans cells (24–28), or cell lines (24,25). To our 

knowledge, no protocol makes use of a co-culture of keratinocytes and CD14+ cells.  

We took the first step towards this aim and incorporated, for the first time, freshly isolated 

CD14+ cells into 3D fibrin-based substitutes. As we previously showed that our model 

secretes a cocktail of factors and cytokines, we hypnotized that this complex cytokine 

network could lead to the generation of dendritic cells from peripheral blood precursors. 

Indeed, we found that our culture system promotes CD14+ cells differentiation into dendritic 

cells, as judged by the presence of langerin- and CD1a-positive cells within the tissues. 

Importantly, our data showed that they effectively migrate throughout the fibrin network after 

chemical exposure, highlighting the possibility of performing migration and sensitization 

studies.   

This methodology broadened the potential applications of fibrin-based dermo-epidermal 

models by incorporating dendritic cells with migratory capacities. Considering the population 

heterogeneity of CD14+ cells (29,30) and the complex microenvironment of skin models (26,31), 

our approach opens the door to the generation of improved immunocompetent models 

composed of different populations of immune cells. This represents an advantage over 

current sensitization assays since distinct dendritic cells subsets could differently respond to 

sensitizers and irritants. 

In addition to the incorporation of immune cells, skin equivalents can also be adapted to 

model human skin diseases like cancer, providing a system to better understand early 

neoplastic progression, the biological properties of tumor cells, cell proliferation, gene 

activation, and invasive phenotype (2,32). 

Modelling basal cell carcinoma  

Most efforts for in vitro diseased models have been mainly focused on the development of 

melanoma and squamous cell carcinoma substitutes (33). Current in vitro models for basal cell 

carcinoma (BCC) consist mainly of 2D cultures that can only replicate a few characteristics 

of the in vivo counterpart. To gain insight into this pathology, it is necessary to culture cells 

with malignant potential in the context of a 3D network of healthy cells. We, therefore, 

describe the development of 3D models of primary BCC.  

The addition of BCC-derived cells to the 3D structure involves the initial 2D culture and 

propagation of tumor cells. As BCC cultures have been extremely difficult to establish, we 

firstly described a protocol to culture primary BCC. Combining different keratinocytes 
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culture methods, we found that BCC expansion is efficiently promoted by conditions that 

favor attachment and undifferentiation. Thus, a combination of explants, 3T3 feeder layers, 

and a complex media supplemented with rock inhibitor led to the successful growth and of 

cells from BCC samples.  

Having established a successful protocol to propagate BCC-derived cells, we next 

constructed 3D fibrin-based models. Given the advantages of ex vivo explants in terms of 

structural and cellular composition, a BCC explant model was first generated. It remained 

viable and exhibited strong expression of the BCC marker EpCAM, as well as lateral 

migration of biopsy-derived keratinocytes over the dermal compartment, and the typical BCC 

dermal invasion. This model showed a high resemblance to human BCC and confirmed the 

feasibility of maintaining the BCC phenotype under our culture conditions.    

Considering the necessity of explants models for a continuous supply of tumor biopsies, we 

also developed models from suspensions of healthy keratinocytes and tumor-derived cells. 

We found that, as the percentage of BCC-derived cells increased, these models displayed loss 

of epidermal normal morphology and differentiation and exhibited disturbed attachment to 

the dermal component, typical features of BCC (34,35,44,45,36–43). This agreed with our 

transcriptome analysis of primary BCC tumors showing dysregulation of cell adhesion 

components. Unlike the explant model, expression of EpCAM was null-to-weak, 

underscoring the necessity of understanding its role on BCC cells migration and culture. 

These models, therefore, recreated some of the most relevant characteristics of BCC, which, 

otherwise will be difficult to appreciate in 2D cultures.  

In summary, we generated a new protocol for the culture and propagation of BCC-derived 

cells. The subsequent incorporation in 3D models show that fibrin-based gels support the 

culture and growth of both BCC tumor explants and cell suspensions. Hence, dermo-

epidermal organotypic cultures represent a promising system to model primary basal cell 

carcinoma, as they recapitulate relevant BCC tumor features. They could therefore become 

an important tool to test new therapeutic agents that target BCC. Importantly, it would 

represent the first 3D primary BCC model. Further research is still needed to overcome 

attachment alterations and reproduce other BCC characteristics like suprabasal proliferation 

and stronger EpCAM expression.  

The development of several types of cancer, including BCC, can be triggered by different 

genetic alterations. Chromosomal instability (CIN) and aneuploidy are frequently displayed 

in cancer and provide cancer cells with great potential to generate highly malignant and 

therapeutic resistant tumors (46–48). Together with 3D modelling, understanding the 

contribution of CIN and aneuploidy to tumor development can be of help to improve 

treatment strategies.  

Understanding cancer at the molecular level 

Thus far, cytogenetic studies of BCC are scarce. Therefore, we made use of our BCC culture 

method to better characterize BCC pathology. We performed molecular profiling of primary 

BCC tumor samples and found 3 karyotypic classes: near-euploid, stably aneuploid, and 

chromosomal instable (CIN), linked to specific transcriptomal features. With our BCC 

culture system, we were able to evaluate the mitotic characteristics of BCC-derived cells to 
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confirm the CIN phenotype predicted by single-cell whole-genome sequencing. These 

findings provided not only a different classification system that could improve the diagnosis 

and treatment of BCC, but also, a validation of our culture system for the obtainment of 

primary BCC cells.  

These results emphasized the importance of the genetic make-up in tumor formation and 

prognosis. As 3D substitutes provide a highly suitable structure for the proper functioning of 

signaling pathways (49), a deeper understanding of cancer cytogenetics together with 3D 

modelling could offer the opportunity to test therapies targeting specific pathways in models 

that faithfully mimic the in vivo environment.  

CONCLUDING REMARKS 

Current efforts are focused on the development of highly complex skin models for several 

applications. This thesis describes the generation and adaptation of fibrin-based dermo-

epidermal models for toxicology, immunology, and cancer research.  

The proper cultivation of epidermal cells is presented as a fundamental factor for achieving 

a successful skin model, as it provides the basis for the generation of a well-stratified 

epidermis on a fibrin-based support, which in turn, allowed the validation of the skin 

equivalents for toxicity screening purposes. The subsequent addition of other components 

further increased the complexity of the model, which demonstrated to support the growth of 

other types of cells by 1) allowing the generation and maintenance of dendritic cells with 

migratory abilities, and 2) by recapitulating many relevant characteristics of human BCC. As 

such, fibrin-based skin scaffolds proved to be highly suitable systems to mimic different skin 

environments and a promising tool for immune and cancer studies.   

In vitro models that faithfully represent different skin conditions offer a deeper and more 

accurate understanding of the biological mechanisms behind the human skin. Particularly, 

fibrin-based dermo-epidermal models offer new opportunities to study healthy and diseased 

skin and provides a platform to test potential toxic compounds and novel therapeutic agents.  

FUTURE PERSPECTIVES 

Although relevant in vitro skin models have been engineered, the addition of one or more 

components can increase the representation of native skin. Concerning skin models 

containing a dermal compartment, future research should aim to elucidate the mechanism 

behind cytokine production and release, which seem to differ between pure epidermal and 

full-thickness models (21) and have provided somehow contradictory results (17–20). If a link 

between such biomarkers and irritant potency is indeed found, this would allow the sub-

classification of irritants and, likely, contribute to the identification of sensitizers.  

The incorporation of other cell types into 3D skin equivalents has led to important progress 

towards the generation of immunocompetent and cancer models. The challenge in this matter 

is to effectively integrate different cellular components in a setting that allows their growth, 

maintenance, and proper communication. This implies the formulation of highly specialized 

media that support the growth of several cell types with different nutrient requirements. In 

this regard, for CD14+ cells-containing models, it is necessary to 1) identify the subset of 



132 

 

dendritic cells within the tissue, and 2) avoid their maturation and/or differentiation into 

undesired phenotypes. For basal cell carcinoma, it is mandatory to prevent differentiation 

and, at the same time, promote stratification of normal keratinocytes. In addition, it would be 

interesting to establish low attachment culture conditions that may help with the growth and 

development of BCC-like tumors in a 3D setting. 

Cytogenetic studies, on the other hand, could strongly add to all sorts of in vitro substitutes. 

The identification of pathology-related genotypes or pathways could be of help in modelling 

the initial (and eventually the late) stages of diseases or testing novel therapeutic strategies 

that target the specific pathway.  

In the distant future, interests could focus on vascularized skin models. They permit a more 

physiological transport of nutrients and molecules and have shown promising results as 

perfusable systems(50) and for testing potential drug treatments (51,52), enabling the study of 

efficacy and possible side effects of therapeutic agents. These kinds of systems are not only 

useful for pharmaco-toxicological applications but also for immune and skin diseased 

studies. They represent a milestone for cancer research, as they could recreate the metastatic 

events that take place after tumor formation. As for immunology, the incorporation of 

vascular endothelium would allow mimicking the migration of immune cells to the skin tissue 

after proper stimuli, as recently reported by Kwak et al. (53).  

In conclusion, in vitro models are a powerful and promising tool to increase our knowledge 

of many biological properties of human skin. Still, the methods and technology have to 

evolve in order to better reflect the in vivo situation. As no model reproduces all the features 

of the skin, the system of choice should represent the specific condition to be studied, which 

is easily achievable thanks to the customizable properties of 3D skin models.   
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GRADO DE ORIGINALIDAD 

En los últimos años ha venido creciendo el interés por desarrollar alternativas contra la 

experimentación animal, dadas las cuestiones éticas asociadas y las claras diferencias entre la 

piel animal y humana. De hecho, Colombia se suma a la Unión Europea y, bajo la ley 2047, ha 

prohibido el uso de animales en pruebas cosméticas.  

En este sentido, el campo de la ingeniería de tejidos ha hecho enormes esfuerzos en el estudio 

y generación de modelos de piel in vitro, incluyendo cultivos bi (2D) y tridimensionales (3D).  

Los modelos 2D, sin embargo, no ofrecen la complejidad de la estructura 3D y, por lo tanto, no 

imitan muy bien el fenotipo y el comportamiento de la piel nativa. Los modelos 3D, por otro 

lado, reflejan más fielmente la situación in vivo y representan una poderosa alternativa a la 

experimentación con animales. Los sustitutos 3D comercialmente disponibles son típicamente 

epidérmicos, los cuales resultan favorecidos con la adición de un componente dérmico que 

proporciona una condición más fisiológica y permite el estudio de diferentes procesos 

biológicos que involucran interacciones dermo-epidérmicas. 

Teniendo en cuenta lo anterior, el grado de originalidad de este trabajo se sustenta en diversos 

aspectos:  

1. Se desarrollan modelos dermo-epidérmicos que utilizan como base scaffolds de fibrina. 

La fibrina se presenta como un biopolímero altamente accesible, maleable y compatible 

con el crecimiento y migración de diferentes tipos de células. Pocos autores han hecho 

uso de la fibrina para modelos cutáneos. Hasta donde sabemos, se ha utilizado en la 

generación de un modelo hipodérmico o como modelo dérmico en injertos de piel. Esta 

tesis proporciona un equivalente cutáneo con mayor complejidad que los modelos 

epidérmicos, cuya creación se ve simplificada gracias al uso de la fibrina como 

componente dérmico y que resultan ser validados en pruebas de toxicidad. 
 

2. La mayoría de los modelos 3D actuales carecen de un componente inmune, lo que limita 

uso en pruebas de sensibilidad y estudios inmunológicos. En este trabajo se describe por 

primera vez la creación de un equivalente creado con células CD14+ como precursores 

de células dendríticas. Interesantemente, se demuestra que el miroambiente de nuestro 

modelo promueve la diferenciación de CD14+ y permite la migración de las células 

dendríticas generadas, dando lugar a un sistema altamente prometedor en la generación 

de estructuras con diferentes tipos de células inmunes.   
 

3. Dada la enorme dificultad que supone el cultivo de células de carcinoma basal (BCC), 

hay solo unos cuantos reportes sobre el tema, con una eficiencia no muy alta. En esta 

tesis hemos generado un nuevo protocolo para el cultivo de células de BCC en el que se 

obtuvo crecimiento de todas las biopsias y que permitió la posterior utilización tanto en 

microscopia como en la generación de sistemas 3D. En el primer caso, se reporta por 

primera vez una cuantificación del número de mitosis anormales en células de BCC. En 

el segundo caso, se muestra el potencial de equivalentes dermo-epidérmicos para 

modelar BCC, los cuales recrean varias características de este tipo de cáncer y, por lo 

tanto, pueden ser una herramienta valiosa para probar agentes terapéuticos. Esto 

contribuye enormemente al campo de los modelos de cáncer, ya que a la fecha no existen 

equivalentes in vitro de BCC en los que se pueda estudiar esta condición.  
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