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Abstract 

Onchocerciasis, the world's second-leading infectious cause of blindness in humans 

– prevalent in Sub-Saharan Africa – is caused by Onchocerca volvulus (O. volvulus), an

obligatory human parasitic filarial worm. Commonly known as river blindness,

onchocerciasis is being targeted for elimination through ivermectin-based mass

drug administration programs. However, ivermectin does not kill adult parasites,

which can live and reproduce for more than 15 years within the human host. These

impediments heighten the need for a deeper understanding of parasite biology and

parasite-human host interactions, coupled with research into the development of

new tools – macrofilaricidal drugs, diagnostics, and vaccines. Humans are the only

definitive host for O. volvulus. Hence, no small-animal models exist for propagating

the full life cycle of O. volvulus, so the adult parasites must be obtained surgically

from subcutaneous nodules. A two-dimensional (2D) culture system allows that

O. volvulus larvae develop from the vector-derived infective stage larvae (L3) in vitro

to the early pre-adult L5 stages. As problematic, the in vitro development of

O. volvulus to adult worms has so far proved infeasible. We hypothesized that an

increased biological complexity of a three-dimensional (3D) culture system will

support the development of O. volvulus larvae in vitro. Thus, we aimed to translate

crucial factors of the in vivo environment of the developing worms into a culture

system based on human skin. The proposed tissue model should contain 1. skin-

specific extracellular matrix, 2. skin-specific cells, and 3. enable a direct contact of

larvae and tissue components. For the achievement, a novel adipose tissue model

was developed and integrated to a multilayered skin tissue comprised of epidermis,

dermis and subcutis. Challenges of the direct culture within a 3D tissue model

hindered the application of the three-layered skin tissue. However, the indirect co-

culture of larvae and skin models supported the growth of fourth stage (L4) larvae in

vitro. The direct culture of L4 and adipose tissue strongly improved the larvae

survival. Furthermore, the results revealed important cues that might represent the

initial encapsulation of the developing worm within nodular tissue. These results

demonstrate that tissue engineered 3D tissues represent an appropriate in vitro

environment for the maintenance and examination of O. volvulus larvae.
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Zusammenfassung 

Onchozerkose, die weltweit zweithäufigste infektionsbedingte Ursache für 

Erblindung von Menschen, wird durch Onchocerca volvulus (O. volvulus) verursacht, 

ein parasitärer Fadenwurm. Die allgemein als Flussblindheit bekannte 

Onchozerkose wird mit dem Medikament Ivermectin bekämpft, das jedoch nicht die 

adulten Parasiten tötet, die im Menschen mehr als 15 Jahre lang leben und sich 

vermehren. Ein tieferes Verständnis der Biologie des Parasiten und dessen 

Interaktionen im menschlichen Wirt ist für die Erforschung und Entwicklung neuer 

Instrumente – makrofilarizide Medikamente, Diagnostika und Impfstoffe – 

erforderlich. Da der Mensch der einzige Endwirt für O. volvulus ist, gibt es keine 

Tiermodelle für dessen Vermehrung. Zu Forschungszwecken werden adulte Würmer 

daher chirurgisch aus subkutanen Knoten erkrankter Individuen gewonnen. Ein 

zweidimensionales (2D) Kultursystem ermöglicht die Entwicklung von aus dem 

Vektor isolierten infektiösen O. volvulus-Larven (L3) bis zu einem frühen präadulten 

Stadium. Als problematisch erwies sich bisher die in vitro Entwicklung von O. volvulus 

bis zum adulten Wurm. Unsere Hypothese ist, dass eine erhöhte biologische 

Komplexität des Kultursystems die Entwicklung von O. volvulus-Larven in vitro 

unterstützt. Daher wurden entscheidende Faktoren der in vivo-Umgebung 

entwickelnder Larven – die menschliche Haut – auf ein dreidimensionales (3D) 

Kultursystem übertragen. Dieses Kultursystem sollte 1. Haut-spezifische 

extrazelluläre Matrix enthalten, 2. hautspezifische Zellen und 3. einen direkten 

Kontakt zwischen Larven und Gewebekomponenten ermöglichen. Dafür wurde ein 

neuartiges Fettgewebemodell entwickelt, das in ein mehrschichtiges Hautgewebe 

integriert wurde – bestehend aus Epidermis, Dermis und subkutanem Fettgewebe. 

Die Anwendung des dreischichtigen Hautgewebes als direktes Kultursystem wurde 

durch technische Herausforderungen verhindert. Jedoch unterstützte die indirekte 

Ko-Kultur von Hautmodellen das Wachstum der Larven (L4) in vitro. Die direkte 

Kultur mit dem Fettgewebemodell verbesserte die Viabilität der Larven signifikant. 

Darüber hinaus konnten Anzeichen für eine beginnende Verkapselung der Larven 

durch humane Zellen und Matrix gezeigt werden kann. Die Ergebnisse 

demonstrieren, dass humane Gewebemodelle eine angemessene in vitro-Umgebung 

für die Kultur und die Erforschung von O. volvulus darstellen. 
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1. Introduction 

The Global Burden of Disease study (GBD) published by the Institute for Health 

Metrics and Evaluation at the University of Washington delivers a worldwide 

observation of health issues confronting people and societies across the globe. It 

provides an important overview of data collected since 1990 on 369 diseases and 87 

risk factors for human health in 204 countries and territories. Derived from these 

data, the GBD estimates morbidity, mortality, incidence and prevalence of these 

diseases and injuries. Moreover, the consequences for people are summarized and 

expressed in years of life lost (YLLs), years lived with disability (YLDs) and 

disability-adjusted life years (DALYs) [1]. The top ranked causes for DALYs from 

1990 to 2019 demonstrate the progression of diseases in societies of all ages and sex. 

Notably, non-communicable diseases that are also classified as diseases of 

civilization are increasing in the DALYs during the observation time. In 1990, 

ischaemic heart disease and stroke were ranked as the 4th and 5th leading cause of 

DALYs, whereas in 2019 these diseases climbed to the 2nd and 3rd place. Especially the 

DALYs caused by diabetes were strongly increased by 148 %, climbing from place 20 

to 8 of the ranking [1]. This massive increase in the prevalence of diseases of 

civilization can be explained by various factors, such as high levels of inactivity, the 

western diet pattern, alcohol, and tobacco consumption. These unhealthy habits lead 

to a rising number of people suffering from chronic and degenerative diseases. In 

2016, 50 % of the American population suffered from at least one chronic health 

issue with a projected increase of 1 % per year [2]. A major driver for this 

development is overweight and obesity. In 2016, 13 % of the world population was 

classified as obese that is indicated by a body mass index (BMI) above or equal to 

30 kg/m2. In the same time 39.6 % of the adult population (20 years and older) in the 

US were obese [3], whereas the prevalence for obesity in Germany was 18.1 % in 2015 

[4]. As a modifiable risk factor, overweight is a main cause for the burden of diabetes, 

which explains the climb of the disease over the years [5].  

In contrast, the DALYs caused by infectious diseases worldwide were decreased. In 

1990, Tuberculosis and Malaria were ranked as number 7 and 10 for top causes of 

DALYs, whereas in 2019 these diseases dropped to place 12 and 14. Notably, measles 

ranked as number 9 were drastically reduced, thus ranked as number 71 in 2019 [1]. 

These data provide a powerful overview on the progression of diseases and social 
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health developments. The current GBD states a constant level of global health, which 

can be explained by the progress in medicine on one side and the growing and aging 

world population on the other side. Whereas the western countries suffer from the 

rise of civilization diseases, countries of the global south face diseases that mainly 

occur in tropical regions, primarily in developing countries. 

 

1.1 Neglected Tropical diseases 

Neglected tropical diseases (NTDs) define a broad group of maladies that 

predominantly affect people and societies in tropical and subtropical environments. 

Inadequate sanitation, constant contact to vectors and live-stock and a limited 

availability of health services in countries of the developing world are factors for the 

persistence of NTDs [6]. In contrast, NTDs were eliminated in most of the developed 

countries, thus these diseases mainly compromise countries and societies in 

poverty, coining the term “neglected” [7]. Generally, insufficient or no treatment 

results in illness, suffering, impairment and social stigma [8,9]. Aside from the 

medical and social consequences, a loss of economic productivity of affected 

individuals has been described [10]. Taken together, this progression of NTDs causes 

a cycle of disease and poverty for whole communities and countries [7]. The World 

Health Organization (WHO) defined 20 major NTDs: Bilharzia, Blinding trachoma, 

Buruli ulcer, Chagas disease, Dengue, Echinococcosis, Elephantiasis, Foodborne 

trematodiases, Guinea worm disease, Intestinal worms, Leprosy, Mycetoma, 

Onchocerciasis, Rabies, Scabies, Sleeping Sickness, Taeniasis and cysticercosis, 

Visceral leishmaniasis and Yaws. The only non-infectious NTD is snakebite 

envenoming, which was added to the list in 2018, due to its prevalence and impact 

[11]. These 20 diseases threaten approximately 2 billion people worldwide and are 

responsible for roughly 200,000 deaths annually [7]. An analysis of the GBD 2013 

with focus on NTDs estimated a loss of 8.21 million YLLs, thereby causing 25.1 million 

DALYs and 16.9 million YLDs [12].  

For the control of NTDs the WHO postulates five key measures: preventive 

chemotherapy, innovative disease management, vector ecology and management, 

veterinary health service and the improvement of water supply and hygiene [7,11]. In 

the past, pharmaceutical companies donated drugs for the treatment of NTDs. 
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However, an inefficient distribution of these drugs due to non-reliable health care 

reduces the efficacy of the mass drug administration (MDA) programs [7]. Moreover, 

poor effectivity of applied drugs and prolonged treatment courses cause the non-

adherence of patients [13]. So far, the development of preventive or therapeutic 

vaccines against the majority of NTDs was unsuccessful and the interest of 

pharmaceutical companies is low because these diseases mainly occur in poor 

countries [14,15]. Nevertheless, non-profit product development partnerships are 

endeavored to introduce vaccines against distinct diseases, such as onchocerciasis 

[15,16]. The company BionTech – known for the mRNA-based COVID-19 vaccine 

Comirnaty® – announced the development of a vaccine against malaria [17]. 

Recently, BionTech started the construction of an mRNA vaccine production plant in 

Rwanda [18]. The new vaccine technology gives hope for a prompt development of 

more NTD vaccines.    

Besides the recent COVID-19 pandemic, the current world affairs are diverting the 

public attention from the problems of the global south. The pandemic threatens 

global health and concentrated measures and efforts to fight the spread of SARS-

CoV-2 in most countries and globally. Unfortunately, this hampered the progress of 

NTD control [19]. Moreover, the climate change represents another global threat 

that will negatively influence the elimination of NTDs by contributing to the 

distribution of vectors and thus to a rise of NTD transmission [20]. To make matters 

worse, the war in Ukraine will cause a shortage of supplies to many African countries 

that might cause a famine. Summarizing, these current global challenges highlight 

the need of reinforced efforts in the post-pandemic time to achieve the sustainable 

development goals on NTDs set by the WHO [7,11,21]. 

These goals define a time point by which a disease is projected to be eliminated. In 

case of river blindness – one of the 20 NTDs and after trachoma the second leading 

cause of blindness resulting from an infection worldwide – the goal for elimination 

is currently set to 2025 [22]. 
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1.2 Onchocerciasis 

Onchocerciasis, or commonly known as River blindness is caused by the obligatory 

human parasitic filarial worm Onchocerca volvulus (O. volvulus). Primarily in Sub-

Saharan Africa, more than 204 million people are at risk to an infection with 

O. volvulus, about 21 million are infected, of which 1.2 million suffer from impaired 

vision [23]. Figure 1A highlights the countries around the globe that are endemic for 

O. volvulus. Notably, 99 % of all infections can be found in 31 African countries [24]. 

Infected black flies of the genus Simulium are responsible for the transmission of the 

parasite. As the disease name indicates, these insects breed along rivers 

predominantly in regions of Sub-Saharan Africa. People living in these areas are 

exposed to repeated bites of infected flies that eventually cause the manifestation of 

the O. volvulus infection. The life cycle of O. volvulus is demonstrated in Figure 1B. 

 

Figure 1: Endemic regions and life cycle of O. volvulus. A. Map of countries endemic for onchocerciasis. 

Source: https://www.afro.who.int/pt/node/580 (09.09.2021) B. Life cycle of O. volvulus. 1. Transmission 

of microfilariae during the blood meal of the black fly to the human host. 2. Adult parasites in 

subcutaneous nodule. Male worms migrate to nodule-resident females for fertilization. 3. Generation 

of thousands of microfilariae that migrate. 4. Ingestion of larvae by black fly during blood meal. 

5. Microfilariae develop to black fly specific stages and 6. migrate as infectious larvae to the head. 

The black fly ingests larvae of stage 1, called microfilariae (mf), during the blood 

meal on infected individuals. The mf molt twice within the vectors body to the larval 

stage 3 (L3). These infective larvae migrate towards the insect’s head, specifically 

ending in the proboscis. From there, L3 enter the human body by their deposition in 

the wounded skin during the bite. The larvae migrate to the underlying skin and 

subcutaneous tissues, where they develop and molt to the first human specific larval 
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stage 4 (L4). Finally, after about 8 weeks, the worms reach the final human-specific 

stage [25]. After this last molt, worms are developing the sex organs and are 

therefore classified as pre-adult (L5) [26]. The adult parasites are embedded within 

highly vascularized collagenous nodules located in subcutaneous tissues, known as 

onchocercomas [27]. Whereas the female worm resides within the onchocercoma, 

the males migrate for their fertilization [28]. Female parasites can release up to 

3000 mf each day, that can survive in the human body for up to 18 months [29]. 

Finally, these mf are ingested again by feeding black flies, the starting point of the 

parasitic life cycle. Embedded in the nodule, O. volvulus can live within the human 

host for more than 15 years and reach a size of 70 cm [29,30]. The nodules are mostly 

distributed on the lower extremities, the legs and pelvis [31]. From here, mf are 

mainly located in the human skin and are able to cover big distances in the human 

host by eventually reaching the human eye. For the migration, mf and male adults 

secrete proteases that degrades the matrix proteins of the host connective tissue, 

such as collagens, fibronectin and laminin [32,33]. A role of the lymphatic system 

was postulated to be of importance for the migration of mf in the human body [34], 

but to date could not have been proved [30].  

 

The pathophysiology of onchocerciasis and various disease patterns 

Still, the pathophysiology of river blindness is not yet fully understood. However, 

strong inflammatory responses of the human host to a massive and chronic load of 

degenerating mf take place within the eye [35]. Also, the endosymbiotic bacterium 

Wolbachia of O. volvulus worms could be the trigger for an immunogenic response. 

This theory is supported by the higher Wolbachia content of severe strains and its 

ability to cause more severe eye damages, whereas mild strains cause mild ocular 

pathogenesis [36]. Furthermore, autoimmune reactions could represent a crucial 

pathogenic factor for the manifestation of blindness [37]. Although, pathologic 

reactions can occur in all parts of the eye, the disease patterns are subdivided for 

their location [38]. The atrophy of the retinal pigment epithelium and subretinal 

fibrosis is characterized as posterior eye disease [39]. When the anterior chamber or 

the cornea is affected, it is classified as anterior eye disease. In this case, the 

immunogenic response to dead mf induces corneal opacification beginning as 
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punctuate keratitis, which affects the corneal epithelium. Due to the ongoing mf 

loads in the cornea, the opacification increases from the peripheral stroma towards 

the central area, which can finally lead to sclerosing keratitis, resulting in 

irreversible blindness [38]. 

Besides the most prominent and eponymous symptom, the loss of sight, an infection 

with O. volvulus also results in other disease patterns. The onchocercal skin disease 

(OSD) is evoked by the high numbers of mf in the human skin. The also called 

onchodermatitis has been neglected as symptom but was recently reported as 

socioeconomic burden for African communities [24]. OSD causes itching, 

depigmentation, atrophy and the so called hanging groin [24]. The malady of these 

symptoms, especially severe itching provokes infected people to suffer from 

insomnia, debilitation and has therefor a social influence, creating social stigma, 

affecting family formation and the mothers ability of breast-feeding [9,40]. 

Moreover, economical and agricultural productivity is reduced in endemic areas of 

O. volvulus [10,41]. Referring to the GBD Study 2017, out of nearly 21 million infected 

people, patients can be subdivided into 5.1 million asymptotic cases, 14.7 million 

cases of OSD and 1.2 million of blindness. The total burden is estimated with 

1.34 million years lived with disability for onchocerciasis, of which 1.25 million YLD 

account for OSD and 96,100 YLD for river blindness [42]. These numbers do not take 

the onchocerciasis-associated epilepsy into account. In recent years, the occurrence 

of epileptic disorders correlating with O. volvulus infections were further studied, 

rising the term of river epilepsy [43,44]. The so-called Nodding syndrome is one of 

the neuronal disorders, that was shown to be triggered by an autoimmune 

dysfunction resulting from an infection with O. volvulus [45]. 

 

Strategies for the control of onchocerciasis 

For a community-directed treatment of onchocerciasis, the WHO launched the 

Onchocerciasis Elimination Program for the Americas (OEPA) in 1992 and the 

African Programme for Onchocerciasis Control (APOC) in 1995. These programs 

were initially based on the MDA of ivermectin, a chemotherapeutic agent, which 

could be shown to have a microfilaricidal activity. Merck & Co. committed to these 

projects by the production of ivermectin (Mectizan®) and agreed to distribute the 
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drug for free [24]. In 2011, 2 billion ivermectin tablets were donated to 

117,000 communities in Yemen, 5 countries in South America and 27 African 

countries [35]. The OEPA program could successfully demonstrate the feasibility of 

controlling cases of onchocerciasis. From 2013 to 2016, all affected South-American 

countries announced the elimination of transmission (EOT), except for two small 

foci in the border region of Brazil and Venezuela [46,47]. The EOT defines a reduction 

of the incidence of new cases to zero [48]. The microfilaricidal activity of ivermectin 

enables the control of O. volvulus transmission by reducing the mf load, and thus the 

transmission to the black fly vector. Moreover, it reduces symptoms and morbidity, 

mainly caused by the mf. An embryostatic effect on adult female worms as well as an 

inhibition of fecundity was also reported [44,48–50]. A study revealed that until 

2015 the MDA of ivermectin has prevented 19 million DALYs [51].  

Despite these advantages of this therapeutic strategy and the success in the 

Americas, the success of ivermectin in Africa is limited. Since the launch of APOC in 

1995 until 2013 the incidence of onchocerciasis has only been reduced by 31 % [52]. 

In 2017, the WHO estimated 204 million people in Africa requiring MDA, whereas 

142 million people got actually treated, resulting in a coverage of only 69.6 % [23]. 

Currently, the goals for EOT in 80 % of affected African countries was declared by the 

APOC for 2025 [22]. Predictions from mathematical models and leading experts are 

rather negative about the effectiveness of ivermectin alone, which will not be 

sufficient to eliminate onchocerciasis in Africa [53]. The lack of macrofilaricidal 

activity prompts the need of ivermectin treatment courses exceeding the parasites 

lifespan (more than 15 years). The earlier mentioned deficiency of treatment 

coverage and adherence in endemic African countries highlights infrastructural and 

healthcare system problems [13,54]. An additional big obstacle for ivermectin 

administration in 11 Central African countries is the co-endemicity of Loa loa – 

another filarial parasite – as the treatment causes the risk of severe adverse events 

[55,56]. In relation to the microfilarial load of L. loa, the risk of side effects is 

increased. The reactions range from itching, headache and edema to serious 

neurological dysfunctions [57]. Furthermore, resistance of O. volvulus against 

ivermectin has been reported, thus potentially reducing the applicability of the drug 

[58]. 
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An alternative treatment strategy of O. volvulus infections targets the intercellular 

endosymbiont. The majority of filarial worm species that infect the human host have 

a symbiosis with Wolbachia bacteria [59]. The supply of essential metabolites from 

the bacterial symbionts is proven to be crucial for the reproduction, pathogenicity 

and survival of the filarial parasite [60,61]. The effects of targeting the symbiotic 

bacteria by antibiotic drugs were analyzed. A prominent candidate is represented by 

doxycycline that could demonstrate an effective depletion of Wolbachia within adult 

O. volvulus worms in clinical trials. Thereby, a macrofilaricidal effect was observed, 

accompanied by an inhibition of reproduction and transmission [62–64]. However, 

long-term treatment with doxycycline is required, thus hindering its broad 

administration, due to adverse events and contra-indications [65]. 

 

Progress on the development of O. volvulus research  

To accelerate the progress of alternative intervention strategies the APOC called for 

the development and testing of novel technologies in 2014 [66]. To achieve this 

progress, a fundamental knowledge on the parasite biology is required, especially on 

the interaction between the parasite and the human host. The research of O. volvulus 

has always been challenging, as the filarial parasite is obligated to humans as 

definitive host. For this reason, no small animal model can be applied to propagate 

and thereby produce adult and matured worms for the evaluation of novel treatment 

strategies. So far, the nodulectomy – the excision of nodules containing worms from 

infected individuals – represents the only way to obtain the adult parasite [29]. 

Consequently, the strongly limited availability reduces the progress of research 

applications and drug discovery studies. To circumvent this problem, surrogate 

filarial parasites, such as cattle Onchocerca ochengi, Brugia spp and Litomosoides 

sigmodontis, which can be maintained in animals in vivo and/or in vitro are serving as 

a model system to analyze the effect of novel drugs [25,29]. However, the use of 

surrogate parasites and animal models cannot resemble the specific interaction 

between O. volvulus and the human host, specifically within the onchocercoma, 

representing a parasite-specific environment.  

As an alternative to surrogate models, in vitro cultures have been applied to filarial 

parasites. Basic two-dimensional (2D) culture approaches principally allow the 
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usage of human cells and represent an easy maintainable culture system. The 

applicability and sufficiency for the maintenance of filarial larvae was demonstrated 

for Mansonella perstans L3, that showed 33 % viability of the initial number of larvae 

after 77 days [67]; 60 – 90 % of Loa L3 survived over 15 to 17.8 days in culture 

[68,69]; and 69 % of Brugia malayi L3 were viable after 30 days [70]. For the in vitro 

maintenance of O. volvulus larvae, a culture system based on a feeder layer of human 

umbilical vein endothelial cells (HUVEC) has been developed by researchers of the 

New York Blood Center (NYBC) [29]. The HUVEC-conditioned culture medium 

supports the growth and development of L4 larvae towards the pre-adult L5 stage. 

However, the survival of larvae is strongly decreasing during the in vitro culture to 

20 % of their initial number after 7 weeks. Figure 2 demonstrates the co-culture 

setup and the survival rate of larvae in vitro. Typically for pre-adult stages, the 

worms obtained from the co-culture system show no matured gonads, thus they are 

not fecund. Moreover, worms of comparable age from nodulectomy are significantly 

bigger by the factor 10 – 50 [27].  

 

Figure 2: 2D in vitro culture of O. volvulus L4 larvae. A. The conditioned medium by the co-cultured 2D 

HUVEC monolayer supports the development of the larvae that are placed above in a culture insert. 

B. Survival of O. volvulus larvae in the 2D culture system. The graph was published by Malkmus et al., 

2020 [71]. 

It is hypothesized, that a simple 2D culture of a single human cell type is sufficient 

to maintain and develop the larvae to pre-adult L5s, but the lack of biological 

complexity hampers higher survival rates and eventually the maturation to adult 

parasites [71]. An increased complexity is represented by biological factors, such as 

organ specific cell types, extracellular matrix (ECM), and physiological properties, 

e.g. blood flow and mechanical stimuli. So far, these interacting parameters all 
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together can only be delivered by a living organism. As the obligation to the human 

host avoids the usage of small animal models, in vivo studies using approaches that 

are more sophisticated were performed. Therefore, diffusion chambers containing 

O. volvulus L3 larvae were implanted to primates – evolutionary closer to humans. 

Only 15 % of living larvae could be obtained after 63 days that were molted to stage 

L4 [26]. An even more ambitious approach was using humanized mice to model the 

human host [72]. Unfortunately, only a poor larvae retrieval of 1.4 % of the initial 

inoculum could be achieved. Even though, providing a complex in vivo environment, 

the advanced animal models do not represent the appropriate human host 

environment for O. volvulus larvae and thus are not an adequate solution for the 

endeavor of producing adult parasites for therapeutic research attempts.  

This highlights the complicatedness of a culture approach that combines the 

biological stimuli needed for the development and survival of larvae together with 

the feasibility and practicability. To close this gap, we hypothesized that three-

dimensional (3D) human tissue models provide a culture platform that allows 

practical workflows. More importantly, it allows the in vitro presentation of the 

parasite-specific environment in the human host – subcutaneous tissues – the 

niche of O. volvulus.  

 

1.3 The human skin – Niche of O. volvulus 

The subcutaneous tissue is the innermost layer of the human skin. With a size of 

two m2, the skin represents the largest organ of the human body, accounting for 15 % 

of the body weight. It covers the complete outer surface and thus is responsible for 

the protection of the body against outer harmful impacts, caused by 

sunlight/irradiation, chemical agents and pathogens. Moreover, the skin regulates 

the water household, body temperature and is involved in immunologic reactions, 

hormone synthesis and sensory perception [73]. Figure 3 illustrates the principal 

anatomy of human skin, which is formed by three major layers: from outside 

epidermis, dermis and the subcutis.  
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Figure 3: Principle anatomic structure of the human skin. The skin is composed of three major layers: 

epidermis, dermis and subcutis. Adipocytes represent the most prominent cell type of subcutaneous 

adipose tissue. As a highly dynamic organ, cells are in different stages of differentiation. Early 

differentiating adipocytes contain numerous lipid vacuoles that fuse to become eventually a single lipid 

vacuole, a major morphological feature of mature adipocytes. Cells are embedded in ECM. 

Subcutaneous tissue mainly consists of adipose tissue which is composed of cells of 

the stromal-vascular fraction – adipocytes, endothelial cells, pericytes, immune 

cells and pre-adipocytes [74]. Nowadays it is commonly known that besides its 

function as storage organ for energy, adipose tissue is involved in diverse 

physiological processes, e.g. thermoregulation, immunology and endocrine 

signaling and the regulation of appetite [74]. As the physiological relevance of 

adipose tissue is increasingly understood, the biology of the different adipose tissue 

depots, their functions and involvement in various physiological mechanisms 

should be considered for the in vitro modelling.  

In general, adipose tissues are morphologically subdivided into a brown and white 

subgroup that also differ in their location. Brown adipose tissue is characterized by 

a high degree of vascularization and densely packed mitochondria, which 

contributes to the brownish color. Brown adipocytes are also characterized as 

multilocular, thereby containing multiple lipid droplets of different size [74]. It 

accounts for only 1 – 2 % of total fat mass in humans and is only located in cervical, 

paraspinal and axillary regions of the body [75]. The function of brown adipose tissue 

is the non-shivering thermogenesis, the production of heat by oxidative 

phosphorylation of circulating free fatty acids. Thereby, it maintains the core body 
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temperature and it clarifies the blood plasma from triglycerides [76]. In contrast, 

white adipose tissue (WAT) is further classified by its location. Visceral fat is located 

intra-abdominally and surrounding the inner organs [76], predominantly found in 

obese individuals. The high metabolic activity causes a constant release of free fatty 

acids, contributing to symptoms of cardiovascular diseases and diabetes, such as 

systemic inflammation, hyperinsulinemia, and atherosclerosis [77].  

The most abundant WAT is represented by the subcutaneous adipose tissue, which 

makes roughly 80 % of the total fat in healthy individuals [78]. Histologically, 

adipocytes of this fat depot show different stages of maturation. Figure 3 shows 

schematically the composition of differentiating multilocular cells with multiple 

lipid droplets and matured adipocytes, unilocular cells containing a single vacuole 

for the storage of lipid. The cells are embedded into ECM which consists of collagens 

(I, II, III, IV), fibronectin and laminin [79]. An extensive network of vasculature is 

responsible for the transport of nutrients. Only 30 – 50 % of cells are adipocytes, 

however they make about 90 % of the tissue volume [76,80]. As already mentioned, 

the remaining cells are of the stromal vascular fraction, namely endothelial cells, 

pericytes, immune cells and importantly adipocyte precursors [81]. Adipocytes 

differentiate from adipose tissue resident stem cells of mesenchymal origin [74]. 

The so called adipogenesis is regulated by key transcription factors, such as 

peroxisome proliferator activated receptor γ (PPARγ) and CCAAT/enhancer-binding 

proteins (C/EBPs) [82]. The most critical pro-adipogenic transcription factor is 

PPARγ, a member of the hormone nuclear receptor family. It could be shown in vitro, 

that activating and inhibiting factors of adipogenesis mainly modulate PPARγ 

expression or activity [83]. During the adipogenic differentiation, the developing 

adipocyte accumulates lipids in small vacuoles that fuse during the ongoing 

maturation. In WAT, the lipid vacuole has a share of 90 % of the cytoplasm, causing 

the flattening of the nuclei at the cell periphery. The size of mature adipocytes ranges 

from 20 – 300 µm in diameter [80]. A major function of subcutaneous adipose tissue 

is the homeostasis of energy. Therefore, energy is stored as triglycerides in 

adipocytes. Two mechanisms enable the storage of excess energy. The expansion of 

adipose tissue by cell proliferation and thus an increasing number of adipocytes is 

called hyperplasia. In contrast, the increase in size of adipocytes by the accumulation 

of triglycerides is hypertrophy [76]. If the level of supplied energy exceeds the 

capacity of hyperplasia and hypertrophy, triglycerides are stored as ectopic fat in 
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visceral adipose tissue depots. While exercise and fasting require an elevated level of 

energy, lipids are released as non-esterified fatty acids to cover the demand [84]. 

This constant flux of triglycerides results in the ability of the adipose tissue to 

expand and decrease in size in dependency to the level of energy required for the 

activity of the human individual. Multiple organs rely on the supply of energy, such 

as brain, pancreas, liver and muscles. In this regard, the adipose tissue fulfills the 

function of an “energy balance hub” [76,85]. On a molecular level, the synthesis and 

accumulation of triglycerides is described by de novo lipogenesis as shown in 

Figure 4.  

 

Figure 4: Energy storage and mobilization of adipocytes. Lipogenesis (left) requires Glucose and free 

non-esterified fatty acids (NEFA) from the bloodstream, finally stored as triglycerides (TG) within the 

lipid vacuole. In Lipolysis (right) TG are sequentially processed by lipases to NEFA and glycerol-3-

phosphate. For energy supply, these products are transported via the bloodstream to peripheral organs. 

The required fatty acids for lipogenesis either are synthesized within the adipocyte 

or derive from circulating triglycerides of the blood stream. The latter are 

transported as very low density lipoproteins (VLDL) [86]. Insulin-stimulated 

lipoprotein lipase (LPL) located on the luminal surface of vascular endothelial cells 

of the WAT hydrolyze triglycerides to non-esterified fatty acids (NEFA) [87]. The 

NEFAs are transported into adipocytes by the fatty acid transport protein-1 (FAT) 
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[88,89]. Besides LPL activation, insulin enhances the uptake of glucose via the 

glucose transporter-4 (GLUT4) located on the adipocyte membrane. By the 

esterification of a glycerol-3-phosphate originated from glucose and three fatty acyl 

chains triglycerides are synthesized and stored in the lipid vacuole [83]. Contrarily, 

lipolysis describes the energy mobilization of the adipocytes by converting the 

stored triglycerides back into glycerol and three fatty acids. Therefore, three lipases 

are functioning sequentially. The adipose triglyceride lipase (ATGL) cleaves the 

molecule, resulting in diacylglycerol, which is further hydrolyzed by the hormone-

sensitive lipase (HSL) to monoacylglycerol. Eventually, the monoacylglycerol-lipase 

(MGL) finalizes the lipolysis. The lipolytic products are transported via the blood 

stream, energy is obtained by e.g. oxidation of fatty acids in muscle cells and the 

glycerol serves as substrate for e.g. gluconeogenesis in hepatocytes [90].  

For this important function of WAT – the storage and supply of energy- lipogenesis 

and lipolysis are crucial processes. These functions are controlled by the nutritional 

status, exercise and endocrine signaling [86]. The uptake of carbohydrates results in 

rising levels of blood glucose and insulin that is secreted by pancreatic β-cells. 

Insulin represents an important regulator of de novo lipogenesis through the 

activation of lipogenic enzymes, such as LPL and GLUT4 and therefore increasing 

the supply of the substrates, glycerol and free fatty acids. A second important 

regulator of lipogenesis is leptin, an adipokine secreted by adipocytes [91] acting as 

hormone in the control of food intake, the expenditure of energy and thus has an 

impact on body weight  by acting in the medial basal hypothalamus [92]. It could be 

shown that neuronal signaling via sympathetic neurons innervating white 

adipocytes cause a leptin-induced lipolysis [93]. This interaction with neuronal 

signaling highlights a second important function of adipose tissue as an active 

secretory organ. Since the discovery of leptin and adiponectin [91,94], numerous 

adipocyte secreted polypeptides called adipokines with regulatory function have 

been discovered and described. These factors show autocrine, paracrine and 

endocrine function, thus communicating with the hypothalamus (leptin), pancreas, 

liver, muscle, kidney, etc. and underlining again its function as “energy balance 

hub” [74,76]. Hence, the awareness for WAT as a regulatory organ involved in 

systemic metabolic homeostasis has risen [93]. It could be shown, that a healthy 

WAT in mice attenuates the lipotoxic effect on peripheral organs mediated by 
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adipokine signaling [95]. A dysfunctional adipose tissue causes an impaired 

adipokine secretion, which can eventually lead to insulin resistance associated with 

obesity and type 2 diabetes, diseases of civilization [79,96].  

Mechanically, the subcutaneous adipose tissue provides protection by functioning as 

a cushion. In addition, it is responsible for thermal insulation and for the defense of 

pathogens arising from the skin [84]. Due to the exposed position of the body 

surface, the upper skin layers epidermis and dermis have an important barrier 

function. Figure 5 illustrates the anatomical organization of the human skin with a 

focus on the epidermis and dermis. 

 

Figure 5: Anatomic structure of the epidermis and dermis of human skin. The epidermis is subdivided 

into stratum basale, stratum spinosum, stratum granulosum and the outermost stratum corneum. 

Underneath, the fibrous dermis mainly consists of collagen. The dermis is subdivided into the upper 

papillary layer, followed by the reticular layer. The main proportion of the subcutis is the highly 

vascularized adipose tissue. 

As the outermost skin tissue, the epidermis covers the human body. The majority of 

cells are human epidermal keratinocytes (hEK), which are organized in distinct 

layers that represent the differentiation status of the cells and form a stratified 

squamous epithelium. In the stratum basale, highly proliferative precursor cells form 

a monolayer that is based on the basement membrane. These cells undergo a 

permanent mitosis and newly divided cells migrate upwards towards the stratum 

spinosum. The hEKs flatten as they move further to the stratum granulosum. The cells 
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undergo a nuclear degradation, while keratohyalin granules accumulate in the 

cytoplasm. The cornified stratum corneum consists of dead, nuclei-free 

corneocytes – the terminally differentiated keratinocytes. Besides the barrier that is 

generated by tight junctions between keratinocytes of the living layers [97,98], the 

stratum corneum is responsible for the major barrier function of the epidermis and 

gives mechanical protection. This barrier is generated by extracellular lipid 

accumulations and crosslinked proteins between the corneocytes according to 

“bricks and mortar”, generating a sealing of the skin [99,100]. The epidermis is a 

continuously renewing tissue, as the basal cells undergo mitosis, hEKs differentiate, 

and corneocytes are shed. Besides hEKs, Melanocytes protect against UV-irradiation 

by the exocytosis of melanin towards keratinocytes and as tissue-resident 

macrophages, Langerhans cells detect and process pathogens. Additionally, these 

cells are highly migrative and form a network within the epidermis [101].  

Whereas the epidermis forms a vital barrier function towards the outer environment, 

the underlying dermis sustains the major mechanical strength of the skin [100]. Both 

tissue compartments are separated by the basal lamina, a structure of ECM. This 

basement membrane is responsible for physical stabilization of the keratinocytes by 

giving an adhesion interface and anchoring the cells. This anchor consists of 

intracellular keratin filaments bound via hemidesmosomes to the basal lamina [102]. 

The protein components for the ECM structure are secreted by both, hEKs and 

human dermal fibroblasts (hDF), the major cell type of the dermis. Whereas collagen 

IV and VII is synthesized by both cell types, laminins are originated from hEKs [103]. 

As shown in Figure 5 the interface of both tissues is structured by dermal papillae 

and connected to the rete ridges. In this papillary region of the dermis, a dense 

network of vasculature and the increased surface given by the papillary structure 

enable an optimal exchange of nutrients and oxygen towards the epidermis. The 

dermal vasculature also supports the immunological response to pathogens by the 

transport of inflammatory cells as well as thermoregulation [104]. The papillary 

layer is responsible for nourishing the epidermis and is a loose connective tissue. In 

contrast, the reticular dermis contains thick bundles of collagen fibers that are 

arranged and orientated along the surface of the skin. This arrangement generates 

the tensile strength and elasticity of the dermis [100]. The dermis-resident hDF are 

responsible for the synthesis and secretion of the ECM components, such as 
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collagens, fibronectin and elastin [73]. Different structures, such as hair follicles, 

sweat glands, nerves, blood and lymph vessels are mainly located in the reticular 

layer [104].  

Together all three layers of the human skin represent a complex organ, of which 

every tissue layer is specialized for its function, ranging from a vital barrier function 

generated by the epidermis, a mechanically stable protection given by the dermis 

and the adipose tissue regulating systemic energy homeostasis. Because of its 

relevance for research and medicine, the understanding of the human skin and other 

tissues is of great interest. The evolving field of Tissue Engineering enables the 

application of human tissue equivalents for various research domains. 

 

1.4 Tissue Engineering of human in vitro tissue models 

Tissue Engineering is an interdisciplinary research environment combining cell 

biology, material science, electrical and mechanical engineering for bio-reactor 

development and 3D bio-printing [105]. The aim of Tissue Engineering is the 

generation of functional tissues that represent a sufficient model system for 

research applications and ultimately as a future source for tissue repair and 

replacement in regenerative medicine. Recently, the automation of tissue 

engineering and downstream applications are of great interest for clinical research 

and industry [106–108].  

 

General Tissue Engineering approaches and applications 

Figure 6 demonstrates the basic principle of Tissue Engineering. Primary cells 

isolated from a human donor (1) are expanded in 2D culture (2), followed by seeding 

on 3D scaffold materials (3). The 3D environment generates more tissue-specific 

stimuli for cell differentiation and the formation of a tissue-like morphology. The 

resulting matured in vitro tissue model is thought for clinical implantation (4) or 

research use (5) [109].  
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Figure 6: General principle of Tissue Engineering. Primary cells from a human donor are isolated (1), 

expanded (2) and seeded onto 3D scaffold material (3). By the cultivation, the tissue matures and is 

eventually implanted to the donor (4) or applied for research (5). 

A variety of human tissues has been translated to 3D in vitro models for various 

applications [105]. In the field of drug testing in clinical research, in vitro tissues are 

of interest for multiple reasons. Animal models have been the gold standard for the 

analysis of safety and efficacy of drug candidates and chemical compounds [110]. 

Despite its advantage for research over many decades [111], recent attempts aim to 

replace animal testing by advanced in vitro approaches, as the differences in anatomy 

and physiology reduce the transferability of results to the human. This discrepancy 

is demonstrated in clinical trials by the number of drug candidates failing in humans 

that were pre-tested in animals [112]. Moreover, many human diseases, such as 

onchocerciasis and also pertussis, are caused by obligatory human pathogens, thus 

no animal models are able to serve as a study platform [113]. Also, these days ethical 

concerns and animal-welfare are in public discourse and gain importance. In 1959, 

Russel and Burch defined the basic principle 3R – Refine, Reduce, Replace animal 

testing [114]. A ban of animal testing was legally implemented for cosmetics and 

household products in the EU in 2013. Together, these factors are responsible for the 

growing market of Tissue Engineering. 
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Human tissue models represent an increasingly applied tool for disease modelling 

and the research of host-pathogen interactions [115,116]. 3D culture systems are 

specifically applied to study helminth interactions with the human host [117]. 

However, the relevance as a barrier organ against outer harms and thus a crucial role 

for human health makes the skin an important tissue of special interest, not only in 

the field of host-pathogen-interactions. 

 

Tissue Engineering of human skin equivalents 

Nowadays, engineered skin equivalents of different complexity fulfill a crucial role 

for industrial usage as well as for a potential application in clinical wound dressing. 

Compared to other tissues of the human body, the development of engineered skin 

has been pushed by commercial interests of the pharmaceutical and cosmetic 

industry [118]. Historically, animals served as model system to analyze the effect of 

new drugs or topically applied substances. Therefore, the prominent Draize rabbit 

skin irritation test was developed in the 1940s [119]. Alternatives for animal testing 

have been developed, mainly representing ex vivo tissues of animal and human origin 

[120,121]. However, legislations such as the “Registration, Evaluation, Authorization 

and Restriction of Chemicals” (REACH) of the European Union regulate animal use 

and ultimately the 7th amendment to the European cosmetic directive permit animal 

testing for the cosmetic industry. Thus, the development of alternative testing was 

accelerated by the industry. The SkinEthicTM model represents the human epidermis, 

generated with human epidermal keratinocytes on a permeable membrane, a 

reconstructed human epithelium (RHE). This skin substitute was developed and 

applied for skin irritation testing by L’Oreal, a cosmetics company [122]. An 

important application of RHE is the testing of skin corrosion and irritation caused by 

topically applied substances. Therefore, the Organization for International 

Cooperation and Development (OECD) developed test guidelines that define criteria 

for test procedures and tissue models. These legal implementations of alternative 

testing again pushed the development of in vitro skin. The Open Source RHE model 

was published and enabled the access of the broad research community to the 

manufacturing protocol [123]. The applications of RHE range from basic skin 

biology, such as pigmentation [124] and wound healing [125]; diseased skin, e.g. 
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psoriasis [126] and melanoma formation [127]; and the study of pathogen 

interactions like percutaneous parasite invasion [128]. The efforts made by the 

industry led to a fast progress in the application of in vitro skin that also results in 

the development of advanced skin models and analytical methodologies, such as 

gene toxicity analysis [118].  

RHE could demonstrate its applicability as a versatile research tool. However, its 

relatively low complexity limits the degree of physiological resemblance. Extensive 

crosstalk between keratinocytes and fibroblasts via paracrine signaling regulates 

tissue homeostasis. It could be shown that hEKs induce the release of the 

keratinocyte growth factor (KGF) by hDFs through the secretion of interleukin-1 

beta (IL-1β), thereby enhancing keratinocyte migration and proliferation in wound 

healing [129]. Also, the cross-talk between dermis and epidermis results in a 

metabolic activity profile closer to native skin than the RHE [130]. The full-thickness 

skin model (FTSM) recapitulates this epidermal-dermal interaction with an 

integrated dermal compartment. To model the ECM rich dermal tissue and enable a 

3D in vivo-like architecture, the scaffold material for the generation of the 

connective tissue is a crucial aspect. Materials of natural and synthetic origin in the 

form of hydrogel or polymer fibers have been applied to give the structural basis for 

the culture of human cells [131]. Collagen type I and III represent the most prominent 

ECM proteins in native dermis. Hydrogels of collagen have been applied for the 

production of FTSM [132]. Unfortunately, hydrogels of especially natural polymers 

such as collagen show weak mechanical stability. The high-water content of collagen 

type I hydrogels and the remodeling by hDF result in physical contraction of the 

matrix [133]. This mechanical instability reduces the standardization of FTSMs and 

their long-term culture, thus limiting its applicability for many research problems. 

Strategies for the improvement of the physical properties have been developed. Two 

major modifications of collagen hydrogels are made – chemical cross-linking and 

the reduction of water. The former uses chemical cross-linkers that bind collagen 

fibers, which eventually reduces the contraction induced by fibroblasts [134]. 

However, many cross-linking agents, such as glutaraldehyde show severe cytotoxic 

effects [135]. Thus, the model generation protocol requires the elution of remaining 

cross-linker prior to cell seeding. This provokes the problem to generate collagen 

hydrogels with a homogeneous cell distribution [136]. The latter modification – the 
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reduction of water content – is facilitated by plastic compression of the matrix 

[137,138]. Collagen hydrogels represent the most common scaffold material to model 

the human dermis and full-thickness skin. Recently, the plastically compressed 

FTSM could be infected with Trypanosoma brucei, the causative agent of the African 

sleeping sickness, by natural transmission through the tsetse fly [139]. This very 

specific application using an animal vector to bite artificial skin proves the 

resemblance of the FTSM with native human skin. Nevertheless, epidermis and 

dermis are insufficient to cover the whole life cycle of this parasite.  

As described earlier, the adipose tissue gains more importance as the understanding 

of its involvement in fundamental biological processes is continuously increased. 

The complex interplay of this tissue is important for the understanding of many 

diseases of civilization as well as NTDs. The human adipose tissue represents a 

crucial niche tissue and reservoir for many parasites, such as Plasmodium falciparum, 

the causative agent of Malaria, Trypanosoma cruzi, causing Chagas disease and 

T. brucei [140]. The latter specifically adapts to the tissue environment by the 

differentiation to a specialized adipose tissue form enabling the parasite to change 

its metabolism for using fatty acids as carbon source [139]. Besides these unicellular 

parasite, also filarial worms inhabit the subcutaneous adipose tissue, such as Loa loa, 

Mansonella streptocerca and O. volvulus [71,141]. Importantly, all these mentioned 

parasites except for P. falciparum cause NTDs. Not only in the context of parasitology, 

the modelling of a subcutaneous tissue is of interest for various research domains. 

The distribution of an administered drug is dependent on the mobility throughout 

the different tissues of the human body as well as the chemical properties. Within a 

tissue, various factors influence the drug distribution, e.g. blood perfusion, pH 

gradients, membrane permeability, plasma protein binding and the accumulation in 

the adipose tissue [142]. The storage of drugs in the lipophilic adipose tissue has not 

been addressed thoroughly, either of compounds administered systemically or 

topically. Thus, in vitro skin composed of epidermis, dermis and adipose tissue 

represents an optimal research platform to analyze the accumulation of drugs [143] 

and importantly the host-parasite interactions. 

Similar to all to all tissues of interest, the most in vitro studies addressing the adipose 

tissue have been performed in 2D with cultures of the commonly used murine 3T3-

L1 cell line [144]. However, to enable the development of a reconstructed adipose 
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tissue, eventually with the potential to serve as an implant, primary human cells are 

commonly used in adipose tissue engineering. Different strategies have evolved, of 

which the majority is based on seeding pre-adipocytes or matured adipocytes on a 

3D scaffold material, followed by adipogenic differentiation respectively their 

maintenance [145,146]. Materials of biological and synthetic origin that were 

considered are hyaluronic acid, collagen, alginate or polyethylene glycol in different 

structures and constitutions, such as hydrogel, sponge, foam or microspheres [147]. 

Depending on the cell type used for the tissue formation, different advantages and 

disadvantages have been discovered. Mature adipocytes can be obtained from 

liposuction, a relatively low-invasive method for the cell donor. However, matured 

adipocytes are fragile and susceptible to mechanical damage, that can occur during 

the aspiration [148]. Due to the terminal adipogenic differentiation, the aspirated 

adipocytes only show a limited proliferation in vitro [147]. However, it could be 

shown that matured adipocytes were integrated into a multilayered skin model [143]. 

In contrast, different stem cells have been applied to achieve the adipose tissue 

formation. Human mesenchymal stromal cells (hMSCs) represent an abundant type 

of multipotent stem cells that can be isolated from different tissues. The most 

prominent and well described sources are bone marrow and the adipose tissue [149]. 

Moreover, an increasing number of tissues containing hMSCs have been identified, 

hence cells were isolated from dental tissue, salivary glands, skin, umbilical cord and 

limb buds [150]. This very heterogenous cell type cannot be classified by a distinct 

combination of markers, thus a set of minimal criteria is applied for the 

categorization of hMSCs [151]. These criteria include the plastic adherence in 

standard in vitro cell culture; multipotent differentiation capacity towards 

adipogenic, osteogenic and chondrogenic lineage; and a set of cellular expression 

markers – positive for cluster of differentiation (CD) 73, CD90 and CD105, negative 

for CD14, CD34, CD45 and human leukocyte antigen-DR (HLA-DR). Due to the 

relatively easy procedure to obtain adipose-derived stromal cells (hADSC), this 

tissue source gains more importance for clinical applications compared to bone 

marrow-derived stromal cells (hBMSC) with an invasive and painful procedure 

[145,150]. Typically, hMSCs have a high capacity for in vitro expansion and offer the 

possibility of cryopreservation. Due to the relatively low demands, hMSCs commonly 

represent a cell source of choice for in vitro adipose tissue applications [146]. It is 

often reported that in vitro differentiated adipocytes derived from hMSCs remain in 
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a pre-mature state, shown by multilocular lipid vacuoles and gene expression 

patterns [152]. However, hMSCs show additional properties that are advantageous 

for clinical applications of reconstructed adipose tissue. A conventional treatment 

for soft tissue defects and the resulting volume deficit is represented by the 

transplantation of autologous adipose tissue. Unfortunately, after transplantation 

the autologous draft volume is decreased up to 60 %, due to a reduced viability of 

adipocytes caused by the preceding liposuction and an insufficient supply, thereby 

inducing hypoxia and ischemia [153,154]. For tissue reconstruction, especially the 

low-invasive isolation of hADSCs and the low immunogenicity mark hMSCs for 

autologous but also allogeneic implantation, representing a key feature for clinical 

application. hBMSCs do not express the major histocompatibility complex (MHC) 

class II that allow the immune escape as an allospecific T cell response is not induced. 

Similar immunosuppressive properties were shown for ADSCs, which were in vitro 

pre-differentiated ADSCs and implanted to healthy allogenic recipients [155]. A 

small scale clinical trial revealed that the implanted adipocytes were not rejected by 

the patient’s immune system and thus were classified as clinically safe [156].         

 

The broad applicability of engineered human in vitro tissues could be demonstrated. 

Due to its involvement in many physiological processes, the adipose tissue 

represents a very important tissue for Tissue Engineering approaches and 

regenerative medicine. The scope of application ranges from testing of therapeutics, 

basic research but as it is correlated with the pathophysiology of diseases of 

civilization, such as obesity and diabetes, it will be important for disease modelling. 

With the focus of this work on parasitology, the adipose tissue is a niche tissue to 

developmental stages of various parasites and pathogens, as earlier described. This 

aspect was addressed in this project. 
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1.5 Aim of the study 

All tissue engineering approaches represent highly interdisciplinary methodologies. 

For this doctoral research project, tissue engineering is combined with the field of 

molecular parasitology. Therefore, a cooperation with Dr. Sara Lustigman of the 

NYBC was established. The parasitology unit of the NYBC is an expert lab for the 

research of filarial parasites and especially the agent of river blindness. The chair of 

Tissue Engineering and Regenerative Medicine of the University Hospital Würzburg 

together with the Fraunhofer ISC Translational Center is experienced in the 

modelling of human tissues, especially the human skin. Together, this 

interdisciplinary background was aimed to enable the development of a culture 

system based on human skin that enables the in vitro maintenance and development 

of O. volvulus larvae. 

As earlier described, the APOC called for novel therapeutic strategies and testing to 

enable the control of onchocerciasis [66]. So far, the progress is hindered by the 

obligation of O. volvulus to the human host. Thus, typically applied animal models are 

insufficient for the propagation of the worms. The 2D culture system enabled the in 

vitro development until the pre-adult L5 stage [29]. These worms could be utilized 

for drug testing. Nevertheless, for the development of a macrofilaricidal drug, the 

research requires adult parasites for testing the efficacy. Moreover, the ability to 

generate adult worms would allow to gain a deeper insight of host-parasite-

interaction, which in return could elevate the drug development. The low complexity 

of the 2D culture system is hypothesized to not match the demands of the developing 

larvae on signaling and the supply of crucial soluble factors. Hence, an increased 

biological complexity in a niche-specific manner is hypothesized to deliver the 

appropriate stimuli that are required for an in vitro development of O. volvulus larvae. 

Figure 7A illustrates the in vivo situation of the parasite within the skin tissues. The 

adult parasite is embedded within a highly vascularized subcutaneous nodule. Three 

major factors were hypothesized to be crucial for the translation from the in vivo 

environment to an in vitro culture system to improve the limited survival and 

development of O. volvulus. Importantly, these factors shown in Figure 7B are 

enabled by Tissue Engineering and were not realizable in the 2D culture system. 

First, the skin dermal tissue consists of hDF-secreted ECM (Factor 1) that is mainly 

composed of collagens. Hence, a collagen scaffold is to be applied to mimic the 
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composition of the skin matrix and generate a 3D environment. Second, the skin 

tissue layers are characterized by organotypic cell types (Factor 2). These skin-

specific cells of primary human origin will be included into the culture system – 

namely hEKs as part of the epidermis, hDFs as the major cell type of the dermis and 

adipocytes that represent the most prominent cell type in the subcutaneous tissue. 

Ultimately, a direct contact (Factor 3) of tissue components, such as cells and ECM 

with the larvae is to be generated within the culture system.  

 

Figure 7: In vivo situation of O. volvulus and translation to an in vitro culture system. A. Schematic 

illustration of adult O. volvulus worms embedded in subcutaneous nodule. The adult female worms 

produce high numbers of mf that migrate in the surrounding dermal tissue. B. Crucial aspects for the 

translation of the parasite in vivo niche to a in vitro culture system, namely a 3D ECM scaffold, skin-

specific cell types and the direct interaction of O. volvulus larvae. 

For the achievement of all three factors within a multilayered skin model resembling 

the human host tissue, the already established and well described FTSM serves as 

platform for the development of the culture system, thereby representing epidermis 

and dermis. To model the subcutis, a novel adipose tissue based on adipogenically 

differentiated hMSCs is to be developed and integrated to the FTSM.  

We hypothesize that the crucial factors 1-3 in a 3D multilayered skin model supply 

the appropriate stimuli to support the larval survival, growth and development, 

which was shown to be limited in a low complex 2D culture.   
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2. Material and Methods 

2.1 Materials  

The following section lists all chemicals, reagents, solutions for cell culture and 

histology, devices and software that have been applied for this study. 

2.1.1 Chemicals and Reagents 

Table 1: Applied Chemicals and Reagents and culture media components.  

Chemical/Solution Manufacturer Product No. 
2-Propanol Carl Roth, Karlsruhe (GER) 6752.2 

3-isobutyl-1-methylxanthine (IBMX) AppliChem, Darmstadt 
(GER) A0695 

4',6-Diamidin-2-phenylindol (DAPI) Sigma (USA) D9542-10MG 

Accutase Thermo Fisher Scientific 
(USA) A1110501 

Antibiotic-Antimycotic Thermo Fisher Scientific 
(USA) 15240062 

Antibody dilution buffer DCS Innovative Diagnostic-
System (GER) AL120R500 

Calcium chloride dihydrate Sigma (USA) C7902 

Descosept Dr. Schumacher, Malsfeld-
Beiseförth (GER) 00-311-050 

Dexamethasone Sigma (USA) D4902 
D-Glucose Sigma (USA) G8769 
Dimethyl sulfoxide (DMSO) Sigma (USA) D2438 

Dispase II powder Thermo Fisher Scientific 
(USA) 17105041 

DMEM high glucose culture medium Thermo Fisher Scientific 
(USA) 61965026 

DMEM/F12 culture medium Thermo Fisher Scientific 
(USA) 31331028 

DMEM/F12 culture medium Thermo Fisher Scientific 
(USA) 10565018 

Donkey serum Biozol, Eching (GER)   

EGM-2 culture medium Thermo Fisher Scientific 
(USA) 

Lonza CC-
3156 

Entellan Merck, Darmstadt (GER) 107960 

Epilife culture medium  Thermo Fisher Scientific 
(USA) MEPI-500CA 

Ethylenediaminetetraacetic  
acid disodium salt dihydrate (EDTA) Sigma (USA) E5134 
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Chemical/Solution Manufacturer Product No. 
Eosin 1 % aqueous Morphisto, Frankfurt (GER) 10177 
Ethanol 99.8 % Carl Roth, Karlsruhe (GER) K928.4 
Fetal calf serum (FCS) Biochrom (GER) S0415 

Fetal calf serum (FCS) Bio&Sell, Feucht (GER) FBS.EUA.050
0 

Fetal bovine serum (FBS) Sigma (USA) F0926 

FGF2 (hbFGF) R&D Systems, Minneapolis 
(USA)  233-FB 

Fibrolife culture medium Lifeline cell technology 
(USA) LL-0001 

Fluoromount-G™ DAPI Invitrogen, Carlsbad (USA) SBA-0100-20 
Gel neutralization liquid (GNL) inhouse production   
Hematoxylin solution acidic Morphisto, Frankfurt (GER) 10231 
Human Keratinocyte Growth Supplement 
(HKGS) 

Thermo Fisher Scientific 
(USA) S0015 

IMDM culture medium Thermo Fisher Scientific 
(USA) 31980030 

Indomethacin Sigma (USA) I8280 
Insulin solution human Sigma (USA) I9278 

Insulin transferrin selenium  Thermo Fisher Scientific 
(USA) 51500–056 

Keratinocyte growth factor (KGF) Sigma (USA) K1757 

KO-Serum Thermo Fisher Scientific 
(USA) 10828-028 

L-Ascorbic acid 2-phosphate Sigma (USA) A8960 
Lipid mixture-1 Sigma (USA) L0288 

MEM-alpha culture medium Thermo Fisher Scientific 
(USA) 12571063 

NCTC-109 culture medium Thermo Fisher Scientific 
(USA) 21340039 

Nile Red Sigma (USA) 19123 

Non-Essential Amino Acids  Thermo Fisher Scientific 
(USA) 11140–050 

Oil Red O Sigma (USA) O1391 
Paraffin Sigma (USA) 6642.8 
Penicillin/Streptomycin Sigma (USA) P4333 
Phosphate Buffered Saline with MgCl2 and 
CaCl2 (PBS+) Sigma (USA) D8862 

Phosphate Buffered Saline without MgCl2 
and CaCl2 (PBS-) Sigma (USA) D8537 

Roti-Histofix 4 % Carl Roth, Karlsruhe (GER) P087 
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Chemical/Solution Manufacturer Product No. 
Saponin 0.2 %     

Serum replacement  Thermo Fisher Scientific 
(USA) 10828010 

Sodium pyruvate  Thermo Fisher Scientific 
(USA) 11360070 

Trypan blue Sigma (USA) T8154 

Trypsin/EDTA Thermo Fisher Scientific 
(USA) R001100 

TWEEN® 20 Sigma (USA) P1379-1L 

Vasculife VEGF-Mv Medium Complete Kit  Lifeline cell technology 
(USA) LL-0005 

Xylene Carl Roth, Karlsruhe (GER) 9713 
 

 

2.1.2 Solutions prepared for cell culture and histological methods 

Table 2: Applied solutions for Cell Culture. 

Solution Composition 
0.05 % Trypsin/EDTA 10 % 0.5 % Trypsin-EDTA solution  
    in PBS-/EDTA-solution 
Ascorbat-2-phosphate-solution 73 mg/ml L-Ascorbic acid 2-phosphate 
    in E1 medium, sterile filtered 
CaCl2-solution 44 mg/ml Calcium chloride dihydrate  
    in ultrapure water, sterile filtered 
Dexamethason (stock solution) 10 mM Dexamethason 

  in 99.9 % Ethanol  
    working solution - 1:10 in 99.9 % Ethanol  
Dispase-solution 4 mg/ml Dispase in PBS-, sterile filtered 
IBMX solution 500 mM IBMX  
    in DMSO 
Indomethacin solution 100 mM Indomethacin 
    in DMSO 
Insulin (stock solution) 10 mg/ml ready to use 
    working solution - 1:10  
KGF-solution 10 µg/ml KGF 
    in Epilife 
MTT-solution 1 mg/ml MTT  
    in PBS- 
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Solution Composition 
PBS-/EDTA-solution 0.2 mg/ml EDTA 
    in PBS- 

 

Table 3: Applied solutions for Histology. 

Solution Composition  

Blocking solution 5% donkey serum  
    in antibody dilution buffer 
Citrate buffer 1x 10% Citrate buffer 10x 
    in purified water 
Citrate buffer 10x 42 mg/ml Citric acid monohydrate 
 17.6 mg/ml sodium hydrogen carbonate 
    in purified water 
PBS- solution 0.5 M 9.55 mg/ml PBS powder without MgCl2 and CaCl2 
    in purified water 
PBS- /EDTA-solution 500 ml                 PBS- 
  0.54 mM             EDTA 
Oil Red O stock solution 0.5 g                    Oil Red O 
  100 ml                 2-Propanol 
Oil Red O working solution 60% Oil Red O stock solution 
 40% in purified water 
    After 24 h filtration 
Wash buffer 10% PBS solution 0.5 M 
 0.5 %                   Tween 20  
    in purified water 

 

2.1.3 Laboratory devices and disposable materials 

Table 4: Laboratory devices and disposable materials used for this study. 

Device   Manufacturer 
Accu-Jet Pro    Brand, Wertheim (GER) 
Autoclave   Systec GmbH, Karlsruhe (GER) 
Biopsy Pads   VWR International SAS, Radnor (USA) 
Cell culture flasks T175 Greiner BioOne, Frickenhausen (GER) 
 T150 TPP Techno Plastic Products AG, Trasadingen 

(CHE) 
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Device   Manufacturer 

  T75 TPP Techno Plastic Products AG, Trasadingen 
(CHE) 

Cell culture inserts   

Millicell  PIHP01250     Merck Millipore, Darmstadt (GER) 
Snapwell Cell culture 
inserts 3407 Corning Life Sciences, New York (USA) 

Corning Transwells CLS3472 Sigma (USA) 

Cell culture plates   TPP Techno Plastic Products AG, Trasadingen 
(CHE) 

6-well   

12-well   

24-well   

48-well   

96-well   

Cell strainer 100 µm   Greiner BioOne, Frickenhausen (GER) 
Centrifuge, Heraeus 
Multifuge X1R   Thermo Fischer Scientific, Waltham (USA) 

Centrifuge tubes   Greiner BioOne, Frickenhausen (GER) 
15 ml   

50 ml   

Cold storage room, 4 °C   Viessmann, Allendorf (GER) 
Combitips plus   Eppendorf, Hamburg (GER) 
2,5 ml   

5 ml   

10 ml     
Cooling plate, 
HistoCore Arcadia C   Leica, Wetzlar (GER) 

Cover slips   Menzel-Gläser, Braunschweig (GER) 
Cryogenic vial (2 ml)   Thermo Fisher Scientific, Dreieich (GER) 
Disposable pipettes    Sarstedt, Nürmbrecht (GER) 
5 ml   

10 ml   

25 ml   

50 ml     
Drying oven   Memmert, Schwabach (GER) 
37 °C   

60 °C     
Duran® laboratory 
bottles   Schott, Mitterteich (GER) 

50 ml 
100 ml 
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Device   Manufacturer 
250 ml   

1000 ml     
Embedding cassettes   VWR International SAS, Radnor (USA) 
EVOS® XL Imaging 
System   Thermo Fisher Scientific, Dreieich (GER) 

Filter paper   Hartenstein, Würzburg (GER) 
Fluorescence 
Microscope BZ-9000   Keyence, Neu-Isenburg (GER) 

Forceps   Karl Hecht Assistenz, Sondheim vor der Rhön 
(GER) 

Freeze container  
(Mr. Frosty)   VWR, Darmstadt (GER) 

Gloves   Hartmann, Heidenheim an der Brenz (GER) 
Latex   

Nitril     
Hioki impedance 
analyzer   LCR HiTESTER 3522-50, Hioki E.E. Corporation, 

Nagano (JPN) 
Ice machine AF-80   Scotsman, Mailand (ITA) 
Incubator, Heraeus BBD 
6220   Thermo Fisher Scientific, Dreieich (USA) 

Infinite M200   Tecan, Crailsheim (GER) 
Keyence microscope 
Biorevo BZ-9000   Keyence, Osaka (JPN) 

Labelling device for 
cassettes, VCP 6001   Vogel, Senftenberg (GER) 

Labelling device for 
slides, VSP 6001   Vogel, Senftenberg (GER) 

Liquid nitrogen tank  
(-180 °C)   German-cryo, Jüchen (GER) 

Microscope slides   Thermo Fisher Scientific, Dreieich (GER) 
Superfrost™   

Polysine™     
Microscope, Leica DMi1   Leica, Wetzlar (GER) 
Micro scale   Kern, Balingen-Frommern 
Microtome, HistoCore 
AutoCut   Leica, Wetzlar (GER) 

Microtome blades   Pfm medical, Köln (GER) 
A35, R35, S35   

Multistep pipette   Eppendorf, Hamburg (GER) 
Neubauer chamber   Thermo Fisher Scientific, Dreieich (GER) 
Orbital shaker, KM2   Edmund Bühler GmbH, Hechingen (GER) 
PAP pen   Dako, Hamburg (GER) 
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Device   Manufacturer 
Parafilm®   Carl Roth, Karlsruhe (GER) 
Paraffin Embedding 
Centre    Leica, Wetzlar (GER) 

Pasteur pipettes   Brand, Wertheim (GER) 
Petri dish   Greiner BioOne, Frickenhausen (GER) 
Pipette research plus   Eppendorf, Hamburg (GER) 
0.5 – 10 μl   

20 – 200 µl   

100 – 1000 μl     
Pipette tips   Eppendorf, Hamburg (GER) 
0.5 – 20 μl   

2 – 200 μl   

50 – 1000 μl     
Reaction tubes   Sarstedt, Nürmbrecht (GER) 
1.5 ml   

2 ml   

Scalpel   Bayha, Tuttlingen (GER) 
Scalpel blades   Bayha, Tuttlingen (GER) 
Sterile bench, Safe 
2020   Thermo Fisher Scientific, Dreieich (GER) 

Sterile filter 0,2 µm   Sartorius, Göttingen (GER) 
Serological pipettes   Greiner BioOne, Frickenhausen (GER) 
5 ml   

10 ml   

25 ml   

50 ml     
Tecan plate reader 
Infinite 200   Tecan Group, Crailsheim (GER) 

Ultrapure water system   MerckMillipore, Darmstadt (GER) 
Vortex, Genie 2   Scientific Industries, New York (USA) 
Water bath   Memmert, Schwabach (GER) 
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2.1.4 Software 

Table 5: Software applied for analysis and Literature Reference management. 

Software Developer 
BZ-II Analyzer 2.1 Keyence, Osaka (JPN) 
BZ-II Viewer 2.1 Keyence, Osaka (JPN) 
GraphPad PRISM 6.07 GraphPad Software (USA) 
Inkscape 1.1 Open Source Scalable Vector Graphics Editor 
Image J 1.52a National Institute of Health (USA) 
Mendeley 1.19.8 Mendeley Ltd. 
LabVIEW National Instruments, Austin (USA) 
Tecan i-control Tecan Group, Crailsheim (GER) 

 

2.2 Ethical statement 

Primary hEK and hDF used for the generation of skin tissue models were isolated 

from juvenile foreskin. The biopsies were taken from donors aged between 1 and 5 

years under informed consent. hMSCs were isolated from bone marrow of the femur 

head of osteoarthritis patients undergoing surgical femur head replacement. All cells 

were obtained according to ethical approval granted by the institutional ethics 

committee of the Julius-Maximilians-University Würzburg (vote 280/18 and 

182/10).  

Deidentified leukopak units collected by the NYBC Component Laboratory were used 

for the isolation of peripheral blood mononuclear cells (PBMCs) for the molting of 

O. volvulus L3 larvae. A written informed consent was collected from all donors. All 

protocols were conducted according to National Institutes of Health (NIH) 

guidelines for the care and use of human subjects. 

The O. volvulus L3 larvae used for this study were isolated following protocols 

approved by the Le Comité National d’Ethique de la Recherche pour la Santé 

Humaine, Yaoundé, Cameroon (Protocol 677). Consenting infected donors were 

exposed to black flies (Simulium damnosum) to allow blood meal. After the 6-month 

duration of their participation in the study the donors were offered ivermectin 

treatment. After maintenance for 7 days the infected black flies were dissected.  The 
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harvested L3 larvae were washed extensively and cryopreserved before being 

shipped to the NYBC and further distribution to Würzburg. 

 

2.3 Shipping  

For the cooperation between UKW and NYBC in this project and to ensure a 

continuous work flow in the laboratory, human cells and collagen, as well as media 

components were sent from Würzburg to New York. O. volvulus larvae and PBMCs 

were sent from the NYBC to Würzburg. The shipments were conducted via air freight 

according to the International Air Transport Association (IATA) regulations on dry 

ice, at 4 °C or room temperature. 

 

2.4 Culture media: 

The culture of living organisms requires special media to deliver appropriate 

nutrition and factors for e.g. maintenance, expansion or differentiation. For the in 

vitro culture of O. volvulus larvae, stage specific media were applied. L4-H medium 

lacks the endothelial cell medium EGM-2, which is supplemented for the co-culture 

of HUVEC feeder layers, and was applied as base medium for skin model co-culture. 

Table 6: Culture media for O. volvulus larvae and primary human cells. 

Culture 
Medium Base Medium Supplementation Note 
L3 wash 
medium 50 % NCTC-109 2x  Antibiotic-Antimycotic   

O
. v

ol
vu

lu
s c

ul
tu

re
 

  50 % IMDM       
L4 
medium 20 % NCTC-109 20 % FBS (Sigma)   

 20 % MEM-alpha 1x Antibiotic-Antimycotic 

1x larvae  
supplements 

 20 % DMEM/F12 1 % D-Glucose 

 40 %  EGM-2 1 mM  Sodium pyruvate 

   1x  
Insulin transferrin 
selenium 

   0.1 %  Lipid Mixture-1 

      1x  
Non-Essential Amino 
Acids 
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Culture 
Medium Base Medium Supplementation Note 

L4-H 
medium 

30 % NCTC-109 20 % FBS (Sigma)  
30 % MEM-alpha 2x larvae supplements  
40 % DMEM/F12       

FM 
Fibroblast  
medium 

  DMEM HG 10 % 
FCS 
(Biochrom/Bio&Sell)   

Pr
im

ar
y 

hu
m

an
 ce

ll 
cu

ltu
re

 

    1x  Penicillin/Streptomycin   
E1  
  

  Epilife 1x HKGS   
    1x  Penicillin/Streptomycin   

E10 
  

  Epilife 1x HKGS   

  1x  Penicillin/Streptomycin  
  1.44 mM CaCl2  
  10 ng/ml KGF  
  252 µM ascorbic acid  
    10 % Fibrolife    

EM 
Expansion  
medium 

  DMEM/F12 10 % FCS (Bio&Sell)   

  1x  Penicillin/Streptomycin  
  5 ng/ml  hbFGF  

ADM 
Adipocyte 
diff. 
medium 
  

  DMEM HG 10 % FCS (Bio&Sell)   
1 µM  Dexamethasone 

  1 µg/ml Insulin   
  100 µM Indomethacin  
  500 µM IBMX  
  1 % D-Glucose ADM+ 

supplements     0.1 % Lipid Mixture-1 

For enhanced lipid accumulation 1 % D-Glucose and 0.1 % Lipid mix were added to 

the adipocyte differentiation medium (ADM), referred to as ADM+ [71]. 

 

2.4.1 Co-culture media supporting human cells and O. volvulus larvae:  

For the co-culture of more complex human tissue models and O. volvulus larvae 

simultaneously, the culture media has to support the larval fitness, as well as 

different primary cell types. Therefore, three experimental media combinations of 

E10 as base medium were gradually supplemented with larvae specific supplements 

and increased concentrations of FBS usually added to the L4 medium, which is used 

in the 2D culture system. 
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Table 7: Composition of experimental co-culture media for O. volvulus larvae and human skin models. 

Culture Medium Base Medium Supplementation Note 
E10 Skin medium Epilife E10 supplementation 

Co-culture skin model 
reduction of  
FBS to 10 % 

3D-1     E10 10 % FBS 
3D-2     E10 10 %  FBS 
        1x larvae suppl. 
3D-3  50 % E10 10 %  FBS 

  50 % L4-H 1x larvae suppl. 
L4 2D control L4 medium 1x larvae suppl., 20 % FBS normal FBS conc. 20 % 
L4-H 2D control L4-H medium 2x larvae suppl., 20 % FBS 

 

2.5 Culture of primary human cells  

Cell culture was performed in Biosafety cabinets class II in a Biosafety S2 laboratory. 

This work environment is a prerequisite for the handling of primary patient material 

and cells. Cell cultures were incubated at 37 °C, 95 % humidity and 5 % CO2 under 

normoxic conditions. Typically, the culture medium was replaced routinely three 

times per week, on Mondays, Wednesdays and Fridays. Primary human cells were 

typically centrifuged at 300 g for 5 minutes (min). Cell culture was performed 

according to standard operating procedures (SOP). 

 

2.5.1 Isolation of cells from human skin:  

Juvenile foreskin biopsies were used for the isolation of human skin cells. To exclude 

microbial contaminations, the biopsy transport medium was incubated overnight as 

a sterile control. The skin tissue was washed three times with PBS+, followed by the 

excision of fat and the conjunctive tissue from the dermis and epidermis. After 

rinsing with PBS+, strips of 2-3 mm in width were transferred into a petri dish 

containing 10 ml of dispase solution and incubated at 4 °C for 16-18 h (hours).  

For the isolation of hEK, the epidermal strips were separated from the dermis and 

cut into small squares that were transferred to a centrifuge tube. After incubation in 

trypsin/EDTA for 5 min at 37 °C, the enzymatic digestion was stopped by the addition 
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of 1 ml FCS. The extraction of cells from the digested tissue was supported by 

applying mechanical forces. Therefore, the suspension was pipetted up and down 

thoroughly for 5 min, followed by filtration through a 100 µm cell strainer. The 

resulting cell suspension was centrifuged at 300 g for 5 min. After resuspension of 

keratinocytes in E1 medium, the cells were cultured for expansion in T175 cell culture 

flasks with a seeding density of 1-2 x 104 cells/cm2 in 18 ml of E1 medium. 

For the isolation of hDF, the remaining dermal strips were incubated in collagenase. 

After 1 h of enzymatic digestion at 37 °C, the solution was centrifuged for the removal 

of the enzyme mix. After resuspension, the cells were seeded in fibroblast medium 

(FM) for expansion in T150 flasks. 

 

2.5.2 Culture of human dermal fibroblasts 

Culture: 

Fibroblasts were cultured within T150 flasks with 20 ml of FM. For passaging of hDF, 

cells were detached by washing with 10 ml of PBS-, followed by using 7 ml of 0.05 % 

trypsin/EDTA solution. After 5 min at 37 °C, the digestion was stopped by adding 1 ml 

FCS or 5 ml FCS-containing FM to the culture flask. After collecting the cells and 

rinsing the flask with PBS-, the cells were centrifuged at 300 g for 5 min, followed by 

resuspension in an appropriate volume (1-3 ml of FM). The number of detached cells 

was determined by using a Neubauer chamber and the following equation (1), ∑ 4 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 represents the number of viable cells within the grids of the chamber. 

Typically, the cells were diluted by factor 10 in trypan blue dye and PBS-. 

∑   𝑥 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 𝑓𝑎𝑐𝑡𝑜𝑟 10  𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 / 𝑚𝑙 (1) 

hDF were reseeded with 4 x 103 cells/cm2 into T150 flasks. The media is replaced 

routinely. 

Cryopreservation and thawing: 

hDF were cryopreserved by adjusting the number of cells to 1 x 106 in a volume of 

900 µl FM. The cell suspension was then transferred to a cryotubes, followed by the 

addition of 100 µl DMSO. After gently inverting, the tubes were then stored within a 
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Mr Frosty at -80 °C for 24 h. The cells were then transferred into liquid nitrogen. hDF 

were thawed by rapidly warming up the cryotube in the water bath at 37 °C, followed 

by transfer of the cells to 7 ml prewarmed FM in a centrifuge tube. To remove the 

remaining DMSO, the cells were centrifuged at 300 g for 5 min and subsequently 

resuspended in 2 ml FM. The fibroblasts were transferred to a pre-incubated T150 

flask with 18 ml FM. 

 

2.5.3 Culture of human epidermal keratinocytes 

Culture: 

After the isolation, keratinocytes were cultured in T175 flasks in 20 ml E1 until 

70-90 % confluency, followed by passaging of the cells. Therefore, hEKs were 

detached by using Accutase for 10 min at 37 °C. The T175 flasks were rinsed with PBS- 

and the cells were centrifuged at 300 g for 5 min. After resuspension in an 

appropriate volume of E1 (3-5 ml) the cells were counted using a Neubauer chamber. 

hEKs were reseeded in T175 flasks with a density of 4 x 103/cm2. 

Cryopreservation and thawing: 

Similar to hDFs, keratinocytes were cryopreserved with 10 % DMSO in 1 ml total 

volume. Typically, 3 x 106 hEK were cryopreserved per cryotube. The cells were 

transferred into liquid nitrogen for storage. For thawing, prewarmed E1 medium 

from a centrifuge tube was dispensed onto the frozen cells, followed by three steps 

of pipetting. The resulting solution was transferred back to the E1 containing tube. 

This step was repeated until the cryotube was completely thawed. The resulting 8 ml 

of cell solution was distributed into four pre-incubated T175 flasks, each containing 

18 ml E1. Typically, hEKs were thawed on Thursdays, followed by an early media 

exchange the following day for the DMSO removal. The cells were cultured to 70-

90 % of confluency, which was usually reached on Tuesday (5 days).  
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2.5.4 Isolation of mesenchymal stem cells: 

For the establishment of an in-house bio bank, hMSCs were isolated from bone 

marrow of the femur head of osteoarthritis patients undergoing surgical femur head 

replacement. All isolated cells were analyzed for the minimal criteria applied for the 

categorization of hMSCs [151]. These criteria include the plastic adherence in 

standard in vitro cell culture; multipotent differentiation capacity towards 

adipogenic, osteogenic and chondrogenic lineage; and a set of cellular expression 

markers – positive for CD73, CD90 and CD105, negative for CD14, CD34, CD45 and 

HLA-DR. 

 

2.5.5 Culture of human mesenchymal stromal cells 

Culture: 

Mesenchymal stromal cells from the human bone marrow were cultured with 20 ml 

expansion medium (EM) in T150 flasks. The cells were cultured with routinely media 

exchanges until 100 % confluency. Similar to hDF, hMSCs were detached by 7 ml 

trypsin. After 5 min, the digestion was stopped by the addition of 1 ml FCS or 5 ml of 

FCS-containing EM. The cells were collected and the flasks rinsed with PBS-, 

followed by centrifugation. After cell number determination, hMSCs were reseeded 

in T150 flasks with a density of 2.5 x 103/cm2. For 2D differentiation experiments, 

hMSCs were seeded into 12-well plates with a density ranging from 1 x 104 – 1 x 105 

cells/cm2 in EM. To initiate the differentiation of hMSCs to adipocytes the medium 

was changed to ADM on the following day. 

Cryopreservation and thawing: 

For the cryopreservation typically 1 x 106 hMSCs in EM were mixed with 10 % DMSO 

and 10 % serum replacement in a total volume of 1 ml. After 24 h at -80 °C the 

cryotubes were transferred to liquid nitrogen for long-term storage. The cells were 

rapidly thawed by gently shaking the tubes in the water bath at 37 °C, followed by 

direct seeding into three T150 flasks. For the removal of DMSO the media can be 

replaced after cell detachment after roughly 4 h or latest the next day.   

 



40 
 

2.5.6 Culture of human umbilical vein endothelial cells  

HUVECs were cultured for the 2D co-culture with O. volvulus L4 larvae. The cells were 

cultured with 10 ml of Vasculife in a T75 flask until a confluency of 70-90 %. 

Typically, the cells are detached on Monday using trypsin. 3 x 105 cells were seeded 

into a new T75 flask for the next passage. For the 2D co-culture, 24-well plates were 

seeded with 1 x 104 HUVECs/well. The following day, L4 larvae were transferred from 

the former co-culture plate on the wells containing freshly seeded HUVECs. The 

medium was therefore changed to L4 medium. This replacement of HUVEC feeder 

layers was done every week of larvae co-culture.  

 

2.6 Generation of human 3D tissue models 

2.6.1 Full-thickness skin model  

After isolation from juvenile foreskin, hDFs and hEKs were expanded followed by 

cryopreservation. hDFs of passages 3 to 5 were used for the generation of the dermal 

component of the FTSM. hDFs were detached as described before. The number of 

cells was determined by a Neubauer counting chamber. One day in advance, pCol 

(collagen type I, isolated from rat tails) was filled in a syringe, thereby reducing the 

final amount of air bubbles. The following table 8 shows an example calculation for 

the mixing ratio of pCol and hDFs in gel neutralization liquid (GNL). 

Table 8: Example calculation for collagen-hDF-GNL mix. 

Number of FTSM Hydrogel Volume Collagen / GNL 
(2:1) Number of hDF hDF/FTSM 

12x (15) 10.5 ml 7 ml / 3.5 ml 6.75 x 105 4.5 x 104 
6x (9) 6 ml 4 ml / 2 ml 4.05 x 105 4.5 x 104 

 

According to the number of models, the desired number of hDF was centrifuged and 

resuspended in the referring volume of GNL. pCol and GNL were finally mixed in a 

ratio of 2:1. The alkaline pH of the GNL neutralizes the pCol that was resolved in 

acidic acid, followed by polymerization of the collagen. The mixing was performed 

by using two syringes, containing the collagen and the hDF-GNL. The syringes were 
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connected by a three-way cock and mixed into each other for six times. The resulting 

neutralized collagen-hDF mix was rapidly transferred to a Multistep pipette for the 

dispensation of 700 µl per prepared culture insert. The culture inserts were 

perforated using the needles (0.5 mm) of a Derma Pen to facilitate a better diffusion 

of the culture medium. The dermal models were incubated for 30 min to let the 

collagen polymerize. The dermal models were then cultured within 6-well plates 

with 5 ml of FM for 1 week with routinely media exchanges. 

As an optional step, the plastic compression of the dermis generates a highly 

concentrated collagen construct, resulting in a more mechanically stable dermal 

model during the culture. As previously described [137,139], the collagen was 

compressed within the insert using a compression reactor. This tailor-made reactor 

uses a linear motor or defined weights to produce a plastic compression by stamps 

pressing equally on the surface of a polymerized hDF containing collagen hydrogel.   

After 1 week of culture, the epidermal model was generated on top of the dermis. 

After detachment of hEKs (p3) 5 x 105 hEKs in 250 µl of E1o medium were then seeded 

on top of the dermal component. After an incubation of 2 h, the cells have attached 

to the surface of the collagen and 4 ml E10 medium were added to the well. After 24 h, 

the models were then set to the Air-liquid-interface by removing the supernatant 

and thereby exposing the epidermal surface to air. The now developing FTSM were 

cultured for up to 21 days, depending on the experimental application.   

 

2.6.2 3D adipose tissue models 

Subcutaneous adipose tissue constructs were developed for the integration into the 

FTSM with the aim of a three-layered skin model. Stand-alone models of the adipose 

tissue could also serve for larvae co-cultures. For the generation of adipose tissue 

models, hMSCs were expanded in 2D, followed by the adipogenic differentiation of 

the cells within in the 3D collagen scaffold. Different culture setups were based on 

single hMSCs mixed in collagen as well as cell aggregates.  
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Collagen-based adipose tissue model: 

Similar to the setup of the dermal part of the FTSM, first approaches for the 

generation of an adipose tissue model were based on the embedding of single hMSCs 

within a collagen hydrogel. Typically, the models were set up in Millicell inserts, with 

a final volume of 200 µl, a collagen concentration of approximately 6 mg/ml and a 

cell density of 3 x 106 hMSC/ml. The cell density was further increased for 

experimentations to a final cell concentration of 9 x 106 hMSCs/ml. Therefore, 

hMSCs were detached and the desired number of cells was resuspended in GNL, prior 

to be mixed with pCol in the ratio 1:2. For the equal distribution of cells, the mixing 

was performed using the syringe system (as explained for the FTSM generation) or 

by gently stirring the GNL-pCol mix using a pipette tip inside the culture insert. After 

incubation for 30 min, 1 ml of EM was added to the surrounding 12-well and 

additional 200 µl to the collagen surface. After 24 h, the adipogenic differentiation 

was initiated by changing the culture medium to ADM. The collagen-based adipose 

tissue models were cultured for up to 12 weeks with routinely media exchanges. 

Scaffold-free culture Aggregate/spheroid 

As an alternative to the 3D differentiation of equally distributed cells in collagen, a 

scaffold-free strategy was established. Therefore, hMSCs were detached and 

aggregated using a) 1.5 ml Eppendorf tubes or b) Elplasia well plates with 

microcavities. The applied protocol varied for each method: 

a) 1 – 2.5 x 105 hMSCs were dispensed to and Eppendorf tube, followed by 

centrifugation at 300 g for 5 min. The resulting cell aggregate was transferred to a 

culture vessel using a 1000-µl-pipette, e.g. well plate for analysis or culture insert 

for further co-culture with O. volvulus larvae or adipose tissue modelling.  

b) Elplasia plates were prepared according to instructions of the manufacturer. 

2 – 4 x 104 hMSC/aggregate were seeded into the Elplasia plates with round cavities. 

A 24-well contains about 554 microcavities – total cell number of 1.1 – 2.2 x 106 hMSC 

were seeded per well in 2.5 ml ADM. After 7 – 10 days without media exchange the 

formed aggregates were harvested using a 1000-µl-pipette. The aggregates were 

transferred to culture inserts for the generation of the three-layered adipose tissue 

FTSM.  
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2.6.3 Generation of the three-layered skin model 

Multilayered skin model consisting of the FTSM and an adipose tissue layer were set 

up using aggregated hMSCs. After their formation, the hMSC aggregates were placed 

onto the membrane of the Snapwell inserts, followed by further culture and 

differentiation. The aggregates attached to the membrane. 

After three weeks of differentiation, the dermal model was generated on top of the 

adipose tissue layer. According to 2.6.1, 700 µl collagen hydrogel with hDF were 

mixed and plastically compressed. Similar to the FTSM protocol, the adipose tissue-

dermis models were cultured in FM for 7 days before the setup of the epidermis and 

change to E10. After the Airlift, the models were cultured for 21 days with routinely 

media exchanges. The protocol for the stepwise generation of the multilayered skin 

model is illustrated in Figure 19. 

 

2.7 Culture of O. volvulus larvae 

L3 larvae used for the study are of pooled larvae batches that were isolated on one 

day from infected back flies, followed by cryopreservation. Cryopreserved vials of 

O. volvulus L3 larvae were sent from NYBC to Würzburg on dry ice. For co-culture 

experiments the larvae were prepared as follows. 

 

2.7.1 Molting of L3 larvae 

In the molting assays, the O. volvulus larvae were differentiated from the black fly-

specific larval stage L3 to the first human-specific stage L4. Therefore, based on the 

expected recovery of larvae of a L3 batches, 2-4 vials of different batches were 

thawed for a co-culture experiment. After rapid thawing in the water bath, the L3 

larvae were transferred from the cryovial to a 15-ml-centrifuge tube containing 

10 ml of pre-warmed L3 wash medium. The larvae were allowed to sediment at room 

temperature, followed by the gentle removal of the supernatant. After adding again 

10 ml of wash medium, the sedimentation was repeated 6 times. After 

sedimentation, the larvae were centrifuged twice at 1000 g and 10 °C for 10 min. 
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Determined on the expected number of larvae from the specific batch, the larvae 

were resuspended in wash medium to a concentration of 200 worms/ml. The larvae 

suspension was then transferred to a 96-well plate with 50 µl/ well, containing in 

average 10 worms. Subsequently, PBMCs were thawed in the water bath and 

resuspended in wash medium with 50 % FCS (2x), followed by the seeding of 

1.5 x 105 PBMCs/well in 50 µl. Finally, 100 µl of wash medium supplemented with 

25 % FCS (1x) is added to each well to a final volume of 200 µl with a final FCS 

concentration of 25 %. The L3-PBMC co-cultures were incubated for 7-14 days. The 

molting of larvae from L3 to L4 stages was documented and the molting efficiency 

determined. L4 larvae can be identified by a characteristic coiling pattern. The 

molting event can be confirmed by a shed cuticle for each L4 larva per well. The 

worms were collected in L4 medium while using a light microscope. The fresh molted 

L4 larvae were further used for the co-cultures with 2D HUVEC feeder layers and 3D 

tissue models. Figure 8 illustrates the different culture setups that were applied to 

L4s with a focus on the spatial arrangement of larvae and cells and/or tissue. 

  

Figure 8: Co-culture setups for L4 larvae. A. Transwell with L4 larvae above a 2D HUVEC feeder layer. 

B. Indirect co-culture with FTSM. C. Direct co-culture with aggregated adipose tissue model. 

 

2.7.2 Optimized 2D culture of L4 larvae 

After molting from L3, the fresh L4 larvae were transferred to culture inserts and co-

cultured above a HUVEC feeder layer in L4 medium, as shown in Figure 8A. Typically, 

HUVECs were seeded on Monday, followed by the transfer of L4 containing inserts 
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from the former co-culture plate on the wells containing freshly seeded HUVECs. For 

the documentation of larval survival and development, the following factors were 

documented. 

 

2.7.3 Analysis of larvae motility and viability 

The length and the motility of the larvae was documented weekly. The motility was 

observed using a light microscope and scored in four categories:  

1) Coiling larvae 

2) moving larvae 

3) slow moving and already dark appearance 

4) not moving/dead (dark appearance) 

L4 larvae of category 1 and 2 were considered as viable, whereas categories 3 and 4 

were considered as non-motile and dead.  The [%-motility] was calculated as the 

portion of category 1 and 2 of the initial number of L4 larvae. The growth was 

analyzed by taking images of moving larvae in a position as straight as possible, 

followed by their length measurement using ImageJ.  

 

2.7.4 Co-cultures of O. volvulus larvae and human tissue models 

L4 larvae were co-cultured in different setups with human tissue models. A first 

approach was an indirect co-culture system. These experiments were performed at 

the NYBC. 

Indirect co-culture of L4 larvae and FTSM 

As shown in Figure 8B, for the indirect culture setup two Millicell culture inserts were 

placed in a 6-well, one containing 20 L4 larvae, the other containing a non-

compressed FTSM (scaled down from Snapwell to the surface of Millicell). The larvae 

used for the indirect co-culture setups were 15 days old and precultured on HUVEC 



46 
 

feeder layers for one week. The co-culture media 3D-1 to 3D-3 were used for the 

culture of larvae and tissues. The best supporting medium was evaluated by 

analyzing the larvae growth and motility, as earlier described. The con-compressed 

FTSM was replaced every 4 weeks of culture. The optimized HUVEC co-culture 

served as the 2D control. 

Co-cultures of L4 larvae with adipose tissue models 

The adipose tissue aggregates enabled an indirect and direct co-culture setup. 

Therefore, hMSC aggregates were pre-differentiated for 3 weeks before the larvae 

co-culture. For the indirect culture, the adipose tissue aggregates were placed on the 

bottom of 12-wells, for the direct culture inside Millicell culture inserts that were 

placed in 12-wells (Figure 8C). 14-days old L4 larvae were placed to the aggregates 

for direct culture or into empty Millicell inserts, which were located above the 

aggregates. These co-culture setups were maintained in 3D-3 medium. Again, L4 

larvae in the 2D culture system served as control. For 5 weeks, the larvae were 

analyzed for growth and motility, as earlier in 2.7.3.  

 

2.8 Histology 

Histological methods aim for a microscopical analysis of cells or on a larger scale 

also tissues. Therefore, the samples were processed to facilitate various methods of 

stainings for the analysis of cells from a molecular basis to the macroscopic 

formation of a tissue. 

 

2.8.1 Chemical fixation of human cells and tissues 

The processing of biological samples for histology typically contains a chemical 

fixation, which was achieved by Histofix (4 % PFA). After washing with PBS-, 2D cells 

were covered with Histofix for about 10 min, followed by a replacement of Histofix 

with PBS-. These samples can be stored until further use at 4 °C. For human tissues 

and tissue models, the fixation time was estimated by its thickness. Therefore, after 
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washing with PBS- the tissue was submerged in Histofix for 1 h per mm of thickness. 

FTSM were fixated in Histofix for 2 h or alternatively for about 24 h in 4 °C.  

 

2.8.2 Paraffin embedding and preparation of microsections  

To allow micro sectioning of fixated tissue samples, the 3D tissue models were cut of 

the culture inserts and laid with biopsy pads in an embedding cassette. These 

cassettes were then transferred to an automated embedding machine. The 

embedding process relies on the exchange of water towards organic solvents and 

finally to paraffin. In the solid state, the samples are then able to be cut in micro 

slices.  

Table 9: Program of automated paraffin embedding for the fixation of tissue samples. 

Reagent Duration [h] Process 
dH2O 2 PFA removal 
Ethanol 50 % 1 

Dehydration 

Ethanol 70 % 1 
Ethanol 80 % 1 
Ethanol 96 % 1 
2-Propanol I 1 
2-Propanol II 1 
2-Propanol-Xylol (1:2) 1 
Xylene I 1 

Ethanol removal 
Xylene II 1 
Paraffin I 1.5 

Paraffin embedding 
Paraffin II 1.5 

After the paraffin embedding, the tissue samples were molten. Typically, the 

samples were cut in the middle using a scalpel and placed with the cutting edge on 

the base of stainless-steel molds, which were filled with pre-warmed and liquid 

paraffin. The molds were then allowed to cool down and the paraffin solidifies. The 

solid paraffin blocks with the sample’s cutting edge at the surface were processed at 

the microtome. For the analysis of the FTSM, multilayered skin and other tissue 

models, 4 µm slices were cut, whereas 10 – 20 µm slices were cut from adipose tissue 

models. The microsections were then mounted on microscope slides.   
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2.8.3 Deparaffinization and rehydration for histological stainings 

The tissue slices on the microscope slides were deparaffinized to allow hematoxylin 

and eosin (HE) staining and immunofluorescence (IF) staining of antigens, as these 

staining methods are performed in aqueous conditions. Therefore, the microscope 

slides mounted with tissue slices were incubated at 60 °C for 1 h until the sample 

surrounding paraffin is melted. A descending ethanol series dissolved remaining 

paraffin and rehydrates the tissue samples. 

Table 10: Rehydration of tissue microsections for further histological analysis. 

Reagent Duration [min] Process 
Xylene I 10 

Deparaffinization 
Xylene II 10 
Ethanol 96 % I 3x dip in/out 

Rehydration 
Ethanol 96 % II 3x dip in/out 
Ethanol 70 %  3x dip in/out 
Ethanol 50 % 3x dip in/out 
purified water wash until no turbulence Ethanol removal 

 

2.8.4 Hematoxylin and eosin staining of tissue micro slices 

The microscopic analysis of a HE staining delivers a sufficient overview of tissue 

morphology and cellular characteristics. The hematoxylin stains the cell nuclei 

purple-blue, whereas the eosin colorizes the cytoplasm and ECM in pink. Thus, this 

staining method is often used for pathology to gain a general overview of an organ 

or tissue and to recognize distinct changes, e.g. indicating a tumor formation. After 

rehydration by the descending ethanol series, the tissue slices underwent the 

following staining protocol. 

Table 11: Protocol for HE staining of rehydrated tissue microsections. 

Reagent Duration [min] Process 
Hematoxylin 6 Nuclei staining 
dH2O wash until no dye is released Removal of remaining dye 
Tap water 5 Increasing pH 
Eosin 6 Cytoplasm staining 
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Reagent Duration [min] Process 
dH2O wash until no dye is released Removal of remaining dye 
Ethanol 70 % 2x dip in/out 

Dehydration by ascending 
alcohol series 

Ethanol 96 % 2 
Propan-2-ol l 5 
Propan-2-ol II 5 
Xylene I 5 

Ethanol removal 
Xylene II 5 

After the completed HE staining, the samples were again dehydrated by the 

ascending ethanol series, finally incubated with xylene. For protection and sealing, 

the tissue slices were mounted with entellan, a non-aqueous mounting medium, 

followed by covering the microscope slides with a glass cover slip. 

 

2.8.5 Immunohistological analysis of cellular antigens 

For immunohistological staining of samples, the tissue slices were placed on 

polysine-coated microscope slides for an increased adhesion of the tissues. The 

samples were rehydrated using the ascending ethanol series, followed by encircling 

the tissue slice with a hydrophobic pen (PAP pen). This allows the application of 

small volumes directly on the tissue sample. For the staining procedure, the 

microscope slides were incubated in a dark chamber. Unspecific binding of 

antibodies was prevented by the application of 5 % serum of the secondary antibody 

species or 5 % BSA solution. After discarding the blocking solution, the slices were 

incubated over night with the primary antibody solution. The dilution factor was 

antibody-specific. After the incubation, the primary antibody solution was removed 

and the samples were washed three times for 5 min in wash buffer on the shaker. 

Subsequently the secondary antibody solution was applied with a dilution factor of 

1:400. After 60 min of incubation in the dark, the samples were again washed three 

times in wash buffer. The tissue slices were directly covered with Fluoromount-G, 

an aqueous mounting medium containing 4′,6-Diamidin-2-phenylindol (DAPI), a 

blue fluorescent DNA dye. After sealing the slices with cover slips, the microscope 

slides were stored in the dark at 4 °C.  

 



50 
 

2.8.6 Oil Red O staining 

For the staining of intercellular lipids, Oil Red O represents a commonly used dye. As 

a lysochrome it is a lipophilic dye, thereby staining lipids, triglycerides and fatty 

acids. The powder is prepared as a stock solution – 0.5 g in 100 ml of 99 % 2-

propanol. For the working solution, six parts of the stock were mixed with four parts 

of dH2O and incubated for 24 h, followed by filtration. The Oil Red O dye was applied 

on fixated cells and tissues, and by lysis of the cells with 2-propanol, the dye could 

be detected by measuring the maximal light absorbance at 518 nm. Thus, Oil Red O 

was also used for the quantitative analysis of the lipid content of adipocytes.   

Oil Red O staining of 2D differentiated adipocytes 

For the pre-evaluation of cell culture media, supplements and culture factors, such 

as cell density, differentiation experiments were performed in 2D culture. Therefore, 

hMSCs, typically cultured in 12-wells were fixated using Histofix, subsequently 

followed by the staining protocol, shown in Table 12. 

Table 12: Staining of intracellular lipids with Oil Red O in 2D cultured adipocytes. 

Reagent Volume [µl] Time [min] Process 
PBS- 1000 - Rinsing 
PFA (4 %) - 10 Fixation 
dH2O 1000 - Washing 

2-Propanol (60 %) 800 5 Organic Solvent 
incubation 

Oil Red O staining solution 400 10 Staining 
2-Propanol (60 %) 800   Removal of dye 
dH2O 1000   Washing 

 

At this stage, a microscopic observation could take place, by using a microscope. For 

the quantification of the accumulated lipid content, the cells were lysed by applying 

800 µl of 99 % 2-propanol. After 5 min incubation on a shaker, duplicates of 200 µl 

were measured for the maximum adsorption at 510 nm using the Tecan plate reader. 
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Oil Red staining of 3D adipose tissue models 

The lipid detection of 3D tissue models was examined in 24-well plates. Therefore, 

after washing and fixation, the following protocol was applied.  

Table 13: Staining of intracellular lipids with Oil Red O in 3D adipose tissue models. 

Reagent Volume [µl] Time [min] Process 
PBS- 1000 - Rinsing 
PFA (4 %) - 60 Fixation 
dH2O 1000 - Washing 
2-Propanol (60 %) 800 5 Organic Solvent incubation 
Oil Red O staining 
solution 800 90 – 120  Staining 

2-Propanol (60 %) 800 2 Removal of dye 
dH2O 1000  - Washing 

A quantification of the lipid content for 3D models was not done, as the lysis of cells 

within the collagen hydrogel was not consistent and has not been established. 

 

2.8.7 Nile Red staining of adipocytes 

Nile Red enables the specific detection of lipids as the lipophilic dye emits fluorescent 

light at a maximum of 553 nm in an organic solvent or lipophilic environment. For 

the staining of 2D cultured cells and 3D tissue models, the following staining 

solution was prepared. 1 µg/ml of Nile Red and 1 µg/ml DAPI in PBS- were mixed with 

0.2 % saponin. For 3D adipose tissue models, 1 ml of staining solution was added to 

the 24-well that contains the fixated tissue and incubated over night at 4 °C. Prior 

the microscopic analysis using a fluorescence microscope, the models were washed 

with PBS- for three times.  

Maturation analysis of differentiating adipocytes within the collagen hydrogel  

During the differentiation of adipocytes, pre-adipocytes accumulate lipids that are 

stored in vacuoles. With the ongoing maturation, these lipid containing vacuoles 

fuse, resulting in a unilocular vacuole. This maturation progress was observed by 

using Nile Red/DAPI for the staining of adipocytes, followed by the analysis of 

vacuole number and size per cell. Therefore, 3 tile-scan pictures of 6 tiles were taken 
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of collagen-based adipose tissue models that were cultured until 6 to 12 weeks using 

the Leica fluorescence microscope. These pictures could serve for the count of nuclei 

(DAPI) and the number matured unilocular adipocytes (Nile Red), resulting in the 

adipocyte maturation rate. To depict the maturation progress, the number and the 

diameter of lipid containing vacuoles per cell were analysed using ImageJ for length 

measurements.  

 

2.9 Statistics 

Data from worm growth were recorded in a weekly routine to monitor the differences 

between larvae cultured in the 2D culture system and the experimental 3D culture 

conditions. Significant changes in the length of larvae were tested using Mann-

Whitney U test for comparison of each group from the start to the end of culture in 

this system (P < 0.0001: ****) and using ANNOVA with Dunnet’s analysis for 

comparison of the experimental 3D groups to the 2D cultured worms at D93 (P ≤ 

0.001: ***; P < 0.0001: ****). Other statistical analyses are stated in the figure 

captions. The analysis was performed with Graphpad Prism (Version 6.07). 
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3. Results 

The development of a culture system for O. volvulus larvae based on human in vitro 

skin was initiated by the establishment of protocols for a 3D adipose tissue model. 

This first step was thought to enable the generation of a multilayered skin model 

composed of three layers – epidermis, dermis and subcutaneous adipose tissue. The 

well-established FTSM was aimed to be augmented by a fatty tissue layer. Therefore, 

hMSCs derived from bone marrow were applied as cell source, representing a cell 

type with great proliferative capacities and the ability of adipogenic differentiation. 

The cells derived from an in-house Biobank containing hMSCs of multiple donors 

that were evaluated for the characterization criteria of mesenchymal stromal cells.  

 

3.1 Development of an adipose tissue model 

First culture approaches of hMSCs were performed in 2D and aimed for the 

optimization of the differentiation to adipocytes. Here it needs to be mentioned, that 

experiments for the adipose tissue model development were performed with ADM 

and ADM+, as the beneficial effect of the additional supplementation was explored 

to a later time point. 

Defining factors for the optimization of adipogenesis of hMSCs 

The cell density of hMSCs during the differentiation is a well described factor that 

promotes the adipogenic lineage development in ADSCs [149]. Thus, the cell-density 

dependency was analyzed for the hBMSCs from the in-house Biobank. The cells were 

seeded with initial densities of 5 x 103, 2.5 x 104, 5 x 104, and 1 x 105/cm2. After 24 h in 

EM, the adipogenic differentiation was initiated by ADM. The cells were analyzed 

weekly by an Oil Red O staining. Figure 9A shows the microscopic analysis of the 

intracellular lipid accumulations within differentiating hMSCs on day 7, 14 and 21. 

The staining reveals the typical 2D morphology of differentiating adipocytes 

comprised of multilocular lipid vacuoles. An increased seeding density resulted in an 

enhanced Oil Red O staining of cells from day 7 on. In contrast, hMSCs cultured in 

EM as the negative control (NC) showed no positive Oil Red O signal (Figure 9B). 

Whereas only single cells differentiated with a seeding density of 5 x 103 and 
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2.5 x 104/cm2 after 21 days, hMSCs seeded with 5 x 104 and 1 x 105/cm2 showed an 

extensive red staining of intracellular lipids. For each time point and seeding 

condition, the Oil Red O staining was quantitatively analyzed (Figure 9C). The 

photometric analysis by the measurement of absorption of light at 410 nm confirmed 

the result of the microscopic analysis. Compared to 5 x 103/cm2 the Oil Red O signal 

was 6.4-fold increased for cells differentiated with a density of 2.5 x 104/cm2, 9.3-

fold increased for 5 x 104/cm2 and 11.7-fold increased for 1 x 105/cm2 after 21 days.      

 

Figure 9: Cell density dependency of differentiating hMSCs in 2D culture. A. Time course experiment 

of adipogenic differentiation in dependency of seeding density. hMSCs seeded with cell densities of 

5 x 103, 2.5 x 104, 5 x 104 and 1 x 105/cm2 were stained for intercellular lipids with Oil Red O on day 7, 14 

and 21. Scale bar = 400 µm. B. Negative control – hMSCs were maintained in EM for 21 days. No 

intracellular lipids were detected. Scale bar = 400 µm. C. Quantification of intracellular lipids. The 

semiquantitative analysis of Oil Red O-stained lipids depicts an increased lipid content with a rising cell 

density.    
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The dependency of cell density and differentiation efficiency led to the utilization of 

5 x 104 hMSCs/cm2 for further 2D experiments as this seeding density achieved a 

comparable high differentiation efficiency and allows larger experiments regarding 

the number of cells retrieved from a typical expansion culture of hMSCs. The 

differentiation of hMSCs was initiated by the change of culture medium to ADM 

containing the differentiation factors Dexamethason, 3-isobutyl-1-methylxanthine 

(IBMX), Indomethacin, and Insulin. To allow a higher rate of lipid accumulation 

during the lipogenesis, additional energy was supplemented as D-Glucose and a 

defined mixture of lipids in ADM+. Figure 10A-B shows the microscopic analysis of 

Oil Red O-stained adipocytes cultured in ADM and ADM+ and the NC. After 21 days of 

culture, differentiating adipocytes maintained in ADM+ contained more 

intracellular lipid vacuoles, as shown in the inset. The increased nutritional supply 

resulted in an enhanced storage of lipids. This observation was confirmed by the 

quantitative analysis of the Oil Red O signal by the photometric analysis of light 

absorption at 410 nm (Figure 10C). The graph depicts the lipid content of the cells 

cultured as NC and ADM+ normalized to the absorption of cells in ADM on day 21. The 

lipid content of adipocytes differentiated in ADM+ was significantly increased to 

237 % compared to the ADM condition.  
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Figure 10: Enhanced accumulation of intracellular lipids by ADM+. A. Time course experiment of 2D 

adipogenic differentiation with ADM and ADM+ supplemented with additional D-Glucose and lipids.  

The seeding density is 5 x 104 cells/cm2. Cells were stained with Oil Red O on day 7, 14 and 21. Scale 

bar = 400 µm. B. Oil Red O staining of negative control of adipogenic differentiation. After maintenance 

in EM for 21 days, no intracellular lipid vacuoles were detected after Oil Red O staining. Scale 

bar = 400 µm. C. Quantification of intracellular lipid accumulations of cells cultured in EM (NC), ADM 

and ADM+ on day 21. The measured absorption at 410 nm was normalized to the standard medium ADM. 

Unpaired t-test: ADM-ADM+ ****, p-value < 0,0001.   

The results on the optimization of adipogenesis in 2D culture were translated 

towards the 3D culture of hMSCs in order to generate an adipose tissue model.  

3D differentiation of hMSCs in collagen hydrogels 

Similar to the dermal part of the FTSM, collagen hydrogels were applied to provide a 

3D scaffold for the differentiation of hMSCs. As shown in 2D, the cell density-

dependency was a crucial aspect for a sufficient adipogenic differentiation efficiency. 

This finding was translated to the seeding density of hMSCs on the collagen 

scaffolds. Thus, to find the optimal cell density hMSCs were seeded with densities of 

0.5 x 106, 1 x 106, 1.5 x 106, 3 x 106, 6 x 106 and 9 x 106 cells/ml of collagen. The 3D 

constructs were cultured in ADM for 14 days followed by histological analysis. 
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Figure 11 shows microscopic images of HE-stained microsections. After 2 weeks, the 

differentiating adipocytes contain multiple lipid vacuoles, the morphological feature 

of early adipocytes (shown in insets).   

 

Figure 11: Adaption of cell density from 2D culture to the 3D collagen-based model. Microscopic 

images of HE-stained 3D collagen scaffolds seeded with increasing cell densities per volume (cells/ml 

of collagen hydrogel) after 2 weeks of differentiation in ADM. The inset shows a higher magnification 

showing the cell morphology of differentiating adipocytes within the collagen. Scale bar = 100µm, Inset 

Scale bar = 25 µm. 

A density of 3 x 106 cells/ml of collagen shows an even distribution of differentiating 

adipocytes without cellular contact. The spatial distance of cells was higher 

compared to the higher cell concentrations of 6 x 106 and 9 x 106. However, the high 

cell numbers impede the practicability to perform experiments, as the required 

number of cells exceeded the yield of cells from typical expansion cultures of hMSCs. 

Thus, the following experiments were performed with 3 x 106 cells/ml. Figure 12A 

demonstrates the setup of the 3D collagen-based adipose tissue model within a cell 

culture insert and submerged in ADM+.  
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Figure 12: 3D adipose tissue model based on differentiation of hMSC embedded in a collagen hydrogel. 

A. Schematic illustration of the collagen-based adipose tissue model cultured submerged within a 

tissue culture insert. B. Macroscopic picture of a collagen-based adipose tissue model after 9 weeks of 

culture and Oil Red O staining. C. Time course experiment of adipogenically differentiating hMSCs in 3D 

collagen hydrogel on day 0, after 2, 4, 6, 8, 10 and 12 weeks of culture in ADM+. Microscopic analysis 

after HE staining demonstrates the cell distribution within the model also showing an enlargement of 

lipid containing vacuoles from week 4 (identifiable as holes - insets). The progressing accumulation of 

intracellular lipids was confirmed by Oil Red O staining of the adipose tissue models demonstrated by 

the increased number and size of stained lipid vacuoles within the differentiating adipocytes. A detailed 

image is shown in the insets. Scale bar = 200 µm. 

hMSCs are mixed homogenously with the collagen during the setup procedure. After 

24 h of pre-culture in EM, the differentiation was initiated with ADM+. A 

macroscopic image of an Oil Red O-stained 3D adipose tissue model after 9 weeks of 

culture is shown in Figure 12B. The mechanical integrity of the long-term cultured 

in vitro tissues was also confirmed by the histological analysis over a culture period 

of 12 weeks (Figure 12C). The HE staining depicts an increasing number and size of 

lipid vacuoles within the differentiating adipocytes. These vacuoles are typically 

recognizable as holes in the scaffold, because the lipid content is washed out during 
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the solvent treatment of the paraffin embedding process for the histological 

analysis. However, these lipids accumulations were detected by the Oil Red O 

staining that confirmed the adipogenic differentiation of hMSCs within the 3D 

collagen hydrogel. The microscopical analysis of both histological techniques 

demonstrated an elongated morphology on day 0. After 2 weeks of differentiation, 

the HE-stained cells have an enlarged cytoplasm surrounding the centrally located 

nuclei. Accordingly, the Oil Red O staining of the differentiating hMSCs detected 

intracellular lipids with a centered nucleus, here recognized as a gap. The size of the 

lipid vacuoles was increased after 4 weeks of culture, showing multilocular 

adipocytes. As demonstrated by both stains, HE and Oil Red O, the growth and fusion 

of intracellular lipid vacuoles progresses from week 6 to week 12 of culture. After 

8 weeks, the histological images display adipocytes with a single lipid vacuole and a 

peripherally located nucleus. The number of these unilocular adipocytes rises until 

the end of culture. This process of vacuole fusion and growth due to lipid storage 

towards a unilocular adipocyte is a characteristic morphological feature. To enable 

the observation of adipocyte maturation within the 3D collagen-based adipose tissue 

model, scan image analysis of fluorescently labeled cells was performed. Therefore, 

the adipose tissue models were stained with Nile Red for the detection of lipids and 

DAPI for the labeling of DNA. The imaging via fluorescence microscopy facilitated 

the analysis of the ratio of nuclei (DAPI-signals) to unilocular adipocytes (single Nile 

Red-positive vacuoles). As demonstrated in Figure 13A, the number of unilocular 

adipocytes increased, indicated by the yellow arrows. White arrows mark 
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differentiating early adipocytes. Accordingly, the maturation rate of adipocytes was 

estimated from week 6 to week 12 of culture (Figure 13B).      

 

Figure 13: Maturation of adipocytes within the collagen-based adipose tissue model.  
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Figure 13: Maturation of adipocytes within the collagen-based adipose tissue model. A. Nile Red 

staining demonstrates the progression of adipocyte maturation from week 6 to week 12 of culture in 

ADM+. Differentiating early adipocytes containing multiple lipid vacuoles are marked by white arrows, 

unilocular matured adipocytes by yellow arrows. Scale bar = 100 µm. The right panel contains a higher 

magnification. Scale bar = 50 µm. B. Quantitative analysis of adipocyte maturation rates and cell size 

from week 6-12 of culture based on the Nile Red staining appearance. 

The percentage of unilocular adipocytes increased from 1.23 % after 6 weeks to 6 % 

in week 8, 9.26 % in week 10 and finally reached 14.73 % after 12 weeks of culture. In 

the same time, the mature cells grew from 29.07 µm in mean diameter after 6 weeks 

to 34.080 µm in week 10. Eventually the adipocytes were found to have a final mean 

diameter of 37.09 µm. 

Besides the morphological changes of differentiating adipocytes, molecular markers 

of adipogenesis were analyzed during the hMSC differentiation in the 3D adipose 

tissue model. Therefore, the adipose differentiation-related protein or Perilipin-2 

(ADFP), and the pro-adipogenic transcription factor PPARγ were analyzed for their 

cellular localization via immunofluorescence labeling. Figure 14A shows microscopic 

images of antibody-mediated fluorescent staining of PPARγ from day 0 of culture to 

week 12 of differentiation. In the early culture phase, PPARγ in yellow was co-

localized with the DAPI signal in cyan, indicating a nuclear localization highlighted 

by the yellow arrows. After 4 weeks of differentiation, the yellow PPARγ signal was 

more diffuse, and from week 6, a cytoplasmic localization was seen as indicated by 

the white arrows. The cytoplasmic signal was relatively weak but covered the areas 

of the adipocytes cross-sections, which can be assigned as cytoplasm. This was 

demonstrated by a merged two-part image of the fluorescent and brightfield 

channel showing an adipocyte in week 6 of differentiation. The immunofluorescent 

analysis of ADFP revealed a cytoplasmic localization of the protein from day 0 to the 

end of differentiation after 12 weeks (Figure 14B). Until week 4, the magenta ADFP 

signal surrounded the cyan DAPI signal. After 6 weeks, the ADFP was shown to co-

localize with the structures of the lipid vacuoles indicated by the yellow arrows. 

According to the maturation analysis in Figure 13 the lipid-containing vacuoles were 

shown to increase in size. Here, the morphological feature of a peripheral nucleus is 

clearly recognizable from week 6 by the cyan DAPI signal and highlighted by the 

white arrows. Again, a two-part image of the fluorescent and brightfield channel 

demonstrates the localization of the fluorescent signals of ADFP and the nucleus of 
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an adipocyte within the surrounding collagen scaffold after 10 weeks. Confocal 

microscopy was applied to generate an overview of adipocytes within the collagen 

based adipose tissue model immunofluorescently labeled for the ECM protein 

collagen type III (Col III) and α-Smooth muscle actin (αSMA) (Figure 14C).  

 

Figure 14: Marker analysis of differentiating adipocytes in collagen-based adipose tissue model.  
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Figure 14: Marker analysis of differentiating adipocytes in collagen-based adipose tissue model. 

A. Immunofluorescence staining of PPARγ (yellow) of differentiating adipocytes on day 0, after 2, 4, 6, 

8, 10 and 12 weeks. The yellow arrows indicate the colocalization of PPARγ and nucleic DNA in early 

differentiating adipocytes (d0 – w6); white arrows indicate the cytoplasmic localization of PPARγ with 

ongoing culture. A combined brightfield image demonstrates the localization of the cell within the 

collagen environment after 6 weeks. Scale bar = 25 µm. B. Immunofluorescence staining of ADFP of 

differentiating adipocytes on day 0, after 2, 4, 6, 8, 10 and 12 weeks. ADFP (magenta) surrounds nuclei 

(cyan) of early differentiating adipocytes (d0 – week 4 – 6) and depicts lipid containing vacuole 

structures of maturing adipocytes (week 6 – 12, yellow arrow). The white arrows highlight the 

characteristic peripheral nuclei of a mature adipocyte from week 6 of culture on. A combined brightfield 

demonstrates the localization of the cell within the collagen after 10 weeks. Scale bar = 25 µm. C. 

Immunohistological analysis of Collagen III and αSMA within differentiating adipocytes. Scale 

bar = 50 µm. D. Immunohistological analysis of Collagen IV and staining of intracellular lipid vacuole 

with Nile Red. Scale bar = 50 µm. 

The image shows the green Col III signal surrounding the maturing adipocytes that 

can be recognized by large single and double vacuole structures. A αSMA signal in red 

was shown to be localized in differentiating adipocytes in the vicinity of the nuclei 

(DAPI – blue), marked by white arrows and in non-differentiated hMSCs shown by 

yellow arrows. The localization of the ECM component collagen type IV (Col IV) was 

co-analyzed with the position of intracellular lipids by Nile Red staining. The 

confocal microscopy revealed that the green Col IV signal is found surrounding the 

adipocytes with a Nile-Red positive lipid vacuole and a peripheral nucleus, marked 

by yellow arrows. 

An alternative strategy for the generation of adipose tissue models independent of a 

3D scaffold was examined.  

Scaffold-free creation of adipose tissue models  

The 2D differentiation experiments revealed a cell density-dependent efficiency for 

the adipogenesis of hMSCs. To enable a high cell density without spatial distance of 

3D cultured stromal cells, hMSCs were aggregated prior to the adipogenic 

differentiation. The differentiating hMSC aggregates increased macroscopically 

recognizable in size until day 22 of culture compared to the aggregates cultures as 

NC in EM as shown in Figure 15A. This growth was analyzed by the measurement of 

the area of cell aggregates cultured in cell culture wells (Figure 15B). The aggregates 

cultured in EM were 1.1 mm2 in diameter on day 4 of culture, reached a minimum on 
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day 13 with a diameter of 0.76 mm2 and a maximum of 1.21 mm2 on day 22. In 

contrast, the differentiating hMSC aggregates had a diameter of 1.38 mm2 on day 4 

and reached a maximum of 2.67 mm2 on day 11, a 1.9-fold increase in the area size. 

Until the end of culture, the average diameter of the aggregates decreased to 

1.94 mm2 on day 22. The histological analysis demonstrates the morphological 

appearance of hMSCs in the aggregated culture (Figure 15D) on day 22 of culture. 

Whereas the aggregates maintained in EM show densely packed cells, the aggregated 

cells cultured in ADM differentiated as the lipid vacuoles and peripheral nuclei 

demonstrate (detailed image in insets). This principle was adapted for the 

generation of adipose tissue models independent of a scaffold material for a 3D 

environment. Figure 15C illustrates the setup of a scaffold free adipose tissue model, 

composed of differentiating adipocytes within a culture insert and submerged by 

culture medium.  

 

Figure 15: Scaffold-free generation of 3D adipose tissue models.  
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Figure 15: Scaffold-free generation of 3D adipose tissue models. A. Microscopic images of aggregated 

hMSCs demonstrate an increase in size during the differentiation in ADM from day 4 – 22 of culture. 

The aggregate diameter of the NC did not change strongly. Scale bar = 1 mm. B. The measurements of 

aggregate area (mm2) are shown in the bar graph. The differentiating aggregates reach a maximum area 

of 2.67 mm2 on day 11 of culture. The NCs show a relatively moderate size variation ranging from 

0.76 – 1.21 mm2. C. Schematic illustration of differentiating hMSC aggregates in a cell culture insert for 

the generation of 3D adipose tissue models. D. HE-stained microsections of aggregates cultured for 22 

days. The insets show a higher magnification of cells with multilocular adipocytes indicated by “holes” 

after differentiation, whereas non-differentiated cells are condensed. Scale bar = 100 µm. E. The HE 

staining clearly depicts mature unilocular adipocytes (inset) within the outer layer of the aggregate 

followed by a core of condensed non-differentiated cells after 13 weeks of culture. Scale bar = 100 µm. 

F. The Oil Red O analysis confirms the adipogenic differentiation also showing unilocular adipocytes 

after 13 weeks. Cells appeared to proliferate on the culture insert membrane. Scale bar = 400 µm. The 

inset shows a macroscopic view of the Oil Red O-stained aggregates. G. The MTT analysis proved the 

viability of adipocytes after 13 weeks of culture (red/purple stain). Scale bar = 400 µm. The inset shows 

a macroscopic view of the MTT positive aggregates. The histological analysis was already published by 

Malkmus et al., 2020 [71]. 

To prove the capability of the scaffold-free adipose tissue models for long-term 

cultures, the aggregates were maintained in ADM for 13 weeks. The tissues were then 

analyzed histologically. The HE staining reveals adipose tissue morphology of the 

outer cells of the aggregate, showing unilocular matured adipocytes (Figure 15E). 

The intracellular lipid accumulations were confirmed by an Oil Red O staining of 

fixated tissues within the culture insert, as demonstrated in Figure 15F. The 

microscopic image was taken by light microscopy showing the underside of the 

insert membrane. The visualized cells were migrated from the hMSC aggregate on 

the culture insert membrane. These cells were Oil Red O-positive and appeared as 

unilocular adipocytes. The macroscopic top view shows the Oil Red O staining of the 

complete aggregates within the culture insert (inset). Additionally, the viability of 

the long-term cultured adipose tissue models was evaluated via MTT. Again, the 

microscopic image was taken by light microscopy, proving the viability of 

differentiated adipocytes that were migrated on the culture insert membrane as 

shown in Figure 15G. The top view demonstrates the MTT-positive signal of the 

complete adipose tissue aggregates and a weak signal of non-differentiated hMSCs 

on the culture membrane surface.  

The scaffold-free adipose tissue models were further analyzed for the expression 

and localization of adipogenesis markers. Thus, aggregated and differentiated 
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hMSCs were immunohistologically stained for the pro-adipogenic transcription 

factor PPARy, ADFP, GLUT4 and the ECM protein Collagen IV that is synthesized and 

secreted by adipocytes. Figure 16 shows the microscopic analysis of these marker 

proteins after 3 weeks of differentiation. Overall, the overview images demonstrate 

a localization of all analyzed antigens predominantly in the outer sphere of the cell 

aggregate, whereas the inner core has a higher density of DAPI signals. The detailed 

microscopic images revealed that the red PPARy signal is primarily located 

surrounding the cell nuclei (DAPI – blue) as indicated by white arrows. Similarly, 

ADFP was found to surround the nuclei (white arrows) as well as in the cytoplasm of 

the differentiating hMSCs, highlighted by the yellow arrows.  

 

Figure 16: Immunohistological marker analysis of scaffold-free adipose tissue models. The 

adipogenically differentiated hMSC aggregates were analyzed for the expression of specific adipogenic 

differentiation markers PPARy, ADFP, GLUT4 and Collagen IV synthesized by adipocytes. The outer 

images show an overview of the cell aggregate, indicating the location of the analyzed protein markers 

within the adipose tissue model. The more detailed images depict the location on a cellular level. Scale 

bar = 25 µm.    

The glucose transporter GLUT4 was shown to localize surrounding the nuclei and the 

lipid vacuole structures as indicated by the white and yellow arrows. The ECM protein 

Collagen IV signal was found in between the differentiating adipocytes as 

highlighted by the white arrows.  
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The aim of a protocol for the generation of basic adipose tissue models was achieved. 

This development was the basis of further experimentation – the generation of a 

multilayered skin model and larvae co-cultures. 

 

3.2 Analysis of culture media compatibility of single tissue components 

The aim of this study was the development of a multilayered skin tissue for the 

culture of O. volvulus larvae. Prior to the integration of the adipose tissue within the 

FTSM and eventually the application of the multilayered skin model for the larvae 

co-culture, the compatibility of tissue components for specific culture media and 

media components had to be examined.  

First, the FTSM was analyzed for its capability to be cultured with alternative culture 

media. Figure 17A illustrates the basic principle of the FTSM that is cultured in a cell 

culture insert at the air-liquid-interface. Important components are the permeable 

polycarbonate membrane of the culture insert (1), the culture medium (2), the 

dermal model (3) and the epidermis (4). The surface of the latter one is shown from 

a top view in Figure 17B. 

 

Figure 17: Evaluation of media compatibility of the FTSM with O. volvulus larvae media components 

and ADM. 
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Figure 17: Evaluation of media compatibility of the FTSM with O. volvulus larvae media components 

and ADM. A. Schematic illustration of the FTSM within cell culture insert and media at the air-liquid 

interface. Following components are indicated by numbers: (1) Permeable cell culture membrane, (2) 

cell culture media, (3) dermis and (4) epidermis. B. Top view on FTSM within cell culture insert cultured 

in a 6-well plate. C. Testing of the compatibility of the FTSM for ADM after 21 days of culture. The 

microscopic images of HE-stained microsections revealed a strong change in the epidermal 

morphology of FTSM cultured in E10:ADM mixes of 75:25 and 50:50 parts compared to the E10 control. 

Scale bar = 100 µm. D. HE staining of FTSM cultured in E10 as control and the experimental co-culture 

media 3D-1, -2, -3 and regular L4 medium. Scale bar = 100 µm. The histological analysis was already 

published by Malkmus et al., 2020 [71]. 

Usually, the FTSM is cultured in E10 from the day of hEK seeding on the dermal tissue 

until the end of culture on day 21. To analyze the influence of adipocyte-specific 

medium on the formation of the FTSM, especially on the epidermis, the FTSM was 

cultured in a mixture of E10 and ADM with 75:25 and 50:50 parts (Figure 17C). The 

control model (E10) represents a stratified epidermal tissue with the distinct layers 

of differentiating keratinocytes. The epidermis (4) is clearly separated by the basal 

lamina from the dermal tissue (3), which contains the hDF oriented horizontally 

with the collagen fibers. The mixture of 75:25 E10:ADM caused the hEKs to migrate 

into the collagen without forming the epidermis specific tissue layers. Compared to 

the E10 control, the hDF within the dermal tissue are less oriented. The culture with 

similar parts of FTSM-specific E10 and ADM (50:50) cause an even more severe 

disturbance of the dermis, resulting a reduction of the collagen scaffold volume and 

thus a higher hDF concentration. The dashed line indicates the lower boundary of the 

dermal tissue model. The thickness of a hEK-layer on the dermis is strongly reduced 

and no epidermal tissue formation can be recognized. This culture media 

experiments demonstrates a vulnerability of the FTSM formation and the 

maturation of the epidermis to components of the adipogenic differentiation 

medium.  

A similar experiment was performed using O. volvulus culture media components as 

shown in Figure 17D. Therefore, the experimental co-culture media 3D-1 to 3D-3 

were applied for the culture of the FTSM after seeding of hEKs. The media were 

generated by a gradual supplementation of E1o with components of the larvae-

specific L4 medium. The composition of the culture media is listed in Table 7. The 

FTSM cultured in the E10 control shows a normal epidermal morphology comprised 

of the specific strata. The different structural appearance of the collagen compared 
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to the E10-ADM experiment can be explained by a batch-to-batch variance of the 

isolated collagen from rat-tails. The histological analysis discovered that FTSMs 

cultured with the experimental co-culture media 3D-1 to 3D-3 media and L4 

medium show mainly alterations associated with the formation of the epidermis. 

The keratinocytes of the stratum basale were affected by a change from highly 

prismatic basal cells (E10, 3D-1) to isoprismatic cells (3D-2, 3D-3, L4). Moreover, 

the latter culture media also caused a vacuolization of cells of the stratum spinosum. 

The reduced thickness of the stratum corneum of FTSM cultured in 3D-2 and -3 can 

be explained as histological artifact. However, the dermal part of the models cultured 

in the experimental co-culture media did not show differences.  

 

These culture media experiments demonstrated an intolerance of the hEKs against 

ADM components, resulting in a disturbed formation of the epidermal tissue 

compared to the E10 control. The effect of the E10 medium on the adipogenesis of 

hMSCs was examined in 2D differentiation experiments. Experimental media 

combinations composed of ADM+ and E10 in ratios of 75:25, 50:50, 25:75 and 100 % 

E10 were supplemented with adipogenic differentiation factors. Figure 18A shows 

the results of the Oil Red O staining of the 2D differentiated hMSCs compared to the 

positive control (ADM+) and cells cultured in EM as negative control. A reduction of 

the Oil Red O positive cells with an increasing ratio of E10 is recognizable in the 

microscopic images after 21 days of differentiation. This trend could be confirmed by 

the semiquantitative analysis of the Oil Red O staining (Figure 18B). Normalized to 

the lipid content of the positive control, the differentiation in the media combination 

75:25 led to 97.6 % of lipid accumulation, 50:50 reduced the lipid content to 74.7 % 

and 25:75 only reached 46.9 %. A strong reduction to 30.9 % was measured for 

hMSCs differentiated in 100 % E10.  
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Figure 18: Compatibility of hMSCs in adipogenic differentiation for skin and larvae-specific culture 

media. A. Oil Red O staining of 2D cultured hMSCs in ADM:E10 mixtures of 75:25, 50:50, 25:75 and E10 

supplemented with 1x concentrated differentiation factors. Scale bar = 400 µm. B. Results of 

intracellular lipid quantification were normalized to the ADM+ cultured cells demonstrate a decreasing 

Oil Red O signal. C. Oil Red O staining of hMSCs in adipogenic differentiation after 3 and 13 weeks. After 

an initial differentiation for 3 weeks the culture medium was changed from ADM+ to E10. After 13 weeks 

the adipocytes show enlarged intracellular lipid vacuoles. Scale bar = 200 µm. D.  Time protocol for the 

differentiation of hMSCs and the maintenance in E10 medium. E. Quantitative analysis the intracellular 

lipid content by Oil Red O staining for hMSCs differentiated for 3 weeks and maintained in E10 until 

week 13 (ADM+) compared to the negative control (NC). F. Oil Red O analysis of hMSCs cultured in L4 

medium supplemented with adipogenic differentiation factors after 2 weeks of culture revealed the 

formation of multilocular lipid vacuoles. Scale bar = 400 µm. The histological analysis was already 

published by Malkmus et al., 2020 [71]. 

The intolerance of differentiating hMSCs to E10 medium and vice versa the 

intolerance of the FTSM to ADM evoked the need for a time-dependent protocol for 
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the differentiation of adipocytes and the ability of maintenance in E10 to eventually 

enable the integration of the adipose tissue model to the FTSM. It could be shown 

that a pre-differentiation for 3 weeks facilitated the preservation of the adipogenic 

differentiation fate throughout the following long-term culture in E10 for further 

10 weeks (Figure 18D). This could be proven by the Oil Red O staining of 

differentiating hMSCs after 3 and 13 weeks of culture. The microscopic images in 

Figure 18C show a typical morphology for differentiating adipocytes in 2D containing 

multiple lipid vacuoles. After 10 weeks in E10 the lipid vacuoles fused to a few larger 

vacuoles per cell. The overall lipid content was analyzed by the Oil Red O 

quantification, as shown in Figure 18E. After 3 weeks of differentiation, the 

absorbance of the Oil Red O supernatant was 0.23 compared to the NC with 0.02. After 

10 weeks of E10 culture, the lipid content was reduced to 91.6 % with an absorbance 

of 0.21. To analyze the tolerance of differentiating adipocytes to larvae-specific 

medium, hMSCs were differentiated in L4 supplemented with adipogenic 

differentiation factors. Figure 18F shows the Oil Red O positive cells after 2 weeks of 

culture. The accumulation of intracellular lipids proves the compatibility of hMSCs 

with larvae medium. These findings on the media compatibility, especially the pre-

differentiation of adipocytes prior their maintenance in E10, were the base for the 

adipose tissue integration to the multilayered skin model.  

 

3.3 Integration of the adipose tissue model into the FTSM 

Finally, to integrate an adipose tissue into the FTSM, the hMSC aggregates were 

chosen to continue, due to practical aspects regarding an additive and stepwise 

generation process of the multilayered skin model as shown in Figure 19A. Another 

obstacle of the collagen-based adipose tissue model is the required plastic 

compression of the dermal tissue above. The hDF cause a remodeling of the collagen 

scaffold, resulting in shrinking of the dermis. The plastic compression generates a 

high-density collagen hydrogel allowing the remodeling by the hDF without the loss 

of volume. In the case of an additive strategy for the tissue generation, the collagen-

based adipose tissue model would have been plastically compressed. The resulting 

increased collagen concentration within the adipocyte-containing scaffold would 

not match the stiffness of adipose tissue. hMSCs are known to respond to the 
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stiffness regarding the differentiation capacities, reducing the ability to differentiate 

into adipocytes. This effect could be reproduced in the master thesis of Laurin Glaser 

[157].  

A first step for the integration to the FTSM was the analysis of the interaction of 

adipose tissue aggregates and the collagen hydrogel. Therefore, aggregated hMSC 

were embedded and differentiated in collagen as shown in Figure 19 B. The 

histological analysis revealed that the cells differentiated to adipocytes, represented 

by the multilocular lipid vacuoles. Cells were migrating from the aggregate into the 

surrounding collagen hydrogel, as indicated by the red dashed line marking the 

aggregate and arrows for the migration direction. The migration of differentiating 

cells was confirmed by confocal microscopy of Nile Red labeled adipocytes within the 

collagen (Figure 19C). A dense core of Nile Red-positive cells represents the 

aggregate as marked by the white line, whereas loose cells were radially migrating 

as indicated by the white arrows. The observation of aggregate integration led to the 

establishment of the additive three-step-protocol (Figure 19A). Aggregated hMSCs 

were pre-differentiated for 3 weeks in ADM+ to enable their maintenance and 

maturation in alternative culture media. The dermal model is added onto the 

differentiating adipose tissues, followed by the plastic compression. The viability of 

the adipocytes was confirmed by a quantitative MTT assay, showing MTT-positive 

aggregates on the bottom surface (Figure 19A). Eventually, after one week of culture 

in FM, the epidermis was generated by seeding hEKs. According to the protocol for 

the FTSM generation, the skin model was cultured for the maturation of the 

epidermis for further 21 days in E10. After 7 weeks of additive tissue generation, the 

resulting multilayered skin models were histologically analyzed. Figure 19D shows 

the HE staining of microsections of the multilayered skin model comprised of 

adipose tissue, dermis and epidermis. For the direct comparison, images of native 

human skin are presented (Figure 19F, H-I). Detailed representative images of the 

epidermis from the multilayered skin model and native human skin are compared in 

Figure 19E-F. Both tissues show the epidermis-specific formation of keratinocyte 

layers from prismatic basal cells in the stratum basale, flattened hEKs in the stratum 

spinosum, granular cells in the stratum granulosum and the terminally differentiated 

cornified cells of the stratum corneum. Whereas the dermis of the multilayered skin 

model is more oriented and only contains hDF, the native dermis contains multiple 
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sub-structures and an increased cell amount (Figure 19E-H). A representative image 

of the adipose tissue layer of the in vitro skin model displays different stages of hMSC 

differentiation – from differentiating multilocular hMSCs to matured unilocular 

adipocytes – within the integrated aggregates (Figure 19G).  

 

Figure 19: Integration of adipose tissue aggregates into the FTSM. 
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Figure 19: Integration of adipose tissue aggregates into the FTSM. A. Strategy for the integration of 

aggregated adipose tissue models into the FTSM. After the initial differentiation for 3 weeks, the dermis 

is added onto the adipose tissue followed by plastic compression and culture for 1 week in FM. The 

viability of differentiating cells after compression was proven by MTT (inset). After seeding hEK, the 

model was further cultured for 3 weeks in E10. B. Microscopic image of HE-stained collagen-embedded 

hMSC aggregates shows multilocular adipocytes (red dashed line) located on the culture insert 

membrane (grey dashed line). Cells appear to migrate outwards the hMSC aggregate, shown by red 

arrows. Scale bar = 50 µm. C. A confocal microscopy analysis of the Nile Red-stained construct confirms 

the observation of cell migration from the aggregate (white dashed line), demonstrated by the white 

arrows. Scale bar = 200 µm. D. HE staining of the multilayered skin model showing all three tissue 

layers. Scale bar = 100 µm. Representative detailed images are indicated by dashed boxes (E+G). 

E. Representative image of the reconstructed epidermis showing the distinct layers of keratinocyte 

differentiation. Scale bar = 50 µm. F. These layers are similarly found in the epidermis of native human 

skin. Scale bar = 50 µm. G. Integrated adipose tissue model at the interface of dermis (derm) and 

hypodermis (hypo). The adipocytes show different stages of differentiation from early adipocytes with 

multilocular lipid vacuoles and unilocular adipocytes with peripheral nuclei. Scale bar = 50 µm. 

H. Comparison to the tissue interface in native human skin. Scale bar = 50 µm. I. Histological image of 

native human skin containing the relevant tissues epidermis, dermis and subcutis. Dashed boxes 

indicate representative detailed images (F+H). Scale bar = 250 µm.  

The dermis-hypoderm interface of native human skin is shown in Figure 19H, 

demonstrating a similar organization of adipocytes and matrix. However, in 

comparison hMSC-derived adipocytes did not reach the size of native adipocytes of 

the subcutaneous adipose tissue. The overall morphology of the multilayered skin 

model matches the anatomy of native human skin (Figure 19D, I). With the protocol 

for the generation of the multilayered skin model, the developmental tissue 

engineering part of this work was achieved.  

 

3.4 Co-cultures of tissue models and O. volvulus larvae  

The initial idea of the co-culture setup was to address the factors that were 

hypothesized as crucial for the translation of the in vivo niche: 1. ECM, 2. Skin-

specific cells and 3. Larvae-tissue interaction. The second aspect was addressed in a 

first co-culture media evaluation. Similar to the analysis of the effect of culture 

media and components on the development of the FTSM and adipocytes (Figure 17, 

18), O. volvulus L4 larvae were tested for their compatibility to cell and tissue-specific 

medium components. Therefore, the experimental co-culture media 3D-1 to 3D-3 
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were tested for their support of larval growth and viability compared to the larvae-

specific L4 medium. The skin specific E10 medium was gradually supplemented with 

components of the L4 medium used for the 2D culture. The composition of the 

experimental media is described in Table 7. As illustrated in Figure 20, two culture 

platforms were used for the culture medium analysis – the 2D culture system based 

on a HUVEC feeder layer and the indirect co-culture of larvae and FTSM. The length 

measurement of L4 larvae cultured above the 2D HUVEC layer revealed a median 

length of 699.4 µm in E10, 754.4 µm in 3D-1, 772 µm in 3D-2, 785.2 µm in 3D-3 and 

761 µm in the L4 control medium (Figure 20A). The number of larvae per condition 

ranged from 18-22.    

 

Figure 20: Testing of experimental co-culture media on O. volvulus larvae. A. Analysis of media 

influence on the growth of L4 larvae on day 7 in the 2D HUVEC culture system compared to the 2D 

control medium L4. The bar represents the median length. The growth between the different groups 

shows no significant difference, although representing a positive trend towards 3D-2 and 3D-3. 

Underneath the graph, the number of larvae per group is displayed. B. Media testing on the indirect 

FTSM co-culture system. Two culture inserts – containing FTSM and L4 larvae – were placed in a 6-

well. After 7 days the trend of the results from 2D testing were confirmed in 3D. The bar represents the 

median length. Underneath the graph, the number of larvae displays group sizes. The larvae groups 

cultured in 3D-2 and 3D-3 were significantly bigger than larvae of groups E10 and control L4-H. 

Unpaired t-test: E10 – 3D-3 ***, p-value 0,0003; E10 – 3D-2 *, p-value 0,0118; 3D-3 – L4-H *, p-

value 0,0102. These data were published by Malkmus et al., 2020 [71].    
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As shown schematically in Figure 20B, the indirect co-culture was comprised of L4 

larvae and a FTSM in separated culture inserts that were placed in a 6-well. Similar 

to the 2D culture, the human cells were hypothesized to secrete soluble factors that 

support the development of larvae in vitro. The analysis of larvae size gave a similar 

trend of growth response to the applied culture media 3D-1 to 3D-3. L4 cultured in 

E10 reached a length of 728.4 µm, 748.7 µm in 3D-1, 786 µm in 3D-2, 811.2 µm in 3D-

3 and 739.7 µm in the control medium L4-H. The statistical analysis demonstrated a 

significantly increased size for larvae cultured in 3D-2 and -3 against larvae in E10 

medium. Furthermore, larvae cultured in the control medium were significantly 

smaller than in 3D-3. Thus, the 3D media testing confirmed the trend of the 2D 

results. Hence, the most supportive culture media 3D-2 and 3D-3 were applied for 

further co-cultures of L4 larvae and complex tissue models.  

The first crucial aspect stated for the translation of the in vivo niche was ECM. As 

already shown, the collagen-based adipose tissue model, the FTSM and the 

multilayered skin model consist of a collagen hydrogel as the main ECM component. 

Thus, strategies for the larvae integration into the collagen-based scaffolds were 

needed to also address factor 2 – tissue specific cells and factor 3 – direct contact. 

Certain requirements for the direct co-culture were a non-detrimental integration 

process, the ability to retrieve larvae from the tissue for downstream applications 

and ideally the observation of larvae for the monitoring of vital parameters. Different 

approaches were examined for their suitability for the integration of larvae as 

illustrated in Figure 21. The injection of L4 larvae by using a 10-µl pipette tip and the 

pouring of larvae after mixing them into the gelatinizing collagen (Figure 21A-B) 

resulted in the loss of larvae. The optical features of collagen hindered the 

observation within the scaffold by light microscopy (Figure 21C). Moreover, after the 

treatment of the larvae-containing hydrogels with collagenase the retrieval of L4 

was very poor (Data not shown). To circumvent this issue, a culture compartment 

was created into the dermis by using a tissue punch (Figure 21D). In general, this 

enabled the observation of larvae by light microscopy, but the number of larvae 

decreased through the migration into the undefined wound in the dermis. A more 

sophisticated approach for the generation of a confined culture compartment in the 

dermis was the impression by a devised stamp. Figure 21E shows the basic principle 

of the collagen compression and thereby the generation of an imprint. The technical 
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illustration depicts the dimensions of the stamp. The microscopic image in Figure 

21G demonstrated the possibility of monitoring the larvae during the culture. A co-

culture of larvae within the confined culture compartment was performed and the 

growth kinetics were analyzed in Figure 21F.  

 

 

Figure 21: Approaches for the culture of O. volvulus larvae and collagen-based skin models in direct 

contact.  
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Figure 21: Approaches for the culture of O. volvulus larvae within dermal skin models in direct contact. 

A. Pipetting of larvae into the collagen hydrogel. B. Mixing of larvae into the collagen-GNL mix during 

the generation of the collagen hydrogel scaffold. C. Representative microscopic image of collagen 

hydrogel with larvae loaded by pipetting or mixing. Magnification: 4x. D. Generation of a wound by 

using a tissue punch for larvae deposition. Microscopic image of wound generated by tissue punch for 

larvae deposition. The white dashed line indicates the irregular edges. Magnification: 4x. E. Generation 

of a confined compartment within collagen by the application of a stamp (left, lengths in mm). The 

application of the stamp for compression generates the imprint. F. Growth kinetics of L4 larvae cultured 

within the confined compartment. The number of larvae that was found and measured within the 

imprint is noted for each time point. G. Microscopic image of L4 larvae in defined compartment on day 

2 of culture (left). The white dashed line indicates the defined edges of the compartment. Magnification: 

4x. Contraction of the scaffold and collapse of the culture compartment on d35 (right). The hydrogel 

loosened from the insert wall (dashed black line) and decreased in volume, shown by the spotted black 

line. The imprinted compartment containing the larvae shrank (dashed white line), impeding their 

observation. Magnification: 2x. These data were already published by Malkmus et al., 2020 [71]. 

The measured length of L4 larvae increased from an initial median size of 716.5 µm 

on day 0 of co-culture to 744 µm on day 14, 778.5 µm on day 21 and reached a final 

length of 786.4 µm after 28 days of culture. Compared to the initial length, the larvae 

grew significantly until day 21 and 28 of co-culture. However, due to hDF-mediated 

remodeling and thus instability of the imprinted dermal tissue, the confined culture 

compartment collapsed as shown in Figure 21G. Furthermore, larvae were migrating 

into the unstable scaffold and thus could not be further monitored as indicated by 

the reduction of measured larvae per time point (Figure 21F).  

Interestingly, a long-term culture of the described indirect co-culture of larvae and 

FTSM led to the observation of a strong migratory effect on FTSM-resident hDF. 

Figure 22A shows a picture of the larvae and tissue containing culture inserts and 

their proximity within the 6-well. The hDF migration towards the larvae-containing 

insert is demonstrated in Figure 22B, which resulted in the overgrowth of L4 worms 

on the culture membrane (Figure 22C). Scanning electron microscopy (SEM) 

confirmed this overgrowth and integration of larvae into a cluster of hDF and ECM. 

Figure 22D shows the SEM image of a captured worm. A detailed image demonstrates 

the interface of the larva and the newly formed tissue (inset). The growth kinetics of 

L4 larvae were monitored during the long-term culture until day 77 of co-culture 

representing day 92 of larvae after thawing, as shown in Figure 22E. As evaluated in 

previous experiments, the most supportive co-culture media 3D-2 and -3 were 

applied for the long-term culture of larvae and FTSM in the indirect setup. Compared 
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to the 2D control, on day 0 of co-culture the larvae were comparable in size, ranging 

from median length of 727.4 µm in 3D-2 to 746.2 µm in 3D-3 and 733.6 µm in 2D. 

After 21 days of culture, the growth data revealed a trend of enhanced growth for 

larvae cultured in 3D-3 with the FTSM compared to the 2D cultured worms. A 

significant increased length of larvae could be analyzed after 77 days of co-culture, 

reaching a size of 830.8 µm in 3D-2 and 816.3 µm in 3D-3, whereas larvae in 2D grew 

to 766.6 µm in median length. The final size of FTSM co-cultured larvae was 

significantly higher compared to 2D at the same time point and to the initial size on 

day 0, respectively. However, the number of data points representing the number of 

viable larvae on day 77 depict the reduced survival of O. volvulus L4 co-cultured in 

3D-2 medium compared to 3D-3 and the 2D control larvae. As demonstrated by the 

graph in Figure 22F, the %-motility representing the larvae viability in all conditions 

was stable until day 21 of co-culture, followed by a strong reduction until day 77. The 

%-motility was comparable at 30.7 % for 3D-3 and 30 % for 2D, whereas the 

%-motility of L4 cultured in 3D-2 dropped to 15.8 %. 
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Figure 22: Indirect co-culture of O. volvulus L4 larvae and FTSM. A. Exemplary macroscopic image of 

indirect co-culture of larvae and FTSM in separate culture inserts in a 6-well. B. Illustration of co-

culture components and observation of hDF migration towards larvae insert. C. The schematic image 

shows the overgrowth of worms within the culture well by hDF. D. SEM image of L4 larva integrated 

into a cluster of hDF and secreted ECM. Scale bar = 25 µm. The inset gives a more detailed image of the 

interface of worm-cell-matrix interaction. Scale bar = 5 µm. E. Analysis of growth kinetics observed for 

L4 larvae cultured indirectly with a FTSM in the culture media 3D-2 and 3D-3 compared to larvae in the 

2D HUVEC co-culture. Unpaired t-test: 3D-2 d0-d77 ****, p-value: < 0.0001; 3D-3 d0-d77 ****, p-

value: < 0.0001; d77 3D-2 – 2D ***, p-value: 0.0001; d77 3D-3 – 2D ****, p-value: < 0.0001. F. The 

graph shows the viability of larvae by the %-motility of L4 on day 0, 21 and 77 in the indirect co-culture 

system. These data were already published by Malkmus et al., 2020 [71]. 

The experiment showed no detrimental effect by overgrowth with hDF, which 

represents a direct contact of larvae and cells or tissue model – crucial factor 3. The 

direct contact was further analyzed in the following experiment applying the 

scaffold-free adipose tissue model. Figure 23A illustrates the principle of the direct 
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co-culture of larvae and adipose tissue aggregates. L4 larvae and adipogenically 

differentiated hMSC aggregates were placed on the membrane of a single culture 

insert. The microscopic image shows the adipose tissue model (white dashed line), 

differentiating and non-differentiating hMSCs in the periphery and larvae in direct 

proximity. As an indirect control, O. volvulus L4 were cultured separated by the insert 

membrane with adipose tissue aggregates, as schematically shown by Figure 23B.  

 

Figure 23: Co-culture setups of larvae and adipose tissue aggregates. A. Schematic illustration (left) of 

the direct co-culture of L4 larvae and adipose tissue models within a cell culture well enabling direct 

contact of worms and tissue models. The numbers indicate crucial culture components: (1) permeable 

culture membrane, (2) L4 larvae, (3) adipose tissue aggregate, (4) culture medium. A microscopic image 

of the direct culture shows larvae (2) on a membrane (1) covered with non-differentiated hMSCs and 

differentiating adipocytes next to an adipose tissue aggregate (3). Scale bar = 200 µm. B. Indirect culture 

setup separating larvae and adipose tissue models by permeable membrane. C. Growth kinetics of larvae 

culture in direct and indirect co-culture with adipose tissue models compared to the 2D HUVEC control. 

Larvae were only measured when found in a representative situation – strong coiling or a blocked view 

by cells and aggregates hampered the measurement of larvae in the direct condition. D. Motility analysis 

of L4 larvae cultured in the direct and indirect adipose tissue co-culture compared to the 2D culture 

control. These data were already published by Malkmus et al., 2020 [71]. 



82 
 

The growth kinetics of larvae cultured in both conditions were analyzed and 

compared to 2D cultured larvae as a control. In the direct co-culture, larvae were 

attached by the cells that migrated from the adipose tissue aggregates as shown by 

Figure 23A. This immobilization of larvae in a curved position hampered the analysis 

of larvae size, as the measurement is usually performed on larvae in a straight 

position. This led to an inconsistent progression of larvae growth and number in the 

direct co-culture shown in Figure 23C. The median size of larvae on d7 of co-culture 

was 795.1 µm in the indirect culture and 792.7 µm in direct contact, compared to 

729.1 µm in the 2D control. After 13 days, the control larvae grew to 776.9 µm, 

whereas larvae in the adipose tissue co-cultures decreased in size, ranging from 

735.3 µm in the indirect condition to 784.6 µm in the indirect setup. The further 

progression of larvae growth after 27 of culture reached 837.3 µm for 2D cultured 

larvae and 846.3 µm for larvae cultured separated from the adipose tissue. The final 

length of larvae in direct contact reached 828.4 µm. The number of data points of this 

condition was reduced due to inability of length measurement but motility 

observation was still possible. The %-motility of larvae in this co-culture 

experiment is demonstrated in Figure 23D. The motility scoring revealed a constant 

level of about 95 % for larvae from day 36 to 52 cultured in direct contact with 

adipose tissue models. In contrast, similar to the 2D control larvae, the %-motility 

strongly decreased from the start of co-culture to 36.5 % for indirect cultured worms 

and 26.1 % in the 2D control after 52 days.  
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4. Discussion 

The aim of this study was the translation of the in vivo niche of O. volvulus into a 

culture system based on in vitro human skin. Therefore, the engineering of a 

multilayered skin composed of the three major skin tissues epidermis, dermis and a 

subcutis was achieved. A novel adipose tissue model has been developed and 

integrated into the FTSM. Together, this multilayered skin allowed the presentation 

of the crucial factor 1 – ECM, 2 – tissue-specific cells, and 3 – direct contact of larvae 

and tissue. However, the culture of O. volvulus larvae within the multilayered skin 

model could not have been studied, due to rather technical challenges. Nevertheless, 

interesting observations were made in co-cultures of larvae and skin tissue models 

of different complexity. Furthermore, two cultures modes – an indirect and direct 

culture – could distinguish important triggers for the in vitro maintenance and 

development of O. volvulus larvae.  

 

4.1 Determination of culture media for the co-culture of larvae and in vitro 

tissues 

The aimed co-culture of a human in vitro tissue together with an obligatory human 

parasite is a highly complex system, of which all single tissue components as well as 

the parasite require an individual pattern of nutrition, biological stimuli, chemical 

and physical impacts. Hence, for the generation of the tissue model composed of 

several cell types, here a culture medium fulfilling the needs of all components is 

required. Finally, to allow a larvae co-culture, an overall culture medium has to 

support both, human tissue models and O. volvulus L4 larvae. Therefore, an analysis 

of media combinations was performed to determine an overall culture medium. 

Regarding the tissue model construction, the ability of the well-established FTSM to 

be cultured with ADM was tested. As shown in Figure 17C, the culture of FTSM in 

mixtures of E10 and ADM in ratios of 75:25 and 50:50 resulted in the migration of 

hEK into the dermis and a loss of dermal thickness, compared to the E10 control. This 

clearly depicts the disturbance of the epidermal and dermal formation by 

components of the ADM. Vice versa, the influence of the skin-specific E10 medium 

was analyzed on differentiating hMSCs in 2D (Figure 18A-B). With an increasing 
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proportion of E10 in the culture medium, the intracellular lipid accumulation was 

inhibited as demonstrated by Oil Red O staining and the lipid quantification. The 

reduced differentiation and lipid accumulation might be explained by the effect of 

epidermal growth factor (EGF) and hydrocortisone, supplements of the E10 medium. 

Both factors are discussed to have an anti-adipogenic function [158]. Whereas EGF 

was shown to support lipolysis and to reduce the intracellular lipid storage of pre-

adipocytes in mice [159,160], hydrocortisone impedes the adipogenesis-supporting 

effect of insulin, thereby inhibiting adipogenic differentiation in ex vivo cultured pig 

adipose tissue [161]. Recent literature reports a dose-dependent inhibition of 

adipogenesis in hADSCs by EGF and hydrocortisone, thereby enabling the 

maintenance of lipid-containing adipocytes by low concentrations in vitro [162]. 

However, the follow-up experiment for the strategy of adipose tissue integration 

into the multilayered skin delivered an important observation. After a pre-

differentiation phase of three weeks, the differentiating adipocytes preserved the 

adipocyte morphology for further ten weeks in E10 medium, shown by the unilocular 

appearance of the 2D differentiated cells and the Oil Red O quantification (Figure 

18C-E). This result was surprising, as in the literature dedifferentiation of matured 

adipocytes obtained from liposuction is reported for skin-specific culture media, due 

to supplemented EGF and hydrocortisone [163]. This finding that pre-differentiated 

adipocytes can be maintained in E10 could be reproduced for the generation of the 

adipose tissue of a multilayered skin model using an alternative scaffold material 

[164].  

Having identified the sequential use of cell culture media as a strategy for the 

additive tissue model generation (Figure 19A), the next component which had to be 

included for the co-culture system were the larvae. To allow the use of an optimal 

culture medium for all, tissue and larvae, experimental co-culture media were 

analyzed for their support on appropriate tissue formation, specifically cellular 

differentiation as well as the larval growth and survival. As explained in detail in 

Table 7, the culture media 3D-1 and 3D-2 were based on E10 gradually supplemented 

with larvae-specific supplements. The co-culture medium 3D-3 was based on a 1:1 

mixture of E10 and L4-H medium additionally supplemented with L4 supplements. 

First, the influence of these media on the survival and growth of larvae was analyzed 

in the 2D culture system and 3D indirect FTSM co-culture (Figure 20). The larvae 
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sizes of both culture approaches show the same pattern. Larvae cultured in E10 

showed the smallest size, increasing from 3D-1 to 3D-3 – reaching the highest 

median length in 2D and 3D. This observation proves the support of L4-specific 

supplements, such as glucose, sodium pyruvate, non-essential amino acids, and 

lipids to larval fitness [29,165]. These factors were missing in the E10 medium, which 

might explain the comparable low median length and the very small size of 

individual larvae below 600 µm in both, 2D and 3D.  

Complementary, these experimental culture media were tested for their support of 

the tissue maintenance. From previous experiments, the ability of hMSCs to 

differentiate in L4 medium and larvae supplements could be demonstrated in the 

presence of differentiation factors (Figure 18F). More reason for concern was the 

culture of the FTSM in alternative media combinations. The experimental co-culture 

media altered the formation of the epidermis, e.g. by a vacuolization of the stratum 

spinosum and an increased epidermal thickness. The results for the media analysis 

on larvae, adipocytes, and FTSM suggested that 3D-2 and 3D-3 were applied for 

further co-culture experiments, even though these media did not support an optimal 

epidermal formation.   

 

4.2 Increasing complexity of tissue co-cultures supported larval growth and 

viability 

The aim of the study was to provide the crucial factors 1-3 with the multilayered skin 

to the co-cultured larvae. In this context, the co-culture within the tissue was 

proposed to enable the direct contact of larvae and tissue components. Thus, 

preliminary experiments were performed to identify the optimal integration 

strategy of larvae into collagen-based tissue models. Regrettably, the results 

depicted that the larvae integration into the collagen scaffold provoked distinct 

problems. The optical features of the dermal models did not allow an observation of 

the integrated larvae for the monitoring of vital parameters, such as growth, viability 

and eventually molting events. This issue would have worsened with the addition of 

the adipose tissue and the epidermis that are even more non-transparent for light 

microscopy. Additionally, the instability of the collagen hydrogel impeded the 
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formation of culture compartments within the dermal scaffold (Figure 21). These 

limitations avoided the initial aim of a direct co-culture of larvae within the 

multilayered skin. A possible strategy to overcome these rather technical challenges 

would be an increased collagen density by higher plastic compression factors. After 

the compression of the dermal component of the FTSM, the collagen hydrogel has a 

final calculated concentration of about 47 mg/ml compared to the initial 6.7 mg/ml 

– a 7-fold compression [137,139]. The compression achieved by the applied stamp 

only reached factor 2-3. A higher compression might also increase the long-term 

stability of an imprinted culture compartment. However, an advanced imaging 

strategy for the assessment of larvae survival, growth, position and movement 

within a tissue would enable an elaborated culture readout. Confocal Imaging of 

larvae would require a robust fluorescent labelling. In mice, fluorescently labelled L3 

larvae of L. sigmodontis were imaged within the lymphatic vessels using the VivoTag 

680 XL dye [166]. In preliminary experiments at the NYBC, this vital stain has been 

tested on O. volvulus L4 larvae (Figure 24). The dye was retained by the larvae and did 

not cause any detrimental effects. Using confocal microscopy, the stained larvae 

could be monitored within a plain collagen layer for one week. Regardless, the 

analysis of a long-term effect of the vital stain on the fitness of O. volvulus larvae 

would be mandatory. However, it represents a promising tool for larvae imaging.  

 

Figure 24: Preliminary experiments for fluorescent labelling of O. volvulus L4 larvae. Confocal 

microscopy of L4 larvae stained with VivoTag 680 XL at day 0 and after 7 days. The dye enabled 

microscopic analysis of larvae embedded in a thin collagen layer. Scale bar = 100 µm.  

Despite the challenging direct culture setups, different alternative culture 

approaches have been used to study their support on larval growth and viability, all 

representing a different level of complexity. Figure 25 gives an overview of the 

applied co-cultures and depicts the relevant factors present each system.  
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Figure 25: Overview of co-culture setups of O. volvulus larvae and in vitro tissue models. Representation 

of crucial in vivo factors that were addressed for the culture of O. volvulus larvae: 1. ECM, 2. skin-specific 

cells and 3. larvae-tissue interaction in the different culture approaches A. 2D HUVEC culture, 

B. Indirect culture with FTSM, C. Direct culture resulting from hDF migration within the indirect FTSM 

culture and D. Direct co-culture with adipose tissue aggregates. The detailed images also indicate the 

presence of solubles and ECM.  

The direct physical contact to the postulated crucial tissue factors ECM and skin-

specific cells is of importance for the resemblance of the in vivo niche. However, the 

contact between larvae and tissue also takes place on a molecular level by the 

interaction with solubles – a factor that is present in all culture systems. Soluble 

factors, such as growth factors, cytokines, enzymes, and other molecules secreted 

by both, larvae and cells, are responsible for the support of larval growth and 

development in the 2D culture system (Figure 2, 25A). The separation of HUVECs and 

O. volvulus larvae by the insert membrane with pore sizes of 3 µm only allows the 

exchange of solubilized molecules within the culture medium. An appropriate 

support of larvae development within the 2D culture was demonstrated by its 

application for several research approaches [29,167]. Moreover, the effect of 

solubles was also proven by the in vivo culture of larvae in diffusion chambers 

implanted to primates [26].  

In contrast to the 2D culture, the indirect FTSM culture presented crucial factors 1 

and 2 – skin specific cells seeded on the collagen scaffold (Figure 25B). The initial 

separation of larvae and the FTSM only allowed the bi-directional communication 
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by soluble factors. The significantly increased length of larvae co-cultured with the 

FTSM by 8.4 % in 3D-2 and 6.5 % in 3D-3 compared to the 2D control group 

demonstrates the enhanced support on larval growth (Figure 22E). This effect might 

be explained by the increased complexity of skin-specific cells in ECM represented 

by the FTSM and thus, a unique human secretory signature. However, the viability of 

larvae could not be improved by secreted factors of the 3D context (Figure 22F). In 

the progression of the indirect FTSM co-culture, hDF migrated towards the larvae-

containing insert and penetrated the membrane. Finally, this hDF migration resulted 

in the overgrowth of the L4 larvae and thereby facilitated a direct contact. This was 

confirmed by the SEM imaging of a L4 larva, which was integrated into a newly 

formed tissue by hDF and secreted ECM without having a detrimental effect (Figure 

22D). By chance, the indirect FTSM co-culture resulted in the presence of all three 

crucial factors (Figure 25C).  

Similarly, the last culture approach based on adipose tissue aggregates also provided 

crucial factors 1-3, thereby resembling a parasite niche-specific environment, as 

onchocercomas are typically found in the subcutis [27]. The immunohistological 

analysis of the differentiating hMSC aggregates and collagen-based adipose tissue 

models depicted the expression of ECM proteins collagen type III and IV (Figure 14C-

D, Figure 16). The use of aggregated adipose tissue models within a culture insert 

enabled the direct culture with the larvae and the possibility to monitor vital 

parameters (Figure 25D). Interestingly, the motility of L4 larvae was significantly 

increased by 58 % compared to the indirect culture and 69 % compared to the 2D 

control, whereas the growth of larvae was not positively affected. Additionally to the 

direct contact to adipose tissue components, the environment within the insert is 

augmented by the secretion of lipids to the culture medium [71], which might explain 

the location of L4 larvae in the proximity of the adipose tissue aggregates, as 

gradients of lipids might have been established. It is reported that the fitness of 

O. volvulus and many nematodes, such as Brugia malayi relies on free fatty acids, thus 

they express and secrete fatty acid binding proteins into the host tissue [168]. Fatty 

acids are required for multiple developmental and metabolic processes, such as 

embryogenesis, growth, differentiation, and the synthesis of glycoproteins [169]. 

Therefore, the L4 medium is supplemented with the lipid mixture. Especially 

cholesterol was described as crucial factor for the development of nematodes in 
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signaling and molting processes [170]. Furthermore, undifferentiated cells were 

found to migrate from the aggregates and cover the membrane surface, thereby 

forming a heterogeneous cell population of non-differentiated hMSCs, 

differentiating pre-adipocytes, and morphologically matured adipocytes. Similar to 

the direct hDF culture, L4 larvae were attached by non-differentiated cells without a 

harming impact. Notably, hMSCs are described to have a positive therapeutical 

impact by the secretion of trophic molecules [150,171]. The hMSC secretome is 

composed of growth factors, cytokines, micro vesicles and exosomes that are 

involved in processes of wound healing and thus, of interest for the development of 

novel therapeutics and drug delivery systems [172–174]. As hMSCs are found in a 

variety of human tissues, especially in the in vivo niche of developing O. volvulus 

larvae, adipose tissue and skin [145,150], the secretome of the cells might have 

enhanced the viability in vitro. However, despite the presence of soluble factors in the 

indirect culture with adipose tissue models, a 58 % reduction of motility compared 

to the direct condition was observed. This might be explained the coverage of the 

permeable membrane by hMSCs (Figure 23A). Eventually, a reduced diffusion 

through the membrane resulted in the enrichment of soluble factors in the adipose-

tissue containing compartment. Furthermore, the culture medium submerging 

adipose tissue models and larvae is not renewed by media exchange as it happens for 

the conditioned medium in the culture well of the indirect culture. This additionally 

supports the theory of an increased enrichment and the establishment of a more 

favorable milieu within the direct culture insert. Thus, the indirect cultured larvae 

might not be provided with soluble factors to the same extent as the direct cultured 

L4. 

Nevertheless, the role of soluble factors for a communication between the parasite 

and the host tissue could be highlighted. The augmentation of the culture medium 

with a human physiological signature that might be as complex as the co-cultured 

tissue model seems to have a beneficial impact on the fitness of O. volvulus larvae in 

vitro. The co-cultured tissue and cells release soluble factors dynamically, eventually 

in correspondence with received larval signals. The identification of factors involved 

in beneficial signaling for the production of a defined culture medium would be very 

cost- and time-intensive. Hence, the dynamic conditioning of the culture medium 

by the tissue model might be more favorable [71]. Besides the communication via 
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soluble factors mediated by niche-specific cells within a 3D context – crucial factor 

1 and 2 – the data presented here suggest that the direct contact – factor 3 – seems 

to enhance the fitness of larvae in vitro. Moreover, the observation of the hDF 

migration towards the larvae resulting in a favorable direct culture gives a hint of an 

active bi-directional crosstalk between the parasite larvae and human tissue models. 

 

4.3 Migration of cells as initial step of nodule formation 

The overgrowth of larvae by hDF into a newly formed tissue was shown by SEM in 

Figure 22D. This in vitro integration might represent a first step of the nodule 

formation in vivo. Onchocercomas encapsulate the adult parasite within the human 

host. These nodules are composed of highly vascularized fibrous tissue containing 

multiple immune cells and notably, activated fibroblasts at the inner rim of the 

capsule [27,30,175]. This drives the hypothesis that the recruitment of hDF from the 

co-cultured FTSM might represent a first step of onchocercoma formation mediated 

by O. volvulus larvae. The hypothesis is supported by the observation of larvae 

integration into the newly formed dermal tissue after hDF migration, representing 

an important factor of the nodular niche. Usually, in humans a foreign body is 

detected by tissue-resident macrophages that initiate an inflammatory response, 

followed by the recruitment of fibroblasts, which are stimulated to secrete ECM. This 

macrophage-mediated immune reaction leads to the encapsulation of a foreign body 

in fibrous tissue [176], resulting in the isolation of the object in a collagenous fibrous 

capsule. The typical two-step capsule formation of a foreign body [177] seems to be 

circumvented in the observed integration of O. volvulus larvae, as migration and 

matrix production occurred without immune cell mediation. This cell recruitment 

and the support of larval fitness via soluble factors and direct contact underlines the 

crucial function of fibroblasts for the development of larvae in vitro and possibly in 

vivo. To further elucidate this context, it would be interesting to analyze the effect of 

extracted nodular ECM on the larvae development. Therefore, onchocercomas from 

nodulectomy could be decellularized and decomposed. This would allow an 

application of nodular matrix within the collagen or as a coating for the insert 

membrane to further icrease the biochemical complexity.  
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Although the aim of developing a culture system for the in vitro development of pre-

adult O. volvulus worms could not be achieved, this study delivers a proof of concept 

for the general feasibility of applying in vitro tissue models for the support of 

O. volvulus larvae. The data acquired from the discussed co-culture approaches 

confirm our initial hypothesis, that all three crucial factors – the presence of niche-

specific cells in a 3D context and especially direct contact – are essential for the 

support of fitness in vitro. The so increased complexity of the 3D tissue cultures 

enabled a more complex pattern of stimuli and signalling, compared to the 2D 

culture system. Interstingly, a tissue-dependent support could be observed. Whereas 

the FTSM or the hDF respectively supported the growth, the direct contact with the 

adipose tissue models sustained the larvae viability. A combination of the tissues in 

a culture setup that allows the monitoring of vital parameters over a long-term 

culture period might facilitate a synergetic effect and thereby the development of L4 

larvae to pre-adult L5s and eventually adult parasites. The analysis of larvae 

development could be also evaluated on a molecular level. Many data of O. volvulus 

omics are available for different developmental stages and the Wolbachia 

endosymbiont [178–180]. The data acquisition might be performed via single worm 

transcriptomics, which could increase the in depth understanding of the 

development of larvae populations [181]. The results could be used to elaborate the 

culture conditions to support both, larvae and the endosymbiotic bacteria, by the 

supplementation of specifically required factors that might not be obtained from the 

in vitro environment despite their increased complexity. To emulate the complexity 

of the in vivo niche, this study aimed for the translation into an in vitro culture 

system, represented by the multilayered skin model. 

 

4.4 Translation of the in vivo niche – Development of the adipose tissue 

model 

For the translation of the three-layered skin composed of epidermis, dermis, and 

subcutis, a novel adipose tissue had to be developed and finally integrated into the 

FTSM. Therefore, hMSCs derived from human bone marrow of the in-house Biobank 

were analyzed for their suitability as cell source. Multiple reasons favored the use of 

hMSCs for the differentiation of adipocytes instead of using primary adipocytes, that 
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can be obtained from liposuction. First, hMSCs can be expanded to very high 

numbers, that were required to generate the adipose tissue models without the need 

of frequent adipocyte isolations. Also, the handling requirements of hMSCs are 

relatively moderate, compared to the susceptibility of primary adipocytes to 

mechanical damage. Furthermore, the ability of cryopreservation simplified the 

shipment of cells for experimentation to the NYBC. In combination with the 

experience of hMSC culture at the institute, the bone marrow-derived cells were 

chosen as cell source. 

The first experiments with the hMSCs aimed to identify culture conditions for the 

optimization of the adipogenic differentiation and lipid accumulation. To allow the 

assessment of culture parameters, a protocol for the semi-quantitative Oil Red O 

analysis was adapted [182]. This allowed the quantification of the lipid content of a 

2D hMSC culture. For the simplification of experiments, factors for promoting the 

adipogenesis were analyzed in 2D and the results were transferred to 3D. For the 

differentiation of hMSCs towards the adipogenic lineage protocols and 

differentiation factors are well established, using a mix of dexamethasone, insulin, 

indomethacin, and IBMX in different proportions [146,183]. In combination, these 

factors modulate the activity of PPARγ, a key regulator of adipogenesis [147]. To 

enhance the lipid accumulation, the standard differentiation medium (ADM) was 

supplemented with additional glucose and lipids to provide higher levels of energy 

and building blocks for lipogenesis (Figure 4). The effect of hypertrophy, the 

expansion of adipose tissue by the accumulation of triglycerides [76], was noticeable 

by an increased number of lipid vacuoles within the differentiating hMSCs 

(Figure 10). Moreover, the hypertrophic effect was measured via the semi-

quantitative Oil Red O analysis, resulting in a 2.4-fold gain of intracellular lipids 

compared to the standard differentiation medium. Hence, the so called ADM+ was 

used for further differentiation experiments and the generation of 3D adipose tissue 

models [71,164].  

Another adjustable culture parameter is the density of cells. A cell density-

dependence of the adipogenic differentiation efficiency was reported for ADSCs 

[149]. A high cell density increases cell contacts between cells, which enhances 

intercellular communication via gap-junctions. These junctions connect the cytosol 

of adjacent cells and thereby supports the crosstalk, proliferation, and 
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differentiation – crucial processes for the tissue homeostasis [184,185]. This 

correlation of cell density and adipogenesis was confirmed with differentiating 

hBMSCs in 2D. The measurable intracellular lipid content of 1 x 105 hMSCs/cm2 was 

11.7-fold increased compared to 5 x 103 cells/cm2. This finding was hypothesized to 

be transferable to the seeding of hMSCs into a collagen hydrogel for the generation 

of a 3D adipose tissue model. 

The collagen type I isolated from rat tails serves as the scaffold for the dermal 

component of the FTSM. Hence, as a first approach the collagen hydrogel was applied 

to create a 3D environment for the underlying adipose tissue model. Furthermore, 

collagen type I also represents an ECM protein of adipose tissue [79,186]. Moreover, 

collagen microfibers were shown to stimulate the pre-adipocyte functionality [187]. 

To identify an optimal seeding density according to the cell density-dependence of 

hMSCs within the collagen hydrogel, multiple cell concentrations have been 

evaluated (Figure 11). Scaffolds seeded with a density of 3 x 106 hMSCs/ml 

represented an even distribution of cells. Moreover, it allowed the generation of a 

sufficient number of models for an experiment with the number of cells that are 

typically obtained from the 2D expansion culture of hMSCs. Hence, this cell density 

was chosen for further differentiation experiments. Similar to the 2D differentiated 

hMSCs, the differentiating adipocytes within the 3D environment showed first lipid 

vacuoles surrounding the cell nuclei, which start to fuse together until unilocular 

adipocytes occur from week 8 to 10 of differentiation (Figure 12). The fusion of 

intracellular lipid droplets to a single storage vacuole is a key characteristic feature 

of mature white adipocytes [82]. Notably, the acquirement of unilocular adipocytes 

from stem cells is controversially discussed. Commonly used immortalized cell lines 

of animal origin, such as 3T3-L1 or 3T3-F442, and the human Simpson-Golabi-

Behmel syndrome cells can be differentiated adipogenically, but fail to reach a 

unilocular state [152,188]. Other human cell sources like ADSCs are reported to have 

a lower maturation rate compared to primary matured adipocytes [189]. To 

investigate the maturation of the bone marrow-derived hMSCs used in this study, a 

method for the quantification of unilocular adipocytes was established by the master 

student Laurin Glaser [157]. The microscopy of Nile Red-stained adipose tissue 

models revealed a 14.7 % proportion of unilocular adipocytes with a mean diameter 

of 37 µm (Figure 13). WAT in vivo contains about 50 % of matured cells with a 
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diameter ranging from 20-300 µm depending on the body location, sex and obesity 

status [80,81]. A study, which investigated the adipocyte size in relationship to 

obesity and insulin resistance (type 2 diabetes) of male humans, revealed a mean 

diameter of abdominal adipocytes of 63.4 µm in healthy individuals [190]. In a direct 

comparison, bone marrow adipocytes are smaller than subcutaneous adipocytes, 

ranging between 40 – 65 µm in diameter [191]. Thus, the adipocyte size in the 

collagen-based adipose tissue model is at the lower range compared to subcutaneous 

WAT and bone marrow adipose tissue. This confirms the observation, that diameters 

and especially the maturation time of adipocytes in 3D in vitro models show high 

ranges of up three months [187], which also represents the time required for the 

formation of unilocular cells in the presented collagen-based model. 

Besides the morphological progression, the molecular marker profile of 

differentiation is relevant for the adipocyte maturation. The histological staining of 

the key regulator of adipogenesis PPARγ revealed a co-localization with the cell 

nuclei in the early differentiation. After the translation in the cytosol, the ligand-

dependent PPARγ is transported into the nucleus due to its function as transcription 

factor. The pro-adipogenic PPARγ together with other transcriptions factors drive 

the adipogenesis and enhance the lipid accumulation and insulin sensitivity and thus 

is highly abundant in WAT [80,82,83]. However, PPARγ was shown to be dynamically 

shuttled between the cell nucleus and the cytoplasm in response to external signals 

[192]. This fact could explain the weak cytosolic signal from week 6 to 12 of 

differentiation, which is decreased by its distribution within the enlarging 

adipocytes (Figure 14A). ADFP, also termed adipose differentiation-related protein 

or perilipin 2, is found in premature adipocytes and during early differentiation 

located on the surface of lipid droplets [193]. However, during differentiation ADFP 

is exchanged by perilipin 1, which is exclusively found on mature adipocytes [194]. 

As ADFP was detected after 12 weeks of differentiation (Figure 14B), this finding 

might be a hint for a not complete maturation of the adipocytes. It would be 

interesting to further analyze the maturation status of the cells by the secretory 

profile, which has not been examined in this study.   

The effect of cell density-dependence in the 3D adipose tissue model on the 

proportion of unilocular cells and the size was further investigated in the master 

thesis of Laurin Glaser [157]. In the early differentiation, high-cell density models 
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with concentrations of 9 x 106 hMSCs/ml of collagen hydrogel showed a non-

significant increased rate of unilocular cells until week 10. The adipocyte size was 

slightly increased to 40.8 µm compared to 37 µm with 3 x 106 hMSCs/ml. Eventually, 

both cell concentration reached the same degree of morphological cell maturation. 

However, the high cell numbers led to the formation of high cell density-clusters by 

local non-homogenous distributions within the collagen hydrogel. These clusters 

appeared to have a close morphological resemblance to native WAT. This observation 

strengthens the hypothesis of the cell density-dependency on the adipogenesis of 

hMSCs in 3D. To facilitate a locally increased cell density, a parallel approach for the 

generation of scaffold-free 3D adipose tissue models was investigated.   

To achieve a maximum cell density without spatial separation between 

differentiating adipocytes, hMSCs were aggregated prior the differentiation. Culture 

in ADM+ resulted in the increase of aggregate size, which is explained by the 

accumulation of intracellular lipids within the cells (Figure 15A-E). The decrease of 

size of the differentiating aggregates as well as the slight increase of non-

differentiating aggregates might be explained by the outgrowth of hMSCs from the 

attached cells. This might have led to a decreased volume or a flattening of the 

aggregate, respectively. This outgrowth of hMSCs was proven by the Oil Red O and 

MTT-positive cells surrounding the aggregate after the long-term culture, as well 

as these cells were observed to attach O. volvulus L4 larvae in the direct co-culture 

(Figure 15F-G, Figure 23A). Notably, unilocular adipocytes were already found after 

22 days of differentiation, proving the enhanced adipogenesis in dependence to cell 

density of hMSCs in 3D. Similar approaches using hADSCs confirm a physiological 

adipose tissue environment regarding ECM production and an enhanced 

adipogenesis [195,196]. The analysis of the marker profile revealed the expression of 

PPARγ and ADFP surrounding the nuclei. Similar to the collagen-based model, the 

differentiating adipocytes produced collagen type IV (Figure 14D, Fig. 16), a crucial 

ECM protein in WAT [79]. However, the aggregate size shown in the 

immunohistological analysis is above the critical size for diffusion, which is shown 

by the formation of a necrotic core. Hence, for further experiments the cell number 

was reduced from 2.5 x 105 to 1 x 105 hMSCs/aggregate.   

Taken together, two systems were developed for the generation of the 3D adipose 

tissue model based on hMSCs. Both systems reflect advantages regarding their 
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applicability for different research questions. The collagen-based adipose tissue 

models enable the possibility to generate structures into the surrounding scaffold, 

such as a channel architecture for vascularization [197] or as aimed in this study, a 

confined culture compartment for a parasitic worm. Furthermore, the density of the 

scaffold, which influences the stiffness has an impact on the lineage commitment of 

hMSCs [198]. This mechanobiological influence was also addressed by Laurin Glaser, 

showing a densely packed adipose tissue model by combining the increased cell 

concentration of 9 x 106 hMSCs/ml and a reduced collagen concentration of 4 mg/ml 

[157]. However, modifications of the collagen scaffold would be required to allow a 

long-term stability as these models shrank due to collagen remodeling. Another 

drawback of this tissue model is the culture duration required for the differentiating 

adipocytes to mature. This major issue has been addressed by the aggregation of 

hMSCs as unilocular adipocytes were observed after 3 weeks. So far, both adipose 

tissue models are monocellular, they only contain hMSCs at different stages of 

adipogenic differentiation. For the vascularization of the tissue models, it would be 

interesting to analyze co-cultures of hMSCs with endothelial cells. It could be shown 

that co-cultures of hADSCs and HUVECs formed endothelial networks and capillary-

like structures within a 3D scaffold [199,200]. Another source of adipocyte 

progenitors is represented by the stromal vascular fraction, which is additionally 

composed of endothelial cells, pericytes, and immune cells [81]. This cellular 

fraction seeded onto a biological scaffold or cultured as spheroids shows favorable 

tendencies for vascularization and represents a  great potential for clinical 

applications [201,202].  

An increased complexity in adipose tissue engineering will also contribute to the 

application in disease modelling. As discussed earlier, obesity represents a strongly 

increasing risk factor for public health causing obesity-related maladies, such as 

diabetes and ischaemic heart disease [1]. Moreover, as a niche tissue environment 

for O. volvulus and other human parasites [140], the development of complex adipose 

tissue models will be of importance in future medical research concerning diseases 

of civilization in western societies and NTDs in the global south. An example for a 

complex adipose tissue engineering is the multilayered skin model that represents 

the relevant tissues of human skin. For the development, the scaffold-free adipose 

tissue models allowed the integration into the FTSM. 
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4.5 Translation of the in vivo niche – Integration of adipose tissue to FTSM 

Three key findings distinguished the scaffold-free adipose tissue for integration to 

the FTSM. First, the reduced maturation period shortens the overall time required 

for the generation of the multilayered skin model (Figure 15D). Second, the hMSC 

aggregates demonstrated the robustness for the plastic compression of the overlying 

dermal model (Figure 19A). Moreover, the adipose tissue aggregates proved a long-

term cell lineage commitment, when cultured in E10 without de-differentiation of 

adipocytes (Figure 18C-E). This allowed an additive generation protocol starting 

with the pre-differentiation of hMSC aggregates for three weeks, followed by the 

protocol of the FTSM generation protocol. Still, this procedure requires 7 weeks of 

3D cell culture. In contrast, the collagen-based adipose tissue model would have 

prolonged the generation process. Moreover, the increased scaffold density within 

in the collagen-based adipose tissue model after the dermal compression might have 

a mechanobiological impact on the differentiating adipocytes. The so increased 

stiffness resembles the osteogenic niche, thus hMSCs show a reduced adipogenic 

differentiation [157] and favor to differentiate towards the osteogenic lineage [198].  

The multilayered skin model shows the characteristic features of the three major 

layers epidermis, dermis and subcutaneous adipose tissue, comparable to the human 

skin (Figure 19D-I). However, the distribution of the adipose tissue aggregates 

within the model is uneven. Depending on the application, a more regular adipose 

tissue layer would allow a more constant tissue model. Despite this disadvantage, the 

augmented FTSM represents a novel multilayered skin model with an adipose tissue 

composed of hMSCs. Other approaches for the development of a three-layered skin 

tissue applied primary mature adipocytes in collagen hydrogels [143,163], primary 

adipocytes and hADSCs in a fibrin hydrogel [203], and recently hADSCs bio printed 

in a suspended layer manufacturing approach [204]. The former skin tissue shows a 

highly matured adipose tissue, due to the use of primary adipocytes. A contraction of 

the epidermis due to the shrinkage of the dermal collagen is prevented by the 

addition of an external culture compartment for the dermis and subcutis underneath 

the culture membrane that contains the epidermal part [143]. Thus, the tissue layers 

are separated by the insert membrane. The hypodermal layer of the fibrin-based skin 

model using hADSCs and primary adipocytes contains large fat cells [203]. 

Unfortunately, the hEK of the epidermal part do not form the epidermis-specific 
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layers. The same is shown for the bio-printed skin tissue, which might be explained 

by the missing air-liquid-interface in the suspended layer printing setup [204]. In 

parallel to the skin model based on collagen, a three-layered skin tissue model based 

on electrospun carbon fibers was developed inhouse [164]. Here, the even 

distribution of adipocytes within a multilayered skin model could be achieved using 

electrospun carbon fiber scaffolds seeded with hMSCs that were allowed to 

proliferate into the fleece, which was clamped into a cell crown to avoid the 

contraction. After the differentiation, these adipose tissue fleeces were stacked with 

dermal fleeces and seeded with keratinocytes. Similar to the multilayered skin 

model, this 3D culture resulted in a mechanically stable tissue model composed of 

the three major skin layers. However, even showing unilocular adipocytes, the cell 

density does not reach a similar degree compared to native WAT or the local density 

of aggregated adipose tissue models.   

 

Although, the translation of the in vivo niche of O. volvulus into an in vitro tissue 

model could be achieved, a direct co-culture with larvae – crucial factor 3 – was 

hindered due to aspects discussed in this study (Figure 21). However, the crucial 

factor 1 – ECM and factor 2 – skin-specific cells were present in the model. 

Nevertheless, the alternative culture systems that were applied for L4 co-culture 

revealed important aspects for the development of O. volvulus larvae in vitro. The 

initial hypothesis of a support of larvae by an increased complexity of the co-

cultured tissue models could be verified. 
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5. Outlook 

The here presented data deliver a proof of concept for the support of O. volvulus larvae 

development in vitro by 3D human tissue models. To further elucidate relevant cues 

for larvae development until adult stages, the application of tissue models might be 

refined.  

For future co-culture experiments with O. volvulus larvae in the presence of the three 

crucial factors, several advancements might be applied to overcome the discussed 

challenges of a direct culture. For the creation of an imprint into the collagen 

scaffold, higher compression factors could be applied to facilitate an enhanced long-

term stability. Another ECM-related advancement would be the utilization of 

decellularized and decomposed nodular tissue for the 3D scaffold material, thereby 

representing a parasite niche-specific component that might resemble a more in 

vivo-like environment. The observation of developing larvae within a tissue model 

represented an obstacle for the direct culture. The monitoring of vital parameters of 

larvae might be addressed by methodologies of advanced microscopy. Thus, the 

proposed labelling strategies using a vital dye would support this endeavor. Another 

labeling strategy is represented by transfection of larvae with a fluorescent marker 

as it could be shown for the filarial parasite Brugia malayi [205]. If a labeling strategy 

allows the monitoring of larvae within the multilayered skin, it would be also 

interesting to examine the co-culture of L4 on the fiber fleece-based multilayered 

skin [164].  

The co-culture of larvae and adipose tissue aggregates represented a smart solution 

to circumvent the monitoring challenges. The biological complexity of this culture 

could be increased by using multi-cellular systems, such as spheroids of the stromal 

vascular fraction [202], which might lead to a synergetic effect – the support of 

growth and viability. In this regard, a spheroid-based co-culture would possibly 

represent an interesting approach that might increase the practicability and 

feasibility in non-expert labs for tissue engineering. 

However, the less complex culture approach which was again confirmed to be 

supportive for larvae development, despite its limitations due to a low biological 

complexity, is represented by the 2D co-culture of a feeder layer. It would be 
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interesting to further study the influence on larvae fitness by hMSCs, which are 

known to secrete trophic molecules. Combinations of a feeder layer of hMSCs and 

skin and/or adipose tissue models would be an interesting co-culture experiment.  

The analysis of a supportive influence on larvae development could be also evaluated 

on a molecular level. Many data of O. volvulus omics are available for different 

developmental stages and the Wolbachia endosymbiont. Omics data might be 

acquired via single worm transcriptomics [181]. The results could elaborate the 

culture conditions to support both, larvae and the endosymbiotic bacteria.  
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