
 

 

University of Applied Sciences Biberach 

Institute of Applied Biotechnology  

Prof. Dr. Katharina Zimmermann 

 

 

Development of models for intranasal drug delivery to 
identify IgG transport pathways 

 

 

 

Cumulative dissertation submitted in partial fulfilment of the requirements for the 

degree of “Doctor rerum naturalium” (Dr. rer. nat.) of the Ulm university.  

 

 

Simone Ladel 

Biberach an der Riß  

 

2022 

  



 

Current dean: Prof. Dr. Thorsten Bernhardt 

 

 

Thesis advisory committee:  

First supervisor:  Prof. Dr. Boris Mizaikoff  

Second supervisor:  Prof. Dr. Katharina Zimmermann 

Third supervisor:  Prof. Dr. Andrew Chan 

 

 

 

 

 

 

Day doctorate awarded: 20/06/2022 

  



The results presented in this thesis have been published previously in the 

following journals:  

Simone Ladel, Johannes Flamm, Arghavan Soleimani Zadeh, Dorothea Filzwieser, Julia 

Christina Walter, Patrick Schlossbauer, Ralf Kinscherf, Katharina Lischka, Harald Luksch, and 

Katharina Schindowski. 2018. Allogenic Fc domain-facilitated uptake of IgG in nasal Lamina 

propria: Friend or foe for intranasal CNS delivery? Pharmaceutics 10, 3: 1–23. 

https://doi.org/10.3390/pharmaceutics10030107  [1] 

Simone Ladel, Patrick Schlossbauer, Johannes Flamm, Harald Luksch, Boris Mizaikoff, and 

Katharina Schindowski. 2019. Improved In vitro Model for Intranasal Mucosal Drug Delivery: 

Primary Olfactory and Respiratory Epithelial Cells Compared with the Permanent Nasal Cell 

Line RPMI 2650. Pharmaceutics 11, 8: 367. https://doi.org/10.3390/pharmaceutics11080367 

[2]  

Simone Ladel, Frank Maigler, Johannes Flamm, Patrick Schlossbauer, Alina Handl, Rebecca 

Hermann, Helena Herzog, Thomas Hummel, Boris Mizaikoff, and Katharina Schindowski. 

2020. Impact of Glycosylation and Species Origin on the Uptake and Permeation of IgG’s 

through the Nasal Airway Mucosa. Pharmaceutics 12, 11: 1014. 

https://doi.org/10.3390/pharmaceutics12111014 [3] 

 

Other original papers co-authored during my doctorate:  

Lena Marie Spindler, Andreas Feuerhake, Simone Ladel, Cemre Günday, Johannes Flamm, 

Nazende Günday-Türeli, Emre Türeli, Günter E.M. Tovar, Katharina Schindowski & Carmen 

Gruber-Traub. (2021). Nano-in-Micro-Particles Consisting of PLGA Nanoparticles Embedded 

in Chitosan Microparticles via Spray-Drying Enhances Their Uptake in the Olfactory Mucosa. 

Frontiers in Pharmacology, 12. https://doi.org/10.3389/fphar.2021.732954 [4] 

 
Frank Maigler, Simone Ladel, Johannes Flamm, Stella Gänger, Barbara Kurpiers, Stefanie 

Kiderlen, Ronja Völk, Carmen Hamp, Sunniva Hartung, Sebastian Spiegel, Arghavan 

Soleimanizadeh, Katharina Eberle, Rebecca Hermann, Lukas Krainer, Claudia Pitzer, 

Katharina Schindowski. (2021). Selective CNS Targeting and Distribution with a Refined 

Region-Specific Intranasal Delivery Technique via the Olfactory Mucosa. Pharmaceutics, 

13(11), 1904. https://doi.org/10.3390/pharmaceutics13111904 [5] 

  

https://doi.org/10.3390/pharmaceutics10030107
https://doi.org/10.3390/pharmaceutics11080367
https://doi.org/10.3390/pharmaceutics12111014
https://doi.org/10.3389/fphar.2021.732954


Detailed declaration of contribution to peer-reviewed original publications  

This doctoral thesis is based on three peer-reviewed original publications that have been 

written by me as first or shared first author.  

For the first publication entitled “Allogenic Fc domain-facilitated uptake of IgG in nasal Lamina 

propria: Friend or foe for intranasal CNS delivery?” published in Pharmaceutics in 2018 [1], I 

designed the complete study, performed most and analysed all of the experiments, created 

the figures and wrote the manuscript.  

For the second publication entitled “Improved In vitro Model for Intranasal Mucosal Drug 

Delivery: Primary Olfactory and Respiratory Epithelial Cells Compared with the Permanent 

Nasal Cell Line RPMI 2650.” published in Pharmaceutics in 2019 [2], I was responsible for the 

study design, the method design and establishment. I further analysed most of the experiments 

and wrote the manuscript. I share first authorship with MSc. Patrick Schlossbauer.  

For the third publication entitled “Impact of Glycosylation and Species Origin on the Uptake 

and Permeation of IgGs through the Nasal Airway Mucosa.” published in Pharmaceutics in 

2020 [3], I elaborated the underlying hypothesis, I designed the study, performed and analysed 

most of the experiments and wrote the manuscript.  

For the fourth publication entitled “Nano-in-Micro-Particles Consisting of PLGA Nanoparticles 

Embedded in Chitosan Microparticles via Spray-Drying Enhances Their Uptake in the Olfactory 

Mucosa.” Published in Frontiers in Pharmacology in 2021 [6], I was involved in the method set-

up for ex vivo experiments and performed particle permeation through olfactory mucosa.  

For the fifth publication entitled “Selective CNS Targeting and Distribution with a Refined 

Region-Specific Intranasal Delivery Technique via the Olfactory Mucosa.” published in 

Pharmaceutics in 2021 [5], I elaborated parts of the underlying hypothesis, developed the 

histological protocols for study 3. Further I participated in the design of study 3 and I performed 

and analysed most of the histological experiments of this study. 

The full versions of these publications are provided in the appendix of my doctoral thesis. 

  



Table of Content 
 

1. Summary .......................................................................................... 1 

2. Introduction ..................................................................................... 2 

2.1 Nose-to-brain drug delivery ........................................................................ 2 

2.1.1 The anatomy of the nasal cavity ........................................................................... 2 

2.1.2 Histological features of the nasal cavity ................................................................ 4 

2.1.1 Nose-to brain transport mechanisms – avoiding the barriers ................................ 6 

2.2 N2B drug delivery of therapeutic antibodies for the therapy of CNS 

related diseases? .................................................................................................. 8 

2.2.1 IgG structure and function .................................................................................... 8 

2.2.2 The neonatal Fc receptor – the best known IgG transporter ............................... 11 

2.2.3 Fc gamma receptors .......................................................................................... 13 

2.3 Ex vivo tissue models of the nasal mucosa ............................................ 15 

2.3.1 The pig as model organism ................................................................................ 15 

2.3.2 Side-by side cell models ..................................................................................... 16 

2.4 In vitro models of the nasal epithelial barrier.......................................... 18 

3. Objective of the thesis .................................................................. 20 

4. Results and Discussion ................................................................ 23 

4.1 Development and evaluation of different models to simulate mucosal 

IgG uptake and permeation ................................................................................ 23 

4.1.1 The ex vivo model for permeation through the olfactory mucosa– a modified side-

by side tissue model using porcine mucosa explants .................................................... 23 

4.1.2 The in vitro model – mimicking the olfactory epithelial barrier using primary cells 

from the porcine regio olfactoria .................................................................................... 27 

4.2 Evaluation of therapeutic IgGs for N2B dug delivery – Influence of IgG 

species origin and glycosylation status ............................................................ 33 

4.2.1 IgG uptake and permeation study – searching for influencing parameters .......... 34 

4.2.2 Analysis of the molecular mechanism of IgG trafficking ...................................... 36 

5. Conclusion .................................................................................... 49 

6. References ..................................................................................... 52 

7. Appendix ........................................................................................ 80 

 

  



List of Abbreviations  

Abbreviations used in this thesis are listed in alphabetical order. 

ALI air-liquid interface 

AP5 aquaporin 5 

BBB blood brain barrier 

BC basal cells 

bcsfb blood cerebrospinal fluid barrier 

BNB blood nerve barrier 

CK18 cytokeratin 18 

cnd concha nasalis dorsalis 

cnm concha nasalis media 

CNS central nerveous system 

CSF cerebrospinal fluid 

ET  ethmoid turbinate 

FCGR Fc gamma receptors 

FcRn neonatal Fc receptor 

FITC Fluorescein isothiocyanate 

Fuc fucose 

Gal galactose 

Glc glucose 

GlcNAc N-acetylglucosamine 

IgA Immunoglobulin A 

IgD Immunoglobulin D 

IgE Immunoglobulin E 

IgG Immunoglobulin G 

IgM Immunoglobulin M 

ITAM immunoreceptor tyrosine-based activation motif 

ITIM immunoreceptor tyrosine-based inhibitory motif 

Man mannose 

MUC5AC mucin type 5AC 

N2B nose-to-brain 

NB neuronal bundles 

Neu5Ac N-acetylneuraminic acid  

NF200 neurofilament 200 

OEC olfactory ensheating cells 

OEPC olfactory epithelial primary cells 

OSN olfactory sensory neurons 

PGP9.5 Protein Gene Product 9.5 

PNS peripheral nervous system 

REPC respiratory epithelial primary cells 

TEER transepithelial-electrical resistance 

TRIM21 Tripartite motif containing-21 

ZO-1 zonula occludens-1 
 



1 
Summary 
 

1. Summary  

Over the last decades, there is an increasing interest in the intranasal administration of drugs. 

Especially for high molecular weight proteins such as immunoglobulin G (IgG) the mechanisms 

and pathways of delivery to the brain remains mainly unclear and studies result in conflicting 

data. However, the use of therapeutic IgG in neurodegenerative or neuro-oncologic diseases 

has a high potential for modern therapy but is highly limited due to the poor access of this 

proteins to the central nervous system. This discrepancy leads to the conclusion that higher 

effort should be made to understand the molecular background for the use in protein 

engineering.  

In this thesis, two different models were set-up to determine the permeation of IgG through the 

olfactory mucosa: a mucosa model using porcine olfactory tissue explants and a primary cell 

epithelial barrier model. In both models, the experiments were done under air-liquid conditions 

to simulate the environment in the nasal cavity. Hereby, the primary cell model was used to 

determine the permeation of IgG at the first barrier, the olfactory epithelium, whereas the 

ex vivo model was used to study the more complex permeation though the whole mucosa. To 

evaluate the pig as model system, the porcine olfactory mucosa was histologically compared 

to the human counterpart. High similarities were found indicating the pig being a suitable model 

organism for human olfactory mucosa investigations. To gain as much information as possible 

from the IgG permeation experiments, several approaches were made investigating the 

influence of IgG-origin and IgG glycosylation on the transmucosal transport.  

In the primary cell epithelial barrier model, no difference in the trans-epithelial transport was 

detected comparing human and porcine IgGs. However, in the ex vivo model porcine IgG 

seemed not to permeate but remain in the tissue whereas the human IgG was detected in the 

abluminal compartment. Furthermore, porcine IgG seemed to be cleared from immune sites, 

so called lymphoid follicles, whereas for human IgG only low co-localization with lymphocytes 

was found in immunofluorescence studies. In conclusion, there might be an immune system 

related mechanism in the olfactory lamina propria that is species-selective and needs to be 

further investigated for IgG design.  

According to common knowledge, the neonatal Fc receptor (FcRn) is the predominant protein 

that is involved in IgG transport. Protein expression of FcRn was found in the olfactory primary 

cells and tissue from the olfactory mucosa concluding that active transport via this receptor 

would be possible in both models. Further, several studies showed that this receptor binds 

porcine and human IgG with similar affinities. Thus, the FcRn might not be the only player that 

is involved in the transport mechanism.  
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Another protein family that is known to perform interactions with IgG are Fc gamma receptors 

(FCGR). Most of these receptors are highly dependent on IgG subclass and Fc-glycosylation. 

To evaluate the influence of the Fc glycosylation and hereby gaining evidence for a potential 

involvement of FCGR in IgG trafficking permeation studies were performed using 

deglycosylated IgGs. In both models, the ex vivo and the primary cell in vitro model, the 

deglycosylated IgGs showed higher permeation rate over time. These findings did not fit well 

to the hypothesis that FCGRs mediate IgG transcytosis in the olfactory epithelium, as the 

affinity of FCGR for deglycosylated IgG is very low and therefore the permeation should be 

less compared to the wild-type IgG. Nevertheless, the FCGR subclass FCGR2b was recently 

connected to IgG transport in the placenta. Therefore, the expression of this receptor was 

evaluated in both models. Expression or transcription was found in both models hinting again 

to an involvement of these receptors. Based on the data gained in this thesis a new hypothesis 

for IgG trafficking in the olfactory mucosa was stated. This hypothesis includes the involvement 

of FCGR2b in IgG trafficking mechanisms other than transcytosis, meaning recycling and 

mainly degradation processes, whereas FcRn remains the main mediator of IgG transcytosis. 

Nevertheless, open questions are still to be addressed in further experiments.  
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2. Introduction 

This thesis deals with the development of animal test replacement methods for the intranasal 

application of therapeutic antibodies and fills the lack of suitable in vitro and ex vivo methods 

to investigate drug transport mechanism at the olfactory mucosa. Furthermore, it provides new 

insights into the explanation of IgG transport mechanisms and leads to a new hypothesis of 

IgG transport across the olfactory mucosa. 

2.1 Nose-to-brain drug delivery 

The administration of drugs through the nose has a long tradition, especially for local diseases 

such as nasal allergy, congestion and infections. For several decades, there has been a 

growing interest in using the special features of the nasal mucosa and the nasal neuronal 

access to the brain at the base of the skull for other therapies as well. At least since the SARS-

CoV-2 pandemic in 2020, the intranasal dosage form has been very popular for the treatment 

of viral respiratory and neuronal diseases [7]. However, there are further additional examples 

worth to consider. Products already on the market for nasal administration range from anti-

migraine drugs such as sumatriptan and butorphanol to smaller peptides such as calcitonin 

and buserelin [8]. Furthermore, studies have shown that insulin administered intranasally has 

a positive effect on memory [9–11]. The nose-to brain (N2B) drug delivery systems imply 

several advantages compared to traditional invasive approaches: The nasal cavity is easily 

accessible and allows a needle free drug application. Especially lipophilic low molecular weight 

molecules show a good penetration and a rapid adsorption due to the large surface and high 

vascularization. Furthermore, the hepatic first pass metabolism as well as the harsh conditions 

in the gastrointestinal tract are avoided [12].  

The most interesting advantage, however, is the direct access to the central nervous system. 

2.1.1 The anatomy of the nasal cavity  

The human nose extends from the nostrils to the upper part of the throat, called the 

nasopharynx. It consists of two nasal cavities that are separated by a midline septum. The 

outer walls of the nasal cavities are folded in three conchae or turbinates, namely the superior, 

the middle and the inferior turbinate (Figure 1). These turbinates function as increased 

resistance to the airflow and enable a tight contact between the inhaled air and the mucosa. 

The inferior conchae is the largest of the three and extend the complete length of the outer 

nasal wall. Above the inferior conchae the middle conchae is located. The superior conchae is 

the smallest of the three and is located at the upper part of the nasal cavity beneath the ethmoid 

turbinates and the cribriform plate.  
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The cribriform plate is a porous bone that is spanned by neuronal branches originated in the 

olfactory epithelium and reaching to the centre of olfaction procession in the brain, the olfactory 

bulb [8,13–16].  

 

Figure 1: Arrangement of the nasal turbinates in the human nasal cavity. The red box marks 

the olfactory region as evaluated by Paik et al. [17]. 

 

Each cavity contains three different regions: the vestibule, the olfactory region and the 

respiratory region [8,16,18]. The vestibule consists of the area just inside the nostrils at the 

anterior part of the cavity. It is covered by skin with stiff large hair that protect the entrance of 

the nasal cavity. The respiratory region covers 77 % of the nasal cavity and is the main location 

for filtering, warming and humidifying the inhaled air before it reaches the lower airways. The 

olfactory region is located at the roof of the nasal cavity and covers about 10 % of the total 

surface area of the nasal mucosa in human. There is a high difference in the percentage 

coverage of the olfactory epithelium between animal species. For example, around 50 % of 

the nasal cavity surface in rats is covered with olfactory epithelium and 77 % in dogs [8,19,20]. 

The total surface area of both nasal cavities in human is about 96.000 cm² if the epithelial 

microvilli are included [21]. The large absorption capacity of the nasal mucosa is not only due 

to its large surface area. In addition, the nasal cavity has a complex network of arteries, veins, 

lymphatic vessels and neurons that enable the rapid dissemination of absorbed substances.  

As in the intestine, the nasal mucosa contains a large number of glands that produce aqueous 

secretions in the anterior region, which contain proteins and electrolytes. In the remaining part 

of the nasal cavity, there are seromucous glands, which produce a region-specific mucus layer. 

For example, the tubuloalveolar serous Bowman's glands in the olfactory region produce 

proteineous secretions that are important for olfactory action and act as solvents for 

odoriferous substances [13]. 
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For the N2B approach, especially the nerve fibres are of interest as they are possible transport 

routes for drugs to the brain. The largest cranial nerve is the nervous trigeminus, that is mainly 

a sensory nerve and consists of four subbranches. One subbranch, the nervous maxillaries, 

spans from the respiratory region to the central nervous system. The most interesting nerves 

for N2B are the olfactory nerves as they allow direct access to the CNS. Bipolar olfactory 

neurons are located in the olfactory mucosa and branches out from the nasal cavity through 

the cribriform plate into the olfactory bulb [13,22].  

2.1.2 Histological features of the nasal cavity  

In the human nose, four different mucosa types can be roughly classified: the respiratory 

mucosa, the olfactory mucosa, the squamous mucosa and the transitional mucosa. One third 

of the anterior part is covered by squamous epithelium. This epithelial type is stratified 

epithelium that consists of an underlying basal cell layer followed by several layers of 

squamous cells, which gradually changes into a pseudostratified columnar epithelium that 

covers the respiratory epithelium. The transition areas between these epithelial types are 

called transitional epithelium. In all epithelial types, beneath the basal cell layer there is a thick 

layer of connective tissue with glands, blood vessels and immune cell accumulations called 

lymphoid follicles. This layer is called the lamina propria [13,15,17,23].  

The epithelial cells of the respiratory epithelium are covered by microvilli and beating mobile 

cilia, creating a rapid propelled movement of the mucus layer in direction from the anterior 

towards the posterior part of the nasal cavity [8]. The respiratory epithelium contains three 

major cell types: ciliated cells, goblet cells and basal cells. Hereby, the goblet cells are located 

between the ciliated cells and are packed with mucus vesicle. They function as gland cells in 

the respiratory epithelium. The basal cells are densely packed in a layer adjacent to the lamina 

propria and have a round appearance with a small cytoplasm. These cells are progenitor cells 

for all cell types located in the epithelium [13,24].  
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2.1.2.1 The olfactory mucosa  

The most interesting epithelium for N2B is the olfactory epithelium (Figure 2). It is composed 

of a pseudostratified epithelium containing microvillar cells, olfactory sensory neurons (OSN), 

basal cells and supporting cells.  

 

Figure 2: Scheme of the composition of the olfactory mucosa.  

The epithelium is composed of the olfactory sensory neurons, microvillar cells and supporting 

cells. Beneath the epithelium, the basal cell (BC) layer is located. Basal cells are progenitor 

cells and have the potential to differentiate into the other cell types of the epithelium. Big 

Bowman’s glands span through the epithelial layer and secrete mucus into the lumen. The 

biggest part of the olfactory mucosa is the underlying connective tissue, the lamina propria. In 

the lamina propria blood vessels, cavernous bodies and lymphoid follicles (immune cell 

agglomerates) are located. The figure is modified from Ladel et al. (2018) [1],  

CC BY 4.0, http://creativecommons.org/licenses/by/4.0/. 

 

All cell types except for the basal cells reach the epithelial surface that is covered with a thin 

mucus layer. In this mucus layer besides the microvilli, long non-motile cilia were found that 

belong the OSN. The OSN are bipolar neurons with cell bodies located in the olfactory 

epithelium. They are structured in the cell body, a dendrite that spans into the nasal lumen 

expressing olfactory receptor proteins and long axons that crosses the lamina propria and the 

cribriform plate to reach their synaptic destination in the olfactory bulb [24]. In the axonal 

branches of the ONS are surrounded by specialized cells called olfactory ensheating cells 

(OEC). Those cells isolate the olfactory axons from their origin in the epithelial layer to the 

olfactory bulb glomeruli and form a nerve-blood barrier that limits the uptake of substances and 
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the penetration of e.g. bacteria to the neuronal fibres in the olfactory mucosa [25–28]. The 

exact location of the olfactory epithelium in human varies in the literature but it usually covers 

part of the nasal septum, the cribriform plate and the superior turbinate [15,17,22,24]. In 

comparison to the respiratory epithelium, the olfactory epithelium is much thicker and rests on 

a highly cellular lamina propria without submucosa. The lamina propria is a collagenous region 

of dense, irregular connective tissue that contains agglomerated cells of the immune system 

(lymphoid follicles), fibroblasts, blood vessels, big Bowman’s glands and neuronal fibres that 

run bundled in the direction of the olfactory bulb. These structures are called neuronal bundles 

[17,23,24,29].  

2.1.1 Nose-to brain transport mechanisms – avoiding the barriers  

The low availability of drugs in the brain has been a concern for medicine n issue for 

therapeutics and development of therapeutics/medicines for decades. The causes of this 

limitation are specialised borders to the blood that restricts the entry of neurotoxic substances 

(e.g. toxic substances) and microbial threats into the central nervous system (CNS) and the 

peripheral nervous system (PNS). Different barriers exist in the surrounding of the nervous 

system: The blood-brain barrier (BBB) separates the brain interstitial fluid from blood, the 

blood-cerebrospinal fluid (CSF) barrier (BCSFB) separates the CSF from the choroid plexus 

interstitial fluid and the blood-nerve barrier (BNB) separates axonal bundles in the periphery 

of the CNS from blood and the surrounding environment [28,30]. They prevent free paracellular 

diffusion of polar molecules and high molecular weight molecules by specialised morphological 

features such as strong tight junctions that cross-link the endothelial and the epithelial cells 

[31]. The BBB is formed by cerebral vascular endothelial cells that are connected by tight 

junctions and surrounded by astroglia expressing soluble factors responsible for the formation 

of tight junctions [32–34]. The BBB functions as a shield of the brain and spinal cord from 

various substances and pathogens, and however it is also a major hurdle in CNS-drug delivery 

[35,36]. A large number of invasive strategies such as intraventricular, intraparenchymal and 

intrathecal delivery as well as non-invasive techniques like chemical modifications and drug 

conjugations with ligands that can cross the BBB have been developed in the past [30]. One 

of these strategies is the application of drugs via the intranasal route [8]. In contrast to invasive 

methods, the non-invasive intranasal approach can be used for e.g. chronically given drugs 

potentially resulting in a higher patient compliance. Further advantages of the intranasal 

application are a rapid uptake at the large surface area and the avoidance of the hepatic first-

pass elimination. However, there are also disadvantages such as the limitation to potent drugs 

(only small volumes can be applied intranasally), and the harsh environment on and at the 

nasal mucosa including the mucociliary clearance and the physico-chemical features of the 

mucus layer (low pH, enzymatic degradation) [37,38]. 
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In the nasal cavity the respiratory and the olfactory epithelium are most likely to be sites of 

external substance uptake [15]. Substances can enter the epithelial barrier of the respiratory 

and the olfactory epithelium by two pathways, namely the intracellular and the extracellular 

pathway: In the olfactory epithelium, intracellularly transported substances can either be 

endocytosed into olfactory sensory neurons and subsequently be transported to the brain via 

their axons, or they can be transported via transcytosis across sustentacular cells into the 

lamina propria [39–41]. B. The extracellular pathway means paracellular diffusion into the 

lamina propria through intercellular clefts between the epithelial layer [41].  

The drug’s pathway through the mucosa mainly depends on its lipophilicity and the molecular 

weight  [42]. The paracellular pathway is mainly reported for small molecules and low molecular 

weight hydrophilic molecules such as e.g.  fluorescein labelled isothiocyanate- dextran (FITC- 

dextran; 4.4 kD) or sodium fluorescein (0.37 kD) [43–48]. These non-toxic and easily 

detectable fluorescence labelled chemicals are often used as marker molecules for drug 

permeation studies [45,46,49]. The feasibility of N2B drug delivery was investigated for 

sumatriptan, oxytocin and other drugs proving the paracellular pathway is the main route for 

small molecules [10,50–52]. In contrast, the transcellular transport is described for high 

molecular weight molecules such as proteins [53].  

The precise mechanism underlying N2B drug delivery is still unclear, but several studies 

connect potential pathways involving neuronal fibres, the vasculature, the CSF and the 

lymphatic system with the transport of molecules to the CNS [54]. For the olfactory nerve 

pathway, drugs have to cross the olfactory epithelium to reach the neuronal fibres. There are 

three possibilities for drugs to transverse this barrier: Firstly, the transcellular crossing of 

supporting cells by receptor-mediated endocytosis, fluid phase endocytosis or by passive 

diffusion for lipophilic drugs. Secondly, the paracellular pathway as described before and 

thirdly the olfactory nerve pathway. Drugs could be taken up into neuronal cells by endocytosis 

or pinocytosis and transported via intracellular axonal transport to the olfactory bulb [38]. In 

addition, besides the olfactory nerve pathway there is another nerve-involving pathway for N2B 

drug delivery: the trigeminal nerve pathway [55]. This nerve connects the respiratory and the 

olfactory mucosa to the pons in the CNS. It is involved in sensory information communication 

from the nasal cavity, the oral cavity, eyelids and cornea to the CNS. As an example, ´Thorne 

et al. (2004) demonstrated CNS delivery of insulin-like growth factor-I by the trigeminal nerve 

branches to the CNS [56].  

There are several other studies proving the N2B drug delivery approach is a promising route 

for protein-based CNS therapy. Insulin is among the most used drugs for intranasal 

administration studies.  
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Different groups show the uptake and distribution via nerve fibres to the CNS [9,57–61]. For 

example, intranasally administered insulin was shown to have a positive effect on memory and 

metabolic effects in human [9,11,57].  

The feasibility of N2B drug delivery for high molecular weight proteins such as 

Immunoglobulin G (IgG) was shown in recent studies in mice that demonstrated the uptake via 

nervous pathways to different areas of the brain [62].  

 

2.2  N2B drug delivery of therapeutic antibodies for the therapy of CNS related 

diseases? 

During the last decades, the increase of importance of therapeutic IgGs has been exceptional. 

For antibody-related discoveries, two Nobel prizes have been awarded so far. Furthermore, 

more than 80 antibodies have entered clinical trials and the approval success rates have been 

near one in four [63,64]. The areas of application for therapeutic IgGs range from oncology, 

autoimmune diseases and inflammatory diseases, for the treatment of chronic and acute 

conditions. However, the use of IgGs for CNS-related diseases is still limited due to the above-

described barriers and the low brain permeability in general, since the CNS is an 

immunological privileged tissue in the mammalian body [8]. 

2.2.1 IgG structure and function 

Immunoglobulin G/antibodies belong to the immunoglobulin superfamily. They are generated 

via class switching in primary and secondary immune reactions in B cells that are differentiated 

by secondary signals including cytokines produced by other lymphocytes or antigen presented 

cells (5,6). Molecules from the immunoglobulin superfamily/antibodies consist of two heavy (H) 

and two light (L) chains. Each chain contains one NH2-terminal variable (V) domain and one 

COOH-terminal constant (C) domain. The heavy chains that are linked via disulphide bond as 

well as two light chains that are also respectively connected by disulphide bonds to the heavy 

chain. Each L chains contains one C domain whereas the H chains contains three C domains 

(CH1, CH2, CH3) in IgGs and more in other members of the immunoglobulin superfamily. The 

H chains with three C domains include a spacer hinge region between the CH1 and CH2 

domains [65–67]. By the use of enzymes in earlier studies IgG was digested into two Fab 

fragments and a Fc fragment. The Fab fragment contains of a variable fragment consisting of 

VH and VL domains and a constant fragment consisting of the CL and the CH1 domains [68]. 

The V domain is functionally divided into three hypervariable regions called complementarity-

determining regions that promote specific binding areas to the respective antigens [67].  
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Five classes of immunoglobulins (IgM, IgG, IgE, IgD and IgA) and several subclasses have 

been described [69]. There are four IgG subclasses in human: IgG1, IgG2, IgG3 and IgG4 [67]. 

Although their amino acid structure is more than 90 % identical, each subclass shows 

differences in structure and function that influences the antigen binding, the triggering of 

effector cells, the serum half-life and placental transport [67]. The subclass depends on the 

types of antigens that is involved in the antibody response. Antibody responses to soluble 

protein antigens and membrane proteins primarily induce an IgG1 response, which is also the 

predominantly subclass of recombinant therapeutic antibodies [69].  

One site that shows large differences between the subclasses is the so-called hinge region 

and the N-terminal CH2 domain. The hinge region forms a flexible linker between the Fab 

fragments and the Fc domain [69]. Residues most proximal to the hinge region in the CH2 

domain of the Fc part are mainly responsible for effector functions of antibodies. The binding 

sites for C1q (complement system) and the IgG-Fc gamma receptors (FCGR) are located at 

this site [70–72]. There is a high variability in length and flexibility of the hinge region among 

the IgG subclasses that affects the confirmations of the Fab fragments relative to the Fc 

domain. The hinge region of IgG1 is very flexible whereas the hinge region of IgG2 is rigid due 

to a shorter amino acid chain and extra inter-heavy chain disulphide bridges. Similar to IgG2, 

also IgG4 has a short hinge region and show less flexibility than IgG1. IgG3 has the longest 

hinge region that varies between allotypes but ensures the highest flexibility amongst the 

subclasses. The binding sites for FCGR and C1q are highly affected by the different hinge 

regions and is due to the flexibility of the Fab-Fc-dynamic. The affinity for these effector 

molecules in human is as follows: IgG3>IgG1>IgG4>IgG2 [69,73,74].  

In contrast, a highly conserved region between the subclasses is the N-linked glycosylation 

site at the asparagine 297 in the IgG sequence at the interface between the two CH2/CH3 

forming the Fc of the IgG molecule (Figure 3).  

Glycosylation of immunoglobulins play an important role in binding of antigens and especially 

binding to the respective receptors. Predominantly, human glycoproteins contain seven types 

of monosaccharides. These are glucose (Glc), galactose (Gal), fucose (Fuc), mannose (Man), 

N-acetylglucosamine (GlcNAc), and N-acetylneuraminic acid (Neu5Ac) [75]. Besides the N-

glycosylation there is an additional glycosylation site in the IgG structure that is rarely present, 

the O-glycosylation. O-glycans have been found in the hinge region of IgD, IgA and IgG3 [76]. 

Human IgG contains mainly N-glycans [69]. The heptasaccharide core consist of two GlcNAc 

residues, three Man residues and two GlcNAc residues. It is called G0 glycosylation. 

Furthermore, Fuc residue (G0F) branching from the GlcNAc and/or Gal (G1F) and negatively 

charged sialic acid is detected in some IgGs [77].  
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In 15 – 25 % of IgGs, there is an additional glycosylation site at the Fab fragment containing 

higher percentage of branching GlcNAC residue and of Gal and sialic acid. Those glycan 

structures influence the ability to bind antigen, the half-life of the antibody, the aggregation of 

antibodies and the formation of immune complexes [78–82].  

 

Figure 3: Overview of the IgG structure and the anti-VEGF human IgG1 glycosylation used in 

this thesis. 

The heavy chain is divided into four structural subunits: the constant subunits CH3, CH2, CH1 

and the variable subunit VH. The light chain consists of two subunits: the constant subunit CL 

and the variable subunit VL. The IgG used in this study was an anti-VEGF human IgG1 

antibody with a predominantly G0F glycosylation consisting of a heptasaccharide with two 

GlcNAc, three mannose and two GlcNAc as well as a fucose residue but showed also G1F 

glycosylation containing an additional galactose residue in a small quantity.  

 

At the Fc-fragment of IgG, the N-linked glycosylation is located in the CH2 domain at position 

Asn297. The mediation activation of effector functions by FCGR binding and/or C1q binding is 

highly affected by this glycosylation as it forms a hydrophobic core in the Fc fragment [75]. The 

glycan structure of the glycosylation is instrumental in maintaining the conformation necessary 

for binding to this effector protein. In several studies the removal of the N-liked glycan results 

in a closed formation of the Fc-fragment and prevents the binding of FCGRs [83–85]. 

Furthermore, it was shown that the presence of fucose in the core glycan reduces the 

interaction to some FCGR types significantly [84,86–90]. There are other interaction partners 

to IgG in human. Amongst others the most important are the intracellular TRIM21 that is 

involved in degradation processes, the neonatal Fc receptor FcRn that will be discussed in the 

next chapter and the already mentioned complement protein C1q and FCGRs (Figure 4). 
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Figure 4: IgG interaction partners and sites of interaction. 

Fc engaging molecules that mediates the biological activity of antibodies: Complement 

component (C1q), Fc gamma receptors (FCGR), the Neonatal Fc receptor (FcRn) and 

Tripartite motif 21 (Trim21) [72]. 

 

The interaction of IgG glycol-variants and subclasses with FCGRs will be discussed in detail 

in chapter 2.2.3. The IgG used in this study was an anti-VEGF human IgG that belongs to the 

most common subclass 1. Furthermore, the antibody shows a predominantly G0F 

glycosylation and a G1F glycosylation in a small quantity (Figure 3).  

 

2.2.2  The neonatal Fc receptor – the best-known IgG transporter 

The FcRn is a beta-2-microclogulin (β2m) associated protein that is structurally related to the 

major histocompatibility class I family [91]. It consists of a heavy chain that non-covalently 

associates with the light chain β2m. The heavy chain consists of three extracellular domains, 

a transmembrane domain and a cytoplasmic tail [92–94]. FcRn is ubiquitously expressed in 

the human body and binds to IgG at a distinct binding site to albumin under acidic pH of 5.0 – 

6.5 with the exception of some IgG3 allotypes that bind also at neutral pH [95–97]. The 

functions of this specialized receptor in the body include increasing the half-life for albumin and 

IgG through recycling processes and mediating IgG bidirectional transcellular transport in 

endothelial and epithelial cells (Figure 5) [98]. Several studies have also attributed this 

receptor to have an important role in mediating immunological responses in dendritic cells 

(DCs) [99,100].  
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Figure 5: IgG trafficking pathways 

IgG uptake in polarized epithelial cells is thought to happen via pinocytosis according to recent 

literature [[101]]. The FcRn binds to the Fc-domain of the antibody in the slightly acidic 

environment of the early endosome (1) and mediates recycling of the IgG to the apical side 

(2), digestion of IgG in the lysosome (3) or transcytosis to the basolateral side (4) [95]. 

Transcytosis is shown here from apical (nasal cavity) to basolateral, but the reverse direction 

was also reported [102]. The figure is modified from Ladel et al. (2018) [1],  

CC BY 4.0, http://creativecommons.org/licenses/by/4.0/. 

 

The FcRn – IgG Fc interaction takes place at the IgG CH2-CH3 interface. This binding site is 

distinct of the Fc binding site of FCGRs. Since IgG is a homodimeric molecule, FcRn is thought 

to bind to the IgG Fc domain with equal affinity in a 2:1 stoichiometry [103]. Other groups have 

postulated that in addition the Fc binding site also the Fab fragments are involved in FcRn 

binding [104–106]. Several studies show the involvement of FcRn in IgG transport in different 

tissues and cell types [72,95,107–109]. Amongst them, the expression of FcRn in the BBB is 

the most interesting for N2B drug delivery. Here, FcRn is thought to function mainly as efflux 

transporter [110]. However, there are conflicting studies stating that FcRn may also take part 

in IgG distribution within the brain [28,111,112]. Recently, Ruano-Salguero and Lee (2020) 

evaluated the function of FcRn in an in vitro BBB model and resulted that antibody transcytosis 

across brain endothelial-like cells is not dependent on FcRn transport [113]. Despite this 

finding, they highlighted the lack of knowledge in transcytosis mechanism and the need for 

further evaluations. In general, the function of FcRn as IgG transporter in mucosal sites was 

proven in several studies focusing on gut or lung mucosa [108,114].  

http://creativecommons.org/licenses/by/4.0/
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As also for N2B drug delivery, the first the first barrier to overcome is the nasal mucosa, it is of 

great interest to evaluate if FcRn function at this mucosal site is similar to other reported 

mucosa or if the function of FcRn in the neuro-epithelium is comparable to sites of neuronal 

tissue. 

 

2.2.3 Fc gamma receptors  

In literature, besides the FcRn other proteins are known to interact with IgG but few are thought 

to be involved in IgG transport. The other promising protein family that theoretically could act 

as IgG transporter are other Fc gamma receptors (FCGR, Figure 6). These other FCGR are 

a family of glycoproteins that interact with the IgG Fc domain and trigger a variety of immune 

related effector functions such as antibody-dependent cellular cytotoxicity, antibody-

dependent cellular phagocytosis, antigen internalization and presentation or cytokine release 

[115]. So far, four different classes of these FGCR have been identified: FCGR1, FCGR2, 

FCGR3 und FCGR4. Those classes comprise several subclasses such as FCGR2a and b, 

FCGR3a and b. The best-characterised subclasses are FCGR1, FCGR2a and b and FCGR3a.  

 

Figure 6: Overview of human FCGR subtypes, their sensitivity to Fc glycosylation, to Fc 

fucosylation and their involvement in IgG trafficking based on literature data. Ref: a: 

[88,116,117], b: [87,88,117–119]; c: [88,117,120,121].  
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In contrast to the other classes, FCGR1 has an additional binding domain and show high 

affinity for the IgG Fc domain as well as restricted IgG isotype specificity. FCGR2 and FCGR3 

have low affinity for the IgG Fc part, but a broad isotype binding pattern. FCGR4 is so far least 

characterized but show an intermediate affinity to IgG Fc and restricted subclass specificity 

[115,122,123]. These FCGR classes can be divided due to their functional properties: 

activating and inhibitory receptors. They mediate their function via an intracellular domain 

called either immunoreceptor tyrosine-based activation (ITAM) or inhibitory motifs (ITAM) 

[115,124]. The co-expression of activating and inhibitory receptors is one of the key factors in 

immune system regulation. Besides their expression on different lymphocytes, FCGR have 

been found to be expressed in other cell types. For example, FCGR1 was found to be 

expressed in the rat neuronal cells and FCGR3 and FCGR2b expression was detected in 

epithelial cells of the placenta [118,125,126]. The low affinity FCGRs are highly sensitive to 

IgG glycosylation pattern as shown by several studies [71,75,88]. In general, deglycosylated 

Fc does not bind the low affinity FCGRs whereas the binding of the high affinity receptor 

FCGR1 is preserved. Furthermore, Fc glycan glycosylation pattern/ composition influences the 

affinity of Fc for FCGRs. Most prominent example is the 10-to-50-fold decrease of affinity of 

Fc for FCGR3a due to the presence of fucose in the glycostructure whereas a GlcNAC and 

galactose residue improve affinity for FCGR3a [88]. Subedi et al. (2014) revealed that Fc 

trimmed back to a glycan that consists of a single GlcNAc residue still binds FCGR3a, however 

the binding is completely inhibited when fucose is still present [71,117]. Due to their expression 

in the placental barrier, FCGR3a and FCGR2b has been evaluated for their potential to 

participate in IgG transport with conflicting results. Whereas Ishikawa et al. (2015) found 

evidence that FCGR2b is involved in placental IgG transport, other studies showed that 

aglycosylated IgGs are still transported to the foetus [118,127].  

Taken together, first links of FCGR taking part in IgG trafficking are made, but due to the 

conflicting results of several studies more effort needs to be done needed to evaluate the 

diversity of function of these receptors.  
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2.3 Ex vivo tissue models of the nasal mucosa 

2.3.1 The pig as model organism 

The pig is a well-established model organism for anatomical, genetic and physiological 

investigation because of its high similarity to humans [128,129]. Both species are omnivorous 

and their organs share common functional features. In addition, most proteins of the immune 

system share structural and functional similarities, meaning that more than 80 % of analysed 

parameters of the immune system resembles the human counterpart whereas in mice less 

than 10 % are similar to humans [130]. The main differences here are the inversion of lymph 

nodes, two different types of Peyers Patches in the intestine and the transfer of passive 

immunity from the sow to the piglet [131]. Of note, these differences do not interfere with the 

use of the pig as model organism for the nasal mucosa. Several studies show high similarity 

between the human and porcine respiratory and olfactory mucosa [132–137]. The structure of 

the olfactory mucosa in pigs is highly similar including the main features such as the 

composition of the epithelial layer and the lamina propria (Figure 7).  

 

Figure 7: Structure of the olfactory mucosa in pigs.  

Like the human counterpart, the olfactory mucosa in pigs is composed of the epithelium with 

ciliated cells, supporting cells (SC), olfactory sensory neurons (OSN) and basal cell layer (BC 

layer). In the lamina propria Bowman’s glands and neuronal bundles analogous to the human 

olfactory epithelium are visible.  

Scale bar mucosa: 200 µm; scale bar epithelium: 20 µm; the figure is modified from Ladel et 

al. (2018) [1], CC BY 4.0, http://creativecommons.org/licenses/by/4.0/. 

http://creativecommons.org/licenses/by/4.0/
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Especially the olfactory nerve seems to be functional and structural related to man [138]. The 

pig is also an interesting model organism regarding the study of the IgG transport mechanism 

in N2B. Amongst others Ober et al. showed cross-species transport of human IgG by the 

porcine FcRn [139–141] and Egli et al. (2019) investigated the cross-species binding of human 

IgG to porcine FCGRs [142]. Besides its high similarity to human, the pig has several other 

advantages such as availability (live-stock species, tissues available from slaughterhouses 

etc), the size of the animal especially the upper respiratory tract, and ethical reasons due to 

the use of slaughterhouse pigs [131]. 

 

2.3.2 Side-by-side cell models 

The reproduction of the entire nasal mucosa is highly challenging and has not been achieved 

by in vitro models so far. Therefore, many works have been made to use animal excised nasal 

mucosa tissue for permeability studies. Several species were used for this purpose, including 

rabbit, bovine, ovine, porcine, rat and human excised mucosa explants [143]. There are 

numerous advantages of using excised tissue explants in diffusion chambers such as simple 

and fast methods compared to in vivo however more complex and closer to reality compared 

to in vitro models. Furthermore, continuous validation of the integrity and the viability of the 

tissue by measuring electro-physical parameters is possible. As an advantage, low donor and 

receiver volumes are needed to evaluate drug transport. However, the specialised chambers 

made of glass or Plexiglas© are relatively high in cost compared to other in vivo and in vitro 

models and the possibility of substances adsorbing to the material is high [144].  

Side-by side cell models rely on the use of chamber systems in which a donor and a receptor 

medium are separated by a tissue explant. Two standard models have been developed in the 

past for measuring the transport of mainly small molecular weight drugs across ex vivo 

mucosal explant: The Franz diffusion cell and the Ussing chamber [145–148]. E.g., 

Mistry (2009) used porcine olfactory epithelium, that was mounted vertically in a Franz 

diffusion chamber to evaluate the transepithelial passage of nanoparticles.  
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Figure 8: Side by side cell models  

A: A Franz static diffusion cell. Figure taken with permission from Seo et al. (2017) [148] 

B: Continuously perfused Ussing chamber. Figure taken with kind permission from Li et al. 

(2004) [147] 

 

These devices are built of two symmetrical diffusion chambers. The tissue is mounted vertically 

between the chambers on cork supports. To gain homogeneity in the receiving chamber, 

magnetic stirrer bars are used [145]. In addition, oxygen supply and temperature control by a 

water jacket is applicable to both control the system and to keep the tissue viable. Östh et al. 

(2002) published a method for studying drug absorption across pig nasal respiratory mucosa 

using a horizontal Ussing chamber system. Hereby, the placement of the mucosa is horizontal 

in contrast to the Franz cell diffusion chamber. This has the advantage to measure the tissue 

integrity via electro-physical methods and remove the media from the apical mucosa to study 

permeation under air-liquid interface conditions [144]. However, also for this method the set-

up is complex and require many expensive components for the experiments.  

In this thesis, another side-by side set-up was used that is based on the Franz diffusion cell. 

The basic set-up was developed and described in the thesis of Johannes Flamm in 2021 who 

used microreaction tubes and simple clamps from construction markets to gain a cheap, but 

reliable side-by-side model for air-liquid interface permeation experiments [149]. This model 

was adapted in terms of modification in the tube preparation and media volume. Furthermore, 

the receiving media was not stirred as there are strong evidence in literature showing that 

shear stress has a high impact on the tissue and cell integrity [150]. The set-up used in this 

thesis is displayed in Figure 13. Briefly, the excised mucosa is spanned upside down between 

two microreaction tubes that have small openings for media supply and sampling on the 

receiving (abluminal) compartment and substance application at the donor (apical) 

compartment.  
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With these settings, the following advantages are to mention: small, cheap and simple 

apparatus set-up, incubation in a normal incubator and therefore highly stable temperature 

control. Furthermore, small tissue explants are needed and therefore a statistically significant 

amount number of experiments could be performed in parallel with the same donor pig. Last, 

but not least, very low volumes (<100 µl) are needed for the media supply, which is beneficial 

an advantage for substances that permeate poorly.  

 

2.4 In vitro models of the nasal epithelial barrier 

The study of permeation kinetics in an ex vivo model has several disadvantages that were 

mainly due to the short lifespan of the tissue explants and the high variability of the samples 

resulting in high standard deviations. A promising but less complex alternative are in vitro 

models using epithelial cells that are cultured under highly controlled external conditions. 

These models allow a simplification of the complex nasal mucosa as they display only the first 

barrier without considering parameters such as blood stream, immune system and glands. 

Several primary cell and tumour cell models have been established to perform permeation 

experiments under mucosal site-like conditions [49,151–156]. Thereby, two approaches are 

possible for the set-up of in vitro barrier models: tumour cell lines and primary cells. Tumour 

cell lines like the human nasal epithelial cell line RPMI 2650 are a standard tool for modelling 

mucosal barriers, however they do not display e.g. the heterogeneity of the complex epithelial 

composition and other features (see below). As a second option primary epithelial cells can be 

cultivated similarly on cell culture membranes to simulate the epithelial barrier [157,158]. 

Between these cell models, the lifespan of the cells and differentiation ability differs greatly. 

Tumour cell lines have a great benefit to be immortal, whereas primary cells are limited to a 

certain number of cell divisions [159]. On the other hand, the majority of tumour cell lines show 

a low differentiation status and lack the ability to fully differentiate into e.g. ciliated or mucus 

producing cells, while primary cell cultures are morphologically and physiologically very close 

to their native counterpart [49,160]. For N2B drug delivery, factors that influence the clearance 

and destruction of a drug substance are of high importance, therefore e.g. cilia and mucus 

formation are important parameters to consider when choosing a cell model. Recently Na et 

al. (2016) built up an in vitro model for drug permeation with commercially available human 

nasal primary cells, however these cells are highly expensive and therefore a poor option for 

academic research [161].  

In the nasal mucosa, epithelial cells show features such as cilia, mucus secretion and the 

formation of tight junctions that have high impact on the permeation of intranasally applied 

drugs [38].  
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Therefore, it is preferable to use a heterogenic mixture of different cell types since resembles 

the mucosal epithelial cell layer more closely and might give better data for the permeation 

profile of drugs through the cellular barrier [160,162]. Another aspect to consider is the growth 

behaviour of tumour cells and primary cells. Cultured tumour cells tend to build multilayers 

because of a lack of contact inhibition after reaching confluency, whereas the growth of primary 

cells remain in monolayers. Here a clear preference is hard to establish as the olfactory 

epithelium is composed of at least two cell layers: the basal cell layer and the epithelial cell 

layer, however due to continuous replacement of cells also more layers are possible. 

Nevertheless, these cells are highly specialised in their respective layer and cannot be 

modelled by homogenous cell multilayers. There are several studies supporting the use of the 

tumour cells line originating from nasal squamous epithelium (septum)like RPMI 2650 as a 

suitable model for the nasal epithelium [43,44,49,160,163]. The RPMI2650 cell line originate 

from squamous epithelium of the nasal septum and is closely related to normal human nasal 

epithelium in terms of its karyotype and the cytokeratin polypeptide pattern as well as the 

presence of mucus on the cell surface [157,158,164]. Furthermore, several metabolic features 

were investigated and stated to be similar to the corresponding metabolic features of excised 

human nasal tissue [165,166].  

An important characteristic of nasal epithelial cells is their ability to grow under air-liquid 

interface (ALI) conditions. The majority of the cellular airway models use the method developed 

by Tchao et al. in 1989 [167]. Briefly, cells are cultivated on porous plastic membrane inserts 

in multi-well plates with basolateral medium supply, whereas the apical side of the cellular layer 

is exposed to air. These so-called air-liquid interface (ALI) conditions drive the cells to form 

strong tight junctions and initiate the differentiation towards e.g. ciliated or mucus producing 

cells [168–170]. Thereby, as mentioned above, such a differentiation cannot be generalized 

for tumour cells as they lack the potential to differentiate to a certain extent. Mercier et al. 

(2018) postulated generally accepted key criteria that appropriate in vitro barrier cell models 

should meet when cultivated under ALI conditions [160]: a sufficient high trans-epithelial 

electrical resistance (TEER), the presence of specific tight junction proteins such as zonula 

occludens 1 (ZO-1) and adherents junction proteins such as E-cadherin [171,172]. 

Furthermore, factors such as the paracellular permeability and the expression of drug 

transporters for transcellular permeation should be taken into account. Hereby, model 

substances like e.g.  sodium fluorescein or FITC- dextran can be used to study the paracellular 

permeation.  

In this thesis, the criteria set for the validation of the cell models were based on the criteria 

postulated by Mercier in 2018 and extent to the presence of the mucin MUC5AC and the 

general morphology of the cells that form the barrier.  
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3. Objective of the thesis 

In the last decades, drug delivery to the brain via the nasal route came more and more into 

focus. In contrast to other approaches, there is no need for the BBBs to be demolished in order 

to transport therapeutic molecules to the brain, but rather peripheral nerves such as the 

olfactory neurons are used as transport channels. However, the exact mechanisms involved 

have not yet been elucidated [16,30,54].  

One of the major problems in N2B investigation is the difficult accessibility of the olfactory 

epithelium in most mammals, but especially in humans and here particularly for ethical 

reasons. However, there are big differences in the nasal anatomy and especially the olfactory 

area between species as summarized by Pabst et al. in 2010 [173]. Standard mammal models 

such as mice and rat are not suitable as the olfactory area is much larger and the local immune 

system differs essentially [8,19,20,173,174]. However, several attempts were made to test the 

pig for its suitability as a model for the human nose [138,175,176]. One aim of this thesis was 

to test the suitability of the pig as a model organism also on the histological level.  

As part of the European 3R initiative (Replacement, Reduction, Refinement), the use of animal 

replacement methods is being increasingly promoted. There are many advantages, such as 

shorter test durations, higher reproducibility, in some cases easier handling, less need for 

additional training, and it is also more ethically justifiable [177,178]. However, besides the 

human tumour cell line RPMI2650 having the typical disadvantages of immortalised cell lines 

such as low differentiation ability and multi-layer growth there is a lack of good alternative 

models [160]. Thus, there is a lack of knowledge concerning data of high molecular weight 

protein transport such as the permeation pathway of therapeutic IgGs. Hereby, also the lamina 

propria beneath the nasal epithelial barrier is of importance as it is a site of bundled neuronal 

fibres and the local immune system that might interact with therapeutic IgGs and influences 

the uptake rate to the brain [1,179]. In contrast to systemic or peripheral tissue specific 

diseases, there are few therapeutic approaches with monoclonal IgGs for CNS-related 

diseases due to the low bioavailability caused by the restrictive barriers such as the BBB and 

the BNB [180]. In order to use IgGs in the treatment of CNS diseases successfully, it is 

necessary to develop reliable models that reflect the in vivo situation in humans as closely as 

possible. Especially the fact that the olfactory region and the mucosa differ between species 

makes it difficult to project studies in standard laboratory animals like mice or rats correctly to 

humans. Furthermore, it is important to generate more information on antibody transport 

across the olfactory mucosa, e.g. the possibility to increase the uptake of therapeutic 

antibodies by genetic engineering.  
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Figure 9: Objective of the thesis: Development of models to simulate N2B drug transport with 

special focus on IgGs. 

The pig as model organism was used by other groups before which strengthens the use of 

porcine olfactory mucosa for N2B drug delivery investigations[132–136,181,182]. Besides 

ex vivo experiments using pig olfactory mucosa and primary cell model using the same area 

for cell isolation the tumor cell line RPMI2650 is a human alternative that is used as standard 

model for the human nasal epithelium [2,43,44,160,162,165,183–188]. This thesis aims the 

development of primary cell models as well as ex vivo tissue models and the evaluation of 

these models compared to the standard RPMI2650. The thesis focused on the N2B drug 

delivery of IgGs as there are many promising candidates for the treatment of CNS-related 

diseases. However, due to the low permeability of the BBB and the lack of knowledge 

concerning IgG transport to the brain, none of the candidates were successfully implemented 

in therapy so far [120,180,189].   

 

Since the transfer of study data of the olfactory mucosa from animal to human is difficult due 

to the possibly large differences between the species, the olfactory mucosa of the model 

animal pig was first checked for agreement with the human olfactory mucosa [190]. 

The main objective of this thesis was the development of suitable animal replacement models 

considering both the epithelial barrier itself as well as the composite of the epithelial layer and 

the underlying lamina propria with all its special features, for the future investigation of IgG 

transport through the nasal olfactory mucosa (Figure 9).  
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During the characterisation of the porcine olfactory mucosa and the development phase of the 

models several new aspects raised indicating to new insights into IgG trafficking that lead to a 

previously unplanned objective of this thesis: the investigation of IgG transport. Therefore, 

further experiments were accomplished to investigate factors influencing the transport of IgGs 

in the olfactory epithelium and in the nasal mucosa. For this purpose, experiments were 

performed with human IgGs and porcine IgGs to investigate the dependence of the transport 

mechanism on the IgG origin. Furthermore, the developed models and additionally the 

standard model RPMI2650 were compared against each other to be able to determine parallels 

between the species and to gain new insights into IgG trafficking. Again, as the work 

progressed, it became clear that interaction with the immune system could play a very 

important role in N2B drug delivery. Therefore, as a last step the influence of the immune 

system on the permeation of IgGs through the olfactory mucosa should be investigated using 

deglycosylated antibodies to reduce the binding to immune-relevant receptors.  

 

In summary, this thesis addresses the following objectives:  

Objective 1: Characterisation of the porcine olfactory mucosa to check its suitability to model 

the human counterpart 

Objective 2: Development of appropriate models that simulate the human olfactory mucosa for 

N2B drug delivery investigations  

Objective 3: Investigation of IgG transport mechanism in the olfactory mucosa 
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4. Results and Discussion  

4.1  Development and evaluation of different models to simulate mucosal IgG 

uptake and permeation 

To gain information about the uptake and permeation behaviour of IgGs through the olfactory 

mucosa, appropriate ex vivo and in vitro models were developed using porcine olfactory 

mucosa.  

4.1.1 The ex vivo model for permeation through the olfactory mucosa– a 

modified side-by side tissue model using porcine mucosa explants  

The pig as model for the human nasal mucosa was used in other studies before [134–138]. 

However, most of these studies used the respiratory mucosa for the experiments. Therefore, 

the porcine olfactory mucosa was firstly evaluated for resemblance to the human counterpart. 

Different parts of the porcine upper nasal mucosa were excised and evaluated for the potential 

to simulate the human counterpart. Literature-based parameters were considered for this 

purpose: a. the morphological structure of the epithelial layer, b. the structure of the lamina 

propria and c. the presence of the olfactory marker proteins for nasal mucus (MUC5AC, 

[191,192]), Bowman's glands (AP5, [193]), microvillar cells (M cells, CK18, [29,194]) and 

neuronal fibres (PGP 9.5, NF200, [195,196]).  

Figure 10 shows the areas of dissection. Samples were taken from the upper part of the 

concha nasalis dorsalis (cnd), the concha nasalis media (cnm) and the ethmoid turbinates 

(ET). For simplification, the cnd and cnm will be combined under the term “cnd” in the further 

course of this work.  

 

Figure 10: Area of dissection in the porcine nasal cavity: dorsal part of the concha nasalis 

dorsalis and the concha nasalis media. The concha nasalis dorsalis is the porcine equivalent 

to the human concha nasalis superior (c.n. superior). To summarize the dissection area will 

be named concha nasalis dorsalis (cnd). ET: Ethmoid turbinates, ob: olfactory bulb; b: brain. 

Figure is modified from Ladel et al. (2018) [1], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/. 

http://creativecommons.org/licenses/by/4.0/
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For reference, histological examination in literature and mucosa samples from human concha 

nasalis superior from donor bodies were used (Figure 11A) [17,24]. 

 

Figure 11:Histological examination of human and porcine olfactory mucosa 

A: dissection of human concha nasalis superior from body donation. Due to the incipient 

decomposition of the body, the tissue and especially the neuronal fibres are not optimally 

preserved. However, it is ethically unacceptable to take biopsies from the olfactory region in 

living humans. Scale bar: 100 µm. 

B: Section of porcine cnd stained with Hematoxylin-Eosin (HE) staining. Olfactory epithelium 

specific structures such as neuronal bundles (NB, Bowman’s glands (G) and the typical 

structure of the epithelial layer with basal cells (BC), olfactory sensory neurons (OSN) and 

supporting cells are present. 

C: Section of porcine ET stained with HE staining. The ET are small folds directly beneath the 

cribriform plate where the nerve fibres are bundled. Similar to the cnd all feature of the olfactory 

mucosa are present however less Bowman’s glands and bigger NB are visible. Scale bar: 

100 µm.  

Figure is modified from Ladel et al. (2018) [1], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/. 

Paik et al. (1992) showed that the probability of obtaining intact and functional olfactory tissue 

in human decreased significantly with increasing age of the subjects. Therefore, literature data 

were the preferred reference, since as the donor bodies were from people of high age (> 

75 years).[17]. In the examination of the porcine nasal mucosa, the upper part of the cnd and 

cnm were morphologically highly similar. Both showed olfactory mucosa specific features such 

as Bowman’s glands, neuronal fibres formatted in neuronal bundles (NB) and the composition 

of epithelium with the basal cell layer (BC), olfactory sensory neurons (OSN) and supporting 

cells (Figure 11 B). These finding fits to reported studies of human cnm and concha nasalis 

superior areas [17].   

http://creativecommons.org/licenses/by/4.0/
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As the ET are the area directly beneath the cribriform plate and the olfactory bulb, it was of 

interest whether this tissue differs from cnd. In fact, the amount of Bowman’s gland and blood 

vessels was clearly lower in the ET explants whereas the neuronal fibres occur in bigger 

agglomerates and in higher density compared to the cnd (Figure 11C). This again is in 

alignment with to descriptions of the mucosa beneath the human ethmoid bone 

[15,17,197,198].  

To further strengthen the model and ensure the morphological examination, specific marker 

proteins were used to further analyse the porcine cnd using immunohistochemistry methods. 

Figure 12A shows a neuronal bundle in the cnd lamina propria that is double-stained against 

the axonal marker NF200 and a marker for sensory neurons, the protein gene product 9.5 

(PGP9.5) [199–202]. Furthermore, the presence of Bowman’s glands visualised by 

immunoreactivity against AP5 (Figure 12B) and the presence of M cells visualised by 

immunoreactivity against cytokeratin 18 (CK18) (Figure 12C) confirms the findings of high 

similarity of the human and the porcine olfactory mucosa.  

 

Figure 12: Immunofluorescence study of the porcine olfactory mucosa. 

To refine the histological examination, specific markers were stained via specific 

immunofluorescence against Neurofilament 200 (NF200, green) and Protein Gene Product 

9.5 (PGP9.5, pink) as marker for primary neuronal fibres (A), against aquaporine 5 (AP5, 

green) as marker for Bowman’s glands (B) and cytokeratine 18 (CK18) as marker for 

micorvillar cells (M cells, C). NB: neuronal bundles, G: Bowman’s glands; BC: basal cells; S: 

Supporting cells; M: M cells Scale bars: 50 µm. Figure is modified from Ladel et al. (2018) 

[1], CC BY 4.0, http://creativecommons.org/licenses/by/4.0/. 
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Several ex vivo mucosa models were set-up in the past decades [203–207]. Here, the 

developed side-by side chamber model was refined from a model set-up by Johannes Flamm 

between 2015 and 2019 [149]. The set-up is composed of two 1.5 mL microreaction tubes 

which have small openings on both tubes and that are immobilised on a hand clamp (Figure 

13).  

 

Figure 13: Experimental set-up of the refined ex-vivo model 

The mucosa specimens were fixed with a fastening clamp upside down in between two 1.5 mL 

microreaction tubes. In the upper tube a small opening was introduced into the tube wall for 

sampling. In the lower tube, a small opening was cut to obtain access to the mucosal surface 

for antibody or vehicle (PBS) application. Figure is modified from Ladel et al. (2018) [1],  

CC BY 4.0, http://creativecommons.org/licenses/by/4.0/. 

 

 

The mucosa tissue explants are spanned upside-down, meaning the epithelial layer was 

directed to the lower tube. The reasoning behind this upside-down set-up was to simulate the 

in vivo situation as close as possible. Also in vivo in the human nose intranasally applied 

substances to the olfactory region will permeate against gravity. Furthermore, for practical 

reasons the medium supply in small volumes to avoid high dilution of the samples was easier 

to handle if filled into the upper tube. The opening in the upper tube is needed for the addition 

of medium and for sampling during the permeation experiments. The opening in the lower tube 

is used for the application of the IgG solution on the epithelial surface. For the preparation, it 

was essentially to dissect the tissue very carefully to avoid damaging of the neuronal fibres 

and the epithelial layer. To make sure that the tissues used for the permeation were intact, 

histological sections were made from each of the explants to test for epithelial integrity and 

described parameters [1].    

http://creativecommons.org/licenses/by/4.0/
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4.1.2 The in vitro model – mimicking the olfactory epithelial barrier using 

primary cells from the porcine regio olfactoria  

A major disadvantage of using ex vivo mucosa explants is the limited lifespan of the tissue. 

Here, the challenge was to develop models that are as close as possible simulate the in vivo 

situation and with a long lifespan to perform permeation experiments over a certain period.  

 

Figure 14: Workflow for porcine olfactory epithelial cell (OEPC) isolation and cultivation under 

air-liquid interface (ALI) conditions – building up an epithelial barrier for drug permeation 

studies.  

(I.) The mucosa was dissected from the porcine olfactory region (red).  

(II.) The tissue explant was digested by pronase to obtain single cells.  

(III.) Those were cultivated in collagen coated T75 cell culture flasks.  

(IV.) After cells reached 80 – 90 % confluence in the T75 flasks a transfer into ALI culture 

system was carried out followed by a cultivation period of 21 days.  

Scale bar: 50 µm. Figure is modified from Ladel et al. (2019) [2], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/. 
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A promising approach are primary olfactory epithelial cells (OEPC) that are cultured under air-

liquid interfaces analogous to the epithelial cells in the nasal cavity [167]. Mercier et al. (2018) 

postulated generally accepted key criteria that appropriate in vitro barrier cell models should 

meet. Those criteria comprise the formation of a barrier with sufficient high trans-epithelial 

electrical resistance (TEER) and the presence of specific tight junction proteins such as ZO-1 

when grown under ALI conditions [171,172]. In this thesis, further criteria were added, that 

influences the N2B permeation respectively the drug clearance from the mucosal surface: e.g. 

the formation of cilia and the expression of mucins.  

To gain OEPC single cells a pronase enzymatic digest of cnd explants was performed as 

described by Ladel et al. (2019) [2]. Briefly, those cells were cultivated in collagen coated flasks 

and transferred to a cell insert membrane to grow them under ALI conditions for 21 days 

(Figure 14). The duration of the ALI cultivation was performed analogous to a protocol from 

Lee et al. (2005), who cultured primary nasal epithelial cells from human respiratory mucosa 

for drug permeation studies [169].  

Nevertheless, to evaluate the cultivation time for OEPC the above-mentioned parameters were 

taken into consideration: the barrier formation (TEER value and tight junction formation), the 

production of the mucin MUC5AC and the formation of cilia. Each parameter has direct 

influence on drug permeation through the barrier as described [38]. Besides these parameters 

the OEPC were compared to primary epithelial cells of the porcine respiratory mucosa (REPC, 

[2]) to evaluate the necessity of using cells of the olfactory region and not use easier accessible 

cells from the respiratory region. As this work focuses mainly on the olfactory region the results 

of the REPC experiments are not displayed here but are included in the original publication 

that is attached to the appendix of this thesis. Furthermore, the OEPC model was compared 

to the standard nasal epithelial barrier permeation model RPMI 2650 to evaluate whether the 

benefits of the primary cell cultivation outweigh the additional expense. Morphologically the 

OEPC and REPC showed both heterogeneous cell populations and grew as a monolayer on 

the cell insert membranes (Figure 15A). The formation of cilia is shared by REPC and OEPC 

as seen in the immunoreactivity against acetylated α-tubulin for OEPC (Figure 15B). Several 

studies have validated acetylated α-tubulin as a selective marker for non-motile and motile cilia 

of polarized cells [208–210]. Interestingly, in contrast to the OEPC the REPC showed a higher 

number of motile cilia and a high number of cells that contain large vesicles similar to goblet 

cells [211]. This finding is in line with the literature description of the differences between 

olfactory and respiratory mucosa. Further on the REPC showed a higher and better-defined 

signal of the tight junction marker ZO-1 (Figure 15B, [212]). This again fits with the literature, 

as the olfactory epithelium is thought to be less tight connected due to the continuous 

outgrowth of OSN neurites into the apical space [213]. 
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Figure 15: Immunohistological characterization of the OEPC barrier model. 

A: To evaluate whether the OEPC grow in a mono- or multilayer, 14 µm sections of 21 day old 

ALI cultures including the cell insert membrane were prepared and stained with heamatoxylin 

and eosin. Thus, the OEPC grew strictly in monolayers with ciliated cell patches distributed 

throughout the membrane.  

B, C: Morphological features including tight junctions and cilia formation are important 

influencing factors for N2B studies. Double-stainings of acetylated α-tubulin (α-tubulin, green) 

and the tight junction marker zonula occludens-1 (ZO-1, red) of ALI cultures of OEPC after 21 

days of incubation show clear cilia tight junction formation of the OEPCs (B). Analogous the 

immunofluorescence stainings of the olfactory mucus specific protein MUC5AC (red) showed 

mucus secreting cells in the OEPC ALI culture (C). Scale bars: 100 µm.  

Figure is modified from Ladel et al. (2019) [2], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/  

 

In contrast to the primary cell models, the RPMI 2650 model after 21 days under ALI cultivation 

showed only weak expression of ZO-1 and low diffuse signal of acetylated α-tubulin [2]. 

Furthermore, the cell grew in several layers on the cell insert membrane. All of these features 

are well known for tumour cell lines. The multilayer growth and a low differentiated status 

without complete formation of specific characteristics of the original tissue are specific features 

of most tumour cell lines. The main advantage of using models of immortal cell lines is the 

homogenous appearance, the easy handling and the infinite growth resulting in generally more 

homogeneous assays results with lower variability in experiments compared to primary cell 

models, however with lower correlation to the real in vivo situation [143]. Besides the 

differentiation status of the cell models and the formation of specific features, also the physico-

chemical environment plays an important role in N2B drug delivery through the nasal mucosa 

[37]. Therefore, the expression of the mucin MUC5AC was evaluated in immunofluorescence 

studies and via transcript analysis. Like other markers, also MUC5AC was expressed and 

transcripted at higher levels in the primary cell lines. The highest transcription level was 

detected in the olfactory mucosa followed by the OEPC (Figure 15C, Figure 16) [2].  

http://creativecommons.org/licenses/by/4.0/
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Figure 16: Mucus production in OEPC and RPMI2650 barriers (ALI-cultures) versus mucus 

production in the porcine cnd. 

The tumour cell line RPMI2650 is the standard in vitro model for nasal barriers therefore this 

cell line was cultivated analogous to OPEC and used for cross-evaluation of the primary cell 

model in addition to the ex vivo tissue explant [44,158,160,214]. Transcription analysis 

(Reverse Transcriptase-Polymerace Chain Reaction, RT-PCR) of MUC5AC gene in OEPC, 

the tumour cell line RPMI 2650 and the concha nasalis dorsalis (cnd). The MUC5AC transcript 

signal was normalised to the β-actin gene (ACTB) transcript signal. Statistical analysis was 

performed using unpaired t-test. *: p < 0.05; n = 4; error bars represent mean ± SEM. Figure 

is modified from Ladel et al. (2018) [1], CC BY 4.0, http://creativecommons.org/licenses/by/4.0/  

 

As the MUC5AC is known to be mainly expressed in Bowman’s glands of the olfactory mucosa, 

the result of the study is not surprising [16,193,215]. The different MUC5AC expression levels 

of the individual cell models fit well with the literature description of the mucus secretion of their 

origin. The REPC originated of the concha nasalis ventralis, which is the equivalent to the 

human concha nasalis inferior. Results from Aust et al. (1997) showed MUC5AC expression 

in few subpopulations of epithelial cells in human inferior turbinate specifying solely the 

presence of MUC5AC is not a reliable marker for the olfactory region but the level of expression 

is consistent  [216]. In addition, Paik et al. (1992) found patches of respiratory epithelium in the 

olfactory region of humans indicating that the in vivo situation knows no explicit boundaries 

between the olfactory and the respiratory region [17]. In contrast to the primary cell models, 

the RPMI 2650 cells are not originating from respiratory or olfactory epithelium, but from an 

anaplastic squamous cell carcinoma of the nasal septum [157,158]. The squamous epithelium 

does not contain mucus-producing cells such as goblet cells, therefore the low level of 

MUC5AC production was low [217]. In general, recent studies showed conflicting results in 

mucin type expression (MUC1, MUC2, MUC5AC, MUC5B) patterns between nasal regions.  

http://creativecommons.org/licenses/by/4.0/
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They were able to assign certain expression patterns to the regions but could not allocate the 

production of one of the mucin types to specific region [169,191–193,215]. Due to the 

complexity of the nasal mucosa, it is necessary to evaluate the models multifactorial as it was 

done in this thesis.  

Further experiments were performed to gain better insight into the models. To evaluate the 

barrier tightness in addition to the ZO-1 expression the TEER values of 21-day ALI cultures of 

all cell types were determined and compared to literature data of TEER values of the olfactory 

mucosa (Figure 17, [43,160,185,218]). The TEER is influenced by factors such as the 

thickness of the cell layer and the formation of tight junctions [150].  

 

Figure 17: Comparison of barrier tightness of the different models.  

A common parameter to determine the barrier tightness is the transepithelial electrical 

resistance (TEER) value. The OEPC showed the highest TEER value followed by the cnd 

([160], ) and the RPMI 2650. Statistical analysis was performed using unpaired t-test. *:  

p < 0.05; n > 5; error bars represent mean ± SEM. Figure is modified from Ladel et al. (2019) 

[2], CC BY 4.0, http://creativecommons.org/licenses/by/4.0/. 

 

The paracellular permeation of molecules is highly restricted by tight junctions in the epithelial 

barrier [172]. Therefore, it was not surprising that ZO-1 staining intensity was in accordance 

with the TEER values of the barriers formed by the different cell types. After 21 days of ALI 

culture the REPC formed the tightest barrier (TEER value: 850 Ω•cm²) followed by the OEPC 

(TEER value: 450 - 550 Ω•cm²). As both primary cell types formed only monolayers that are 

comparable in size, but showed differences in ZO-1 expression signal, it was concluded that 

REPC form a tighter barrier due to a higher formation of tight junctions. These results are 

supported by literature data in vivo olfactory and respiratory epithelium, as the epithelial cells 

in the respiratory epithelium are strongly connected via tight junctions whereas epithelial cells 

in the olfactory epithelium are sealed to the OSN neither by tight nor by gap junctions [13,219].  

http://creativecommons.org/licenses/by/4.0/
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Precursor cells in the olfactory epithelium are known to undergo a continuous neurogenesis to 

replace lost neurons in the epithelial layer, which leaves a gap in the epithelial layer that is 

replaced by new OSN [220]. The continuous neurogenesis in the origin tissue might be the 

reason for the lower number of tight junctions and the lower TEER value seen in the OEPC as 

the formation of strong tight junctions in the olfactory epithelium would be hindering the 

outgrowth of new ONS. In general, it is rather questionable to compare TEER value of in vitro 

models with TEER values from multi-component systems like excised nasal mucosa, as the 

latter contains components such as for example glands and neurons that influence TEER 

values.  

Coming back to the model evaluation, very few cellular models exist for comparison of the 

OEPC. Gouadon et al. (2010) developed a protocol for rat olfactory mucosa primary cultures. 

The morphology of these cultures resembles the OEPC however this thesis focused on the 

epithelial barrier whereas the study of Gouadon focused on the characterization of neurons in 

the culture [221]. Nevertheless, regarding the criteria for an in vitro olfactory epithelial model 

the OEPC model met all the specifications that are needed to evaluate the permeation of 

substances for N2B approaches.  

Because of the lack of other in vitro olfactory epithelium barrier models the question of the 

validity of the OEPC model was extended to the question whether cells from the easier 

accessible respiratory region could also be considered as a model for the olfactory mucosa. 

For the REPC culture, many references are available. For human nasal epithelial cells TEER 

values up to 3155 Ω•cm² are reported, which are way higher than the TEER values resulted in 

the 21-day REPC ALI culture [222,223]. Pezzulo et al (2011) described TEER values similar 

to the values of REPC ranging from 700 to 1200 Ω•cm² for primary cells originated from the 

tracheal and bronchial tract [170]. Comparing our results of the REPC with publications of the 

commercially available human nasal primary cell model MucilAirTM similarities in terms of the 

ZO-1 signal strength and distribution were found [163]. All of these models including OEPC 

and REPC showed higher TEER values compared to the olfactory mucosa (TEER value: 60 – 

180 Ω•cm²). In contrast, the RPMI 2650 cells showed a TEER value of around 70 Ω•cm² after 

21 days in culture, which is quite similar to the TEER values of the olfactory mucosa. The 

comparatively low TEER value goes hand in hand with the low and especially the diffuse 

formation of tight junctions as seen by the ZO-1 staining. The formation of leaky multi-layered 

barriers is linked to the low TEER values and well known in literature for RPMI 2650 

[45,151,162,184,187].  
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Another parameter that is connected to the barrier tightness is the rate of paracellular 

permeation. Small and low molecular weight hydrophilic molecules such as fluorescein labelled 

isothiocyanate- dextran (FITC- dextran; 4.4 kD) or sodium fluorescein (0.37 kD) cross epithelial 

barriers mainly by the paracellular pathway [43–48]. The non-toxic and easily detectable 

fluorescence labelled chemicals are standard model substances for drug permeation studies 

[45,46,49]. In accordance with the remaining evaluation of the OEPC cell barrier and the 

knowledge of the respiratory and olfactory mucosal barrier discussed reported above, the 

REPC showed the least paracellular permeation rate followed by OEPC. The RPMI 2650 

model resulted in a significant higher paracellular permeation rate, that again indicates points 

towards a weaker formation of tight junctions [2].  

By the coherence of the results generated by the verification of the initial criteria and the 

comparisons of the cell models, the OEPC cell model was considered sufficiently characterized 

to be used as a barrier model for the olfactory mucosa. Furthermore, the comparison of all 

these nasal barrier models leads to the advanced conclusion that that the choice of the cellular 

model should be based on the site of drug application and the substance of interest. 

Furthermore, it proves the concept that validation of such models should be on multifactorial 

basis as performed in this thesis.  

4.2  Evaluation of therapeutic IgGs for N2B dug delivery – Influence of IgG 

species origin and glycosylation status  

Therapeutic IgGs are amongst the most promising inventions of the last decades. They are 

broadly used in cancer therapy, autoimmune and inflammatory diseases. However, in the field 

of CNS related diseases therapeutic IgGs are almost completely banned due to the low 

penetration rate through the blood brain barrier. Many efforts have been made to overcome 

non-invasively this barrier but so far with little success [180]. One idea is the reduction of size 

as it is known that the molecular weight is one limiting parameter in N2B drug delivery [12].  

Röhm et al. compared in 2017 the permeation of a 4000 kDa FITC-dextran with a Fab-fragment 

(25 kDa) and a full IgG1 (150 kDa) though a RPMI2650 barrier model. It clearly resulted in a 

size dependent permeation rate whereas IgG1 showed the poorest and FITC-dextran the 

highest transport rate [224]. This could indicate IgG1 being not an ideal molecule for the 

treatment of CNS related diseases due to its large molecular weight. In contrast, full IgGs have 

several advantages compared to other molecules such as a long half-life in blood compared 

due to their Fc domain and the interaction with the FcRn which is of high interest for therapeutic 

applications. Furthermore, several studies indicate that there is active transport through 

epithelial barriers mediated by receptor interactions with the Fc-domain of IgGs [113,120,189].  
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To get more insights in the permeation of IgGs through the olfactory epithelial barrier, several 

experiments were performed and described in this chapter in different barrier models, with 

IgGs of different origin and glycosylation status.  

4.2.1 IgG uptake and permeation study – searching for influencing parameters 

The overall purpose of the development of the barrier model in this thesis was the evaluation 

of the porcine mucosa as a model for of IgG transport through the human olfactory mucosa 

and the underlying mechanisms for further use in therapy of CNS-related diseases. For the 

nasal absorption of high molecular weight molecules, the low epithelial membrane permeability 

and the mucociliary clearance are important limiting factors [12]. Furthermore, also immune 

cells, gland cells and blood vessels might limit the permeation of especially IgGs as specific 

IgG binding receptors are expressed on those cells that mediate uptake and influence 

distribution of the IgG proteins. As the OEPC in vitro model displays only the epithelial layer of 

the olfactory mucosa also the ex vivo model was used to study further the influence of the 

lamina propria on IgG permeation. Firstly, differences in permeation rates of IgGs of different 

origin (porcine IgG, pIgG and human IgG, hIgG) were examined ex vivo and in vitro. Secondly, 

to gain further insights into the molecular mechanisms concerning the transport mediated by 

known Fc receptors, the influence of IgG glycosylation on permeation was investigated by 

comparing the wild-type glycosylated (WT) IgG and enzymatically deglycosylated (DG) IgG.  

4.2.1.1 New insights in the mechanism: species specificity of IgG transport 

To exclude artefacts of IgG permeation through the olfactory mucosa due to species related 

differences in IgG structure, both WT hIgG and WT pIgG were used for the experiments. The 

OEPC model was used to simplify the complex mucosa with the highly heterogeneous 

epithelial layer and the underlying lamina propria including blood vessels, glands and the local 

immune system and to display the permeation in the first barrier of the mucosa. Here, the great 

difference between the permeation through OEPC barriers and the mucosa explant in the ex 

vivo model was striking (Figure 18). In the OEPC ALI cultures the permeation of hIgG was 

significantly faster in the first four hours but assimilates to pIgG after 12 h (Figure 18A). 

However, in the ex vivo model the hIgG permeation was 12 times higher and no assimilation 

was detectable (Figure 18B). This finding could be related to different binding affinities to IgG 

transport-related receptors or differences in intracellular trafficking pathways depending on the 

IgG origin. Interestingly in the ex vivo model, pIgG level in the abluminal compartment 

(compartment beneath the lamina propria) was close to detection limit of the ELISA throughout 

the experiment duration. Again, this could indicate to IgG origin-dependent differences in IgG 

trafficking in the olfactory epithelium but without major impact on the overall permeation 

capacity of the IgG through the epithelial barrier as shown in the OEPC permeation data.  
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This hypothesis will be addressed later in this thesis on a molecular basis. As mentioned 

before, comparing the IgG permeation through OEPC barriers directly with the permeation 

through the cnd explant, a significantly lower permeation in the ex vivo model was detected 

after 2 h (Figure 18C). To get further information of the distribution of IgG in the porcine mucosa, 

histological sections were analysed using fluorescence immunoreactivity against pIgG and 

hIgG (Figure 18D, [1]). The results showed that pIgG gave a strong signal in the tissue even 

after 8 h, whereas hIgG was almost completely cleared. Furthermore, especially for pIgG 

circular structures in the lamina propria were spared from IgG signal, which might indicate a 

degradation of the pIgG in the tissue. In contrast to the permeation through the OEPC model, 

the species origin of the IgG seemed to have a high influence on transport and clearance in 

the nasal olfactory mucosa. 
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Figure 18: Investigation of human and porcine IgG permeation through excised porcine 

nasal mucosa and OEPC barriers.  

A: Percentage permeation of wild-type hIgG (WT hIgG) and porcine serum IgG (WT pIgG) 

through OEPC over 48 h. Error bars represent mean ± SEM. N = 4, n = 21.  

B: Percentage permeation of WT hIgG and WT pIgG through excised nasal mucosa tissue 

explants (cnd) over 5 h. Error bars represent mean ± SEM. WT hIgG: N = 4, n = 29, WT pIgG: 

N = 4, n = 12.  

C: Comparison of percentage permeated IgG through the OEPC in vitro model and the ex vivo 

model after 2 h. The significance was analysed by unpaired t-test. * p < 0.05, ** p < 0.001, *** 

p < 0.0001; **** p < 0.00001, error bars represent mean ± SEM.  

D: Comparison of distribution of pIgG and hIgG through porcine olfactory mucosa.  

Immunoreactivity against porcine IgG (pIgG) and human IgG (hIgG) after 8 hr incubation 

(intrinsic IgG signal was subtracted for all data presented). Section controls were prepared by 

hematoxylin and eosin stain for the verification of the intact section. N = 4, n = 4; Scale bar: 

200 µm.  

Figure is modified from Ladel et al. (2018) and Ladel et al. (2019) [1,2], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/ 

 

4.2.2 Analysis of the molecular mechanism of IgG trafficking 

The permeation through the OEPC model and the ex vivo model resulted in conflicting data 

concerning the dependency on IgG species origin. Therefore, attempts were made to further 

analyse the IgG trafficking through the olfactory mucosa. In general, it is known that high 

molecular weight proteins permeate via the transcellular transport pathway through mucosal 

barriers [53]. As summarised in Figure 4 IgGs have several known interaction partners that 

could potentially be involved in IgG trafficking in the olfactory mucosa. Amongst them, the best 

characterised protein that is connected to IgG transport is the FcRn [28,53,72,111,127,225]. 

Other promising receptors are FCGRs, especially FCGR2b, that were recently associated with 

IgG transport through the placenta by Ishikawa et al. (2015) [118]. 

4.2.2.1 The FcRn – the major player in IgG trafficking?  

Until today, the FcRn is the best described protein that is involved in IgG transport. Several 

studies using Fc engineering has shown enhanced transport via FcRn through increased 

binding [101,108]. In their study of the porcine FcRn, Ober et al. (2001) and Stirling et al. (2005) 

showed cross-species binding of human IgG to porcine FcRn [139,140]. In a first attempt, 

immunofluorescence co-localisation assays were used to identify sites of IgG localisation after 

ex vivo permeation experiments described above in Chapter 4.2.1 [1]. According to earlier 

studies, IgG uptake occurs via pinocytosis at the apical epithelial side followed by fusion of the 

pinocytotic endosomes with FcRn containing acidic endosomes. Under acidic conditions, FcRn 

binds to IgG and either recycles the IgG’s back to the apical surface or transfer them to the 

lysosome or the basolateral side of the cell [55,226]. In the cnd explants, co-localisation of 

http://creativecommons.org/licenses/by/4.0/
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FcRn and IgG occurred in the epithelial layer as well as in the basal cell layer in short time 

(Figure 19A).  

Cianga et al. (2011) investigated the FcRn expression in several tissues in the human body 

and amongst others found FcRn expression in peripheral neurons [227]. Due to the fact that 

Broadwell and Balin published in 1985 the N2B transport of the high molecular weight protein 

horseradish peroxidase in mice [41,228], co-localisation experiments of IgG and neuronal 

fibers were performed to evaluate the potential IgG localization in ONS fibers. 

Immunofluorescence double staining of the axonal marker NF200 ([196]) and IgG showed co-

localisation alongside neuronal fibres throughout the lamina propria (Figure 19B). There are 

conflicting data from the literature regarding the role of FcRn in the brain. FcRn was found to 

be expressed at the BBB and hypothesized to function as an efflux transporter of IgG from the 

brain tissue in studies where proteins were fused to IgG or the Fc part [110,229–231]. 

However, in experiments with knockout mice, Garg and Balthasar (2009) found the ratio of 

brain and plasma IgG exposure was nearly identical to the wild-type mice. They concluded, 

that FcRn might not play a significant role in limiting or facilitating IgG distribution to the brain 

[112]. This report was supported by other experiments [232]. Ruano-Salguero and Lee (2020) 

recently stated, that IgG transcytosis across brain endothelial-like cells occurs independently 

of FcRn after performing in vitro experiments with IgGs that lack FcRn recognition. However, 

they found evidence that FcRn is involved in IgG recycling in these cells [113]. An explanatory 

hypothesis that explains the conflicting studies involves a so far unknown factor X [112]. 

Another inconsistency that occured during the IgG ex vivo permeation experiments were 

circular structures in the lamina propria circular that seemed to be spared from IgG as 

described in Chapter 4.2.1. Debertin et al. (2003) postulated those so-called lymphoid follicles 

are morphologically similar to Peyer’s patches in the nasal cavity of infants [23]. Analogous to 

the findings in the porcine nasal mucosa, they discovered described those structures mainly 

in the upper nasal cavity. The morphological resemblance and the location of these lymphoid 

follicles in children and pigs further confirms the findings described herein, that the pig is a 

good model for the olfactory mucosa also for immunological investigations.  
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Figure 19: Co-localisation analysis of IgG with different marker proteins for IgG transport, 

neuronal fibers and immune cells 

A: WT pIgG (red) and FcRn (green) co-localisation (yellow) in the epithelial layer after 8 h of 

incubation. Scale bar: 50 µm. 

B: Co-localisation (yellow) of neuronal marker NF200 (green) with WT pIgG (red) after 30 min 

of permeation. Scale bar: 200 µm. 

C: Co-localizing (yellow) of WT pIgG (red) with CD20 positive cells (green) of the lymphoid 

follicle after 8 hr of incubation. Nuclei are stained with DAPI (blue); Scale bar: 200 µm.  

Figure is modified from Ladel et al. (2018) [1], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/ 

 

According to literature data, the lymphoid follicles and the cellular immune system therein 

consists mainly of monocytes, dendritic cells, B and T lymphocytes, described in the mucosa 

of the gut, the lung and the nose [233]. To verify the spared spots as lymphoid follicles and to 

gain further information about the fate of IgGs in the lamina propria, double staining of IgG with 

http://creativecommons.org/licenses/by/4.0/
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either CD20 (B cells, Figure 19C), CD14 (data not shown) or CD3 (data not shown, [1]) were 

performed.  

All cell types were present in the investigated structure. Co-localisation with pIgG was mainly 

found at the border of the lymphoid follicle. However, for hIgG almost no co-localisation was 

found indicating again a species-dependency for IgG trafficking. In earlier studies endocytic 

uptake of IgG by dendritic cells and macrophages was suggested at immune relevant sites 

[99,100,234]. The logic behind the uptake of IgGs in the lamina propria could be a monitoring 

of the apical environment as known for other sides in the body [235]. Infiltrated IgGs from the 

mucosa may bind important antigens at the apical nasal cavity and transport them to the lamina 

propria. In the lamina propria, those IgG-antigen complexes are recognised by specific 

receptors on the surface of antigen presenting cells, the FCGRs. After uptake and 

proteolytically digestion the IgG-antigen complex is subsequently presented to the cellular 

immune system [236,237]. There are several studies that show FcRn expression on immune 

cells such as dendritic cells and B cells, that further strengthens the theory of FcRn being a 

major player in olfactory mucosal IgG trafficking [100,238]. Therefore, the digestion of pIgG at 

lymphoid follicles could be the reason for the lack of IgG signal in the mucosa explants.  

To generate other lines of evidence, transcript and protein expression analysis of the FcRn 

gene respectively its gene FCGRT were performed in all models used in this thesis. Hereby In 

addition, the in vitro models OEPC and RPMI 2650 were compared to the olfactory mucosa 

explant (cnd) (Figure 20). The differences in transcript level of the in vitro models compared 

to the ex vivo model were not significant, but there was a tendency observable for a lower 

FcRn transcript level in RPMI 2650 in comparison to cnd (Figure 20A). OPEC cells showed 

the highest transcript level of the FCGRT gene.  
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Figure 20: Analysis of FcRn expression in the in vitro and ex vivo barrier models FcRn.  

A: Reverse transcription PCR: FCGRT (gene of FcRn) transcription analysis in OEPC; 

expected size of amplified cDNA: FCGRT 635 bp, ACTB (gene of B-Actin): 612 bp), the human 

cell line RPMI 2650 (expected band size: FCGRT: 403 bp, ACTB: 612 bp) and the reference 

tissue from porcine olfactory mucosa (cnd). Analysis: Graphical visualisation of the transcript 

level relative to the housekeeping gene β-actin. The significance was determined using an 

unpaired t-test. n = 4; error bars represent mean ± SEM. 

B: Analysis of expression level of FcRn in OEPC, RPMI 2650, cnd via Western Blot: B-Actin: 

42 kDa., human and porcine FcRn: 42 kDa–46 kDa (* depending on glycovariant, [140]). For 

the quantification of multiple bands due to different glycovariants of the FcRn[239], intensities 

were summed up. Statistical analysis was performed using an unpaired t-test. * p < 0.05, n = 

4; error bars represent mean ± SEM.  

C: Immunofluorescence study of FcRn expression (green) in RPMI 2650, OEPC (I).  

Nuclei were stained in blue (DAPI). Figure was modified from Ladel et al. (2019)[2], CC BY 

4.0, http://creativecommons.org/licenses/by/4.0/ 

 

http://creativecommons.org/licenses/by/4.0/
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Also, at the protein level the RPMI 2650 cells produced lower amounts of FcRn compared to 

OEPC and cnd (Figure 20A, B). The difference in FcRn protein expression was confirmed in 

immunofluorescence stainings of RPMI 2650 and OEPC (Figure 20C, D). 

Several studies investigated the FcRn expression on mucosal epithelial cells confirming the 

ability to perform transcytosis to underlying tissue [95,240]. Thereby, as already mentioned 

above, the binding of IgGs to FcRn showed high cross-species reactivity with species-

dependent differing in the binding affinities [139,241,242]. Studies further show that the binding 

affinity and the FcRn-related transport is fairly similar for hIgG and pIgG in porcine epithelial 

cells, but the uptake of hIgGs is mediated more rapidly by porcine FcRn compared to pIgG 

uptake [239]. Considering now the permeation rate of human and porcine antibodies through 

OEPC shown in Figure 18A, this finding of the uptake dynamics of FcRn could explain the 

faster uptake of human IgG at early time points.  

What remains still unclear concerning the results of the IgG permeation in this thesis is the 

huge difference in permeation of hIgG and pIgG through the ex vivo tissue explant. Thus, also 

in literature, there are still open questions concerning IgG trafficking, especially from the nasal 

mucosa to the brain [113,232,243]. Among them there is the open question of the intracellular 

sorting mechanism for IgGs and the distinguishing between IgGs and immune complexes 

comprising IgG [120]. Furthermore, the uptake theory by pinocytosis is not completely proven, 

especially binding of surface located FcRn to IgG in the olfactory mucosa could be possible as 

its binding affinity for IgG is highest around pH 6 – 6.5 which matches the acidic environment 

in the nasal cavity [244]. Hornby et al. (2014) showed binding of FcRn to IgG at the surface of 

Caco-2 cells that was inconsequential for overall transcytosis [245]. Furthermore, there is 

evidence for a bidirectional transport of IgG mediated by FcRn in the MDCK cell line expressing 

human FcRn [246]. This does not match the common knowledge of acidic binding of IgG and 

FcRn as the pH at the basolateral side is considered as physiologic (pH 7 to 7.4). Sockolosky 

and Szoka have already addressed these questions in 2016 and concluded, that FcRn cannot 

act as the sole mediator in IgG trafficking [189]. They assumed an unknown factor X being 

involved in IgG trafficking in addition to FcRn.  

The results from this thesis support their hypothesis as the data indicate species-dependent 

IgG trafficking—however, not in the epithelial layer but in cellular structures of the underlying 

lamina propria. As the expression of FcRn was proven in OEPC, RPMI 2650 and cnd the 

influence of this receptor in terms of hIgG and pIgG permeation should be consequently 

considered throughout all models. Therefore, an involvement of an unknown factor X that 

influences IgG trafficking depending on the species origin is conceivable.  
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4.2.2.2  Investigation IgG glycosylation-dependence of the transport mechanism in 

ex vivo and in vitro models – FCGR as co-receptors for IgG trafficking? 

To get further information of the involvement of a factor X, an extended literature search was 

performed to identify other IgG associated proteins that might have to the potential to be 

involved in IgG trafficking. In the literature several links from IgG trafficking to FCGR were 

made in the past [118,125,126,232]. However, the influence of FCGR on IgG trafficking at 

mucosal sites has not been clarified yet. There are several studies investigating the influence 

of different FCGR’s on transplacental IgG transfer with conflicting outcomes. Whereas some 

of these studies confirmed the involvement of FCGR’s, especially FCGR2, others could not 

find evidence for this hypothesis [127,247,248]. An indication that FCGR’s may indeed be 

involved in IgG trafficking is the fact that the IgG subclasses are differentially transported 

across the placenta [249,250]. Since FcRn-mediated transport is known to be mainly subclass 

independent, it is possible that this peculiarity is caused by FCGRs, which are known to be 

highly IgG subclass dependent in their binding affinities [226,251]. According to literature, the 

FCGR’s are largely involved in mediating immunological effector functions and are highly 

dependent on IgG Fc glycosylation [71,252]. Several studies investigated the interaction of 

FCGR’s with wild type (WT) and deglycosylated (DG) IgGs and show altered interaction of low 

affinity FCGR’s like (FCGR2 and FCGR3) with DG IgG. The exception is the high affinity Fc 

receptor FCGR1, which has an additional domain that acts with the upper hinge region of the 

IgG and is largely glycosylation independent [88,242]. Interestingly, this receptor was already 

described to be expressed in sensory neurons and be involved in pain signalling [253]. Thus, 

if FCGR1 is involved in IgG trafficking a removal of the glycan structure should not lead to a 

high difference in permeation behaviour between WT IgG and DG IgG. In contrast to FCGR1, 

the Fc glycosylation has the highest impact to FCGR3a. Several studies investigated the 

binding affinity of different glycosylated and deglycosylated IgGs to FCGR3. They found strong 

and consistent evidence that deglycosylation of IgG strongly decreases the binding to 

FCGR3aA and inhibits its effector functions such as ADCC [71,254,255]. Another important 

parameter that influences the IgG- FCGR3a binding is the core-fucosylation of the Fc glycan. 

Cambay et al. (2020) showed that reduced fucosylation leads to an increased FCGR3a 

binding, whereas even Fc glycan cleaved to GlcNac and fucose reduces the binding affinity 

significantly [84,87,117]. As the FCGR3a was found on human nasal epithelial cells by 

Golebski et al. in 2019 it might be a candidate for the unknown factor X. They investigated the 

involvement of FCGR3 and the Toll Like Receptor 4 in discrimination between commensal and 

invading bacteria in human nasal epithelial cells linking the expression of FCGR in the nasal 

epithelium with the hypothesis of crosstalk between FCGR and FcRn [121].  
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However, the most interesting candidate is FCGR2b as it was already connected described to 

IgG transcytosis in the placenta. Ishikawa et al. (2015) further suggested that IgG 

internalization and transcytosis is mediated rather by FCGR2b than FcRn in the placental 

endothelium [118]. This could be an explanation why serum albumin is not transcytosed across 

the placental barrier despite being recycled by FcRn [256]. Also, for FCGR2b the binding to 

DG IgGs is known to be highly reduced compared to the binding to WT IgGs [71,87].  

In general, an involvement of low affinity FCGR’s in IgG trafficking could be influenced by the 

glycosylation status of the IgG. In contrast, the FcRn binding should not be affected by the Fc 

glycosylation according to the common scientific opinion [257]. Therefore, permeation 

experiments were performed ex vivo and in vitro with WT and DG hIgG to evaluate the effect 

of the presence of Fc glycan to the permeation behaviour (Figure 21).  

The bacterial enzyme EndoS hydrolyses the asparagine-linked glycan on IgG and has been 

used in several preclinical studies for the treatment of autoimmune diseases [85,87,258,259]. 

Allhorn et al. (2008) published data that show a significant decrease in FCGR2a/b and 

FCGR3a binding to IgGs that are deglycosylated by EndoS [87]. To simplify the linking of the 

permeation data to a specific FCGR subtype, a fucosylated human monoclonal IgG1 was used 

that show a defined G1F glycopattern [85,258]. This Endo S digestion leaves a glycan residue 

of GlcNac and fucose at asparagine 297 (Figure 21A) [87]. A well-defined and characterized 

human IgG was used in this study due to the lack of commercially available monomeric porcine 

IgGs with a defined glycopattern. It was recently shown by Egli et al. (2019) that the binding of 

human and porcine IgG to the porcine FCGR1, FCGR2a and FCGR2b is comparable however 

no interaction of hIgG with the porcine FCGR3a was detected [142]. As FCGR3a is mainly 

expressed by immune cells, this is highly interesting and can be linked to the rare co-

localisation events in the immunofluorescence study of hIgG and the immune cell marker 

CD14, CD20 and CD3 (Figure 19). The fact that human IgG does not bind to porcine FCGR3a 

together with the fucose-containing glycosylation-pattern of the used hIgG, an interaction 

between this hIgG and FCGR3a is rather unlikely [88]. Thus, if FCGR3a is involved in IgG 

trafficking there should be differences in permeation rate of hIgG and pIgG also in the epithelial 

layer due to the non-binding of the hIgG to porcine FCGR3a. As this was not the case in the 

OEPC barrier model, FCGR3a was not further considered as potential factor X. 
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Figure 21: Investigation of IgG glycosylation dependency of IgG permeation processes. 

Permeation of WT hIgG and deglycosylated hIgG (DG hIgG) through RPMI 2650, OEPC and 

porcine olfactory mucosa (cnd). 

A: schematic description of of the deglycosylation procedure by Endo S digestion.  

B: Percentage permeation of WT hIgG and DG hIgG through RPMI 2650 cells over 48 h. Error 

bars represent mean ± SEM. N = 3, n = 11.  

C: Percentage permeation of WT hIgG and DG hIgG through OEPC barrier model over 48 h. 

Error bars represent mean ± SEM. WT hIgG: N = 4, n = 21, DG hIgG: N = 3, n = 10.  

D: Percentage permeation of WT hIgG and DG hIgG through excised nasal mucosa tissue 

explants (ex vivo) over 5 h. Error bars represent mean ± SEM. WT hIgG: N = 4, n = 29, DG 

hIgG: N = 3, n = 10.  

Statistical analysis was performed using an unpaired t-test. * p < 0.05, **p < 0,001 

Figure was modified from Ladel et al. (2020) [3], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/   

 

http://creativecommons.org/licenses/by/4.0/
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It was necessary to also consider species-related specials, because of conflicting literature 

data, for example even though FcRn is expressed in the porcine placenta maternal IgGs do 

not cross the barrier to reach the foetus [260]. Therefore, to exclude experimental bias due to 

species-specific properties of the IgG trafficking pathways, again the human tumour cell line 

RPMI 2650 was used for the permeation experiments in addition to OEPC and cnd explants. 

The permeation of WT and DG IgG showed comparable profiles for the RPMI 2650 (Figure 

21B) and OEPC (Figure 21C) barrier model. The permeation rate of DG hIgG was significantly 

higher compared to the WT hIgG. Interestingly, the permeation rate of DG IgG was higher in 

the OEPC barrier model which was quite surprising as the barrier tightness of RPMI 2650 

model (transepithelial resistance: 50–70 Ωcm²) is much lower than OEPC (transepithelial 

resistance: 450-550 Ωcm²) and therefore the RPMI 2650 model was suspected to show higher 

IgG permeation rate due to paracellular transport [2]. This result fits to the analysis of FcRn 

expression in the two cell models and gives further evidence that a. mainly active transport is 

involved in IgG trafficking and b. primary cell models might be preferable to tumour cell models, 

at least for the investigation of molecular interaction. By contrast, the permeation rate of DG 

hIgG and WT hIgG did not show significant differences in the ex vivo model, but a weak low 

tendency of DG IgG showing for higher permeation was observed (Figure 21D). In conclusion, 

the overall permeation profile was similar between the RPMI 2650 and the OEPC model. 

Therefore, a consequence of the DG IgG showing a higher permeation in all models, a potential 

factor X must have cross-species and Fc glycosylation sensitive binding properties to IgG. As 

FcRn is known to be insensitive to Fc glycosylation, these findings exclude again the FCGR3a 

as no cross-species binding was detected in surface plasmon resonance studies and gives 

further hints to FCGR2 being involved in the IgG trafficking [142,257]. Furthermore, in 

immunofluorescence co-localisation studies signal overlapping areas were found for WT pIgG 

and WT hIgG with FcRn and FCGR2 in OEPC barriers (Figure 22) giving further evidence for 

the involvement of this receptor. However, due to the lack of porcine FCGR2b specific 

antibodies the presence and involvement of FCGR2a cannot be excluded. Thus, the 

significantly higher permeation of DG hIgG excludes the mediation of active transcytosis by 

FCGRs but could imply an involvement of FCGR2 either in IgG recycling or degradation or 

both.  
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Figure 22: Co-localisation of FcRn and FCGR2 with allogenic and xenogenic IgGs in OEPC.  

A: Co-localization of FCGR2 (green), FcRn (cyan) and pIgG (red).  

B: Co-localization of FCGR2 (green), FcRn (cyan) and hIgG (red). Scale bar: 20 µm, sites of 

co-localization are yellowish to white coloured.  

Figure was modified from Ladel et al. (2020) [3], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/  

The slightly higher permeation rate of DG IgG in the cnd explants may indicate further that 

FCGR’s (other than FCGR3) are also involved in crosstalk to cells of the lamina propria. 

Beneath the epithelial layer, DCs and macrophages are known to be involved in immune 

surveillance at the mucosal barrier [29,236,261]. In earlier studies evidence was shown for a 

direct or indirect interaction of FcRn with FCGRs due to the FcRn-mediated intracellular routing 

to cross-presentation compartments in DCs but leaving the intracellular mechanism mostly 

unclear [120].  

  

http://creativecommons.org/licenses/by/4.0/
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In interaction studies via immunoprecipitation, the FcRn-IgG interaction was confirmed for WT 

and DG hIgG and pIgG in OEPC cells (signal strength variation was due to high standard 

variations of the lysed tissue and was not significant, Figure 23A). This is in accordance with 

the literature opinion of FcRn being largely independent of Fc glycosylation and show cross-

species binding [140,257]. The intent to find FCGR2 – IgG interaction in immunoprecipitation 

studies of OEPC lysates failed most probably because of the lower limit of detection limit 

(Figure 23B). The immunoprecipitation studies of IgG-FCGR2 interaction in olfactory mucosa 

lysates resulted in very weak signals indicating that this receptor might be low only expressed 

at low levels. Unfortunately, the expression strength of FCGR2 was not investigated so far. 

Transcript analysis of OEPC done by other members of the group (Helena Herzog; Hochschule 

Biberach, group of Prof. Katharina Zimmermann) showed low level of FCGR2b mRNA 

supporting both the hypothesis of low expression and the presence of FCGR2b in OEPC 

(Figure 23C).  

 

Figure 23: Immunoprecipitation and Western Blot for the investigation of IgG interaction in 

OEPC and cnd.  

A: Interaction study via immunoprecipitation analysis of WT pIgG, DG IgG, WT hIgG and DG 

hIgG and Western Blot against FcRn in OEPC (N = 3; * glycovariants [140]). IgGs were 

incubated with OEPC cell lysate and captured using Protein A agarose beads. The resulting 

bands could not be quantified due to high batch-to-batch variations in the cell lysates.  

B: Interaction study (immunoprecipitation) of WT hIgG and DG hIgG with FCGR2 using whole 

olfactory mucosa lysates. 

C: Transcript analysis (reverse transcription PCR) of FCGR2b in OEPC (FCGR2B: 245 bp; 

housekeeping gene 18S: 313 bp).  

Figure was modified from Ladel et al. (2020) [3], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/  
  

http://creativecommons.org/licenses/by/4.0/
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In this thesis, several lines of evidence were brought out that favours the hypothesis of 

FCGR2b involvement in IgG trafficking, which still is somehow conflicting with other studies. 

In general, a conflicting fact is the low binding of FCGR2b to monomeric IgG postulated by 

several groups in in vitro and kinetic experiments [123,262]. Mathiesen et al. (2013) published 

an IgG3 variant with disrupted binding to FCGRs was still transported across human placenta 

explants. However, on the other hand they found evidence that the underlying transport 

mechanism is sensitive to alterations of the hinge region of IgG3 which again indicates to an 

additional mechanism to FcRn [127]. Stapleton et al. (2018) compared the glycosylation 

patterns of fetal and maternal IgG and concluded that IgG transport is not glycosylation 

selective [263]. This finding is not completely contraire to the results gained in this thesis as 

the FCGR2b is known to be less sensitive to specific glycosylation pattern compared to 

FCGR3a [117]. In other studies, deglycosylated IgG lacking effector functions in vivo but were 

transported to the brain in mouse models nevertheless [264].  

 

Critical appraisal of results obtained: 

The results of this thesis together with the mentioned partly controversial studies and the fact 

that transport mechanism at mucosal sites is IgG subclass dependent leaves no other 

explanation than the involvement of an unknown factor X as concluded earlier also by 

Sockolosky and Szoka in 2016 [189,249,265,266]. Furthermore, an involvement of FCGR2b 

in IgG recycling and/or degradation, but not in transcytosis, could be a promising hypothesis, 

which unites all previous seemingly contradictory studies with the herein presented data.  
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5. Conclusion 

The aim of the presented thesis was to evaluate the porcine olfactory mucosa as valid model 

for the human counterpart and to investigate the permeation of human and porcine IgG through 

this mucosal site including molecular mechanisms for the use of therapeutic IgGs for intranasal 

drug delivery.  

Using different experimental approaches, the validity of porcine olfactory mucosa as a model 

for the human counterpart was shown for in vitro primary cell barrier models as well for ex vivo 

model by using the TEER value, the tight junction formation, the expression of mucus and the 

expression of IgG receptors FcRn and FCGR2 as validation parameters. Furthermore, for the 

first time it was shown that the location of the mucosa used for in vitro and ex vivo models 

influence the experimental results and is an important factor to consider. We found evidence 

that there are species-dependent IgG permeation and trafficking mechanisms in the lamina 

propria, especially alongside neuronal fibres and in lymphoid follicles. In contrast, no species-

dependent permeation was detected in the epithelial barrier of OEPC models.  

To get further insights into the molecular mechanisms we investigated the role of FcRn and 

FCGR2b in IgG trafficking and found strong evidence of the involvement of a Fc glycosylation-

dependent factor X in addition to the well-characterized IgG transporter FcRn. In permeation 

experiments using WT and DG hIgGs we found significantly higher permeation rates of DG 

hIgG in the epithelial barrier models. As a result, in Figure 24, the cross-binding hypothesis is 

displayed. It implies the hypothesis that immune complexes are transported from the apical 

space to immune competent cells in the lamina propria to monitor the environment at the 

mucosal surface and prevent potential threats. This hypothesis further implies that suggested 

factor X is expressed in a substantially lower amount compared to FcRn and therefore a 

binding of Fc by FcRn with a stoichiometry of 1:2 is engaged if a high amount of IgG is present 

on the apical side of the epithelial cell. The additional factor X might be involved in the 

recognition of immune complexes. It is known that smaller immune complexes are rather 

recycled, whereas large immune complexes are degraded [267]. Furthermore, for mucosal 

sites there are several studies showing that monomeric IgGs and multimeric immune 

complexes are transcytosed through the epithelial cell layer to dendritic cells in the lamina 

propria by FcRn [235,268]. In the cross-binding hypothesis the factor X binds to the 

glycosylated hinge region of IgG in addition to FcRn to mediate either lysosomal IgG 

degradation or recycling back to the apical surface (Figure 24 I.). As for FCGR the hinge region 

is described as critical for the binding it could be that in immune complexes of a specific size, 

the hinge region might not be freely accessible and may not bind to factor X due to steric 

problems [127].  
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Again, double binding of Fc by FcRn could be a possible approach, giving the signal for 

transcytosis and the basolateral exocytosed immune complex could consequently be taken up 

by DCs via FCGRs (Figure 24 II.). There might be additional mechanisms involved such as 

phosphorylation of FcRn after double binding to Fc or different glyco- or isoforms of FcRn with 

altered function as hypothesised by other groups [226,246,269–273].  

 

Figure 24: Cross-binding hypothesis: hypothetical mechanism of IgG transport through the 

olfactory mucosa.  

I. monomeric IgG transport 

(a) Uptake of monomeric IgGs was presumably via pinocytosis, but FcRn was also found 

at the apical surface [1] and vesicle transport to the sorting compartment.  

(b) Cross-binding of IgG with FcRn and a second Fc receptor such as FCGR2, which might 

be factor X as suggested [189]; recycling back to the apical surface or  

(c) lysosomal degradation. Alternatively, a second FcRn replaces FCGR2/factor X and (d) 

the monomeric IgG is transcytosed to the lamina propria/basolateral side.  

II. transport of immune complexes 

(e) Uptake of immune complexes similar to monomeric IgG and vesicle transport to the 

sorting compartment. Binding to FCGR2/factor X is not possible due to steric hindrance; 

therefore, double binding of FcRn to one Fc part is possible. The complex can either  

(f) be degraded in the lysosome or  

(g) transcytosed to the lamina propria and  

(h) taken up by dendritic cells (DC) via different FCGRs or FcRn. Further studies are 

needed to confirm the role of FCGR2 in IgG trafficking in the airway epithelia. Due to 

limitations of the commercially available anti-porcine FCGR2 antibodies, we could not 

distinguish between FCGR2a and FCGR2b. Nevertheless, other studies and the 

transcript analysis suggest FCGR2b to be expressed in olfactory epithelial cells.  

Figure and hypothesis were published by Ladel et al. (2020) [3], CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/. 

http://creativecommons.org/licenses/by/4.0/
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The exact mechanism for transcytosis remains still unclear and needs to be deeply 

investigated in future work. However, we found several evidences of FCGR2b being involved 

in IgG trafficking others than transcytosis at the mucosa epithelium.  

As for N2B drug delivery the transcytosis is of main importance it is highly interesting that the 

use of deglycosylated IgG enhances the permeation through the olfactory epithelial barrier. In 

addition, concerning FCGR interaction, the interaction of the IgGs with the local immune 

system in lymphoid follicle should be taken into account when designing therapeutic IgG 

against CNS-related diseases. A depletion of the binding site for FCGRs could also here be 

advantageous for the bioavailability in the brain as higher levels of DG IgG crossed the 

olfactory epithelial barrier and the lamina propria in the in vitro and ex vivo experiments. On 

the other hand, potentially the immunogenicity of intranasally applied vaccines could be 

increase by the fusion of an Fc part. Here in both cases, confirmation of the hypothesis needs 

to be done in vivo in suitable animal models such as the Göttingen Minipig [142].  
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