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1. Overview and contribution to publications 

1.1 Contribution to publication I 
Eberherr et al. (2021). Rescue of STAT3 Function in Hyper-IgE Syndrome Using Adenine Base Editing. 

 

The manuscript was published April 2021 in the journal “The CRISPR Journal” that is committed 

to science and the applications of gene editing. The CRISPR Journal serves as a central hub for 

determining information and in-dept analysis of revolutionary technology. Its primary goal is to 

strength and expand the community of forward-thinking researchers, policymakers and advo-

cates who contribute to the field of gene editing.  

Directed lung differentiation of healthy, CRISPR-Cas9-mediated corrected as well as signal trans-

ducer and activator of transcript 3 (STAT3) hyper-immunoglobulin E syndrome (HIES) mutated 

human induced pluripotent stem cells (hiPSCs) into mature alveolar type 2 cells (AT2s) were 

required for publication after the first revision to verify the potential therapeutic strategies of 

STAT3-HIES in vitro. The publication was used by Miriam T. Kastlmeier as co-author publication 

in this dissertation. Andreas C. Eberherr, supervised by Dr. Beate Hagl, both part of the research 

group of Dr. Ellen D. Renner, used this publication as first author publication in his cumulative 

dissertation as the topic represents the major part of Andreas C. Eberherr’s research question.  

 

Author contribution: The publication is focused on the STAT3-HIES and the potential of gene 

editing to correct the heterozygous STAT3 mutations causing the immunodeficient disease. The 

study aimed to demonstrate the correction efficiency of adenine base editors (ABEs)-based gene 

editing and the resulting potential for the treatment of STAT3-HIES. Miriam T. Kastlmeier was 

responsible for the complete section on stem cell differentiation in this publication. She per-

formed the differentiation of patient (mutated) and edited (corrected) hiPSCs into lung progen-

itor cells and alveolar organoids. By validation through fluorescence staining and fluorescence 

activated cell sorting (FACS) analysis (Supplementary Figure S9), done by Miriam T. Kastlmeier, 

conserved plasticity of edited hiPSCs could be verified, needed as prerequisite for the therapeu-

tic approach in the context of the paper. 

Miriam T. Kastlmeier contributed to the interpretation of the results regarding human organoids 

derived from human patient and corrected iPSCs as well as drafting the manuscript. The final 

discussion of the paper in relation to treatment efficacy in a human organoid model was led by 

Miriam T. Kastlmeier, supported by Dr. Carola Voss and Dr. Tobias Stöger.  

 



1 Overview and contribution to publications 11 

1.2 Contribution to publication II 
Kastlmeier et al. (2023). Cytokine signaling converging on IL11 in ILD fibroblasts provokes aberrant 

epithelial differentiation signatures.  

 

The manuscript was published May 2023 in the journal "Frontiers in Immunology", a well-regarded 

journal in the scientific community in the field of basic, translational and clinical immunology. 

Frontiers in Immunology is an open science journal that aims at scientist collaborating easier and 

innovating faster to generate knowledge enabling healthy lives.  

Miriam T. Kastlmeier wrote the original version of the publication and adapted it during the 

revision and publication process based on the comments of reviewers with the help of Dr. Car-

ola Voss. The paper represents the main part of the dissertation and was only used by Miriam 

T. Kastlmeier as first author paper. Throughout this publication Miriam T. Kastlmeier contrib-

uted significantly in the discussion about mediators of the mesenchymal-to-epithelial crosstalk 

and the effects related to interstitial lung diseases (ILDs). The paper demonstrates the potential 

of lung organoid co-culture systems as an in vitro model for chronic lung diseases (CLDs) by 

displaying the consequence of a perpetuating disease crosstalk and the resulting consequences 

through epithelial damage and aberrant differentiation.  

 

Author contribution: The study design and experimental plan was created by Miriam T. 

Kastlmeier, supported by Dr. Carola Voss, Dr. Tobias Stöger and PD Dr. Anne Hilgendorff, as 

it constitutes the major topic of the doctoral thesis of Miriam T. Kastlmeier. The hypothesis of 

this paper was formulated by Miriam T. Kastlmeier together with Dr. Carola Voss.  

A comprehensive literature review as well as the planning and execution of the experiments (co-

culture of mature induced AT2s together with human fibroblasts, to study the mesenchymal-to-

epithelial crosstalk, analysis via qPCR and WST, live-cell imaging of 3D co-cultures) was per-

formed by Miriam T. Kastlmeier, representing the main part of the paper. High content imaging 

was performed in collaboration with Dr. Kenji Schorpp of the Research Unit Signaling and Trans-

duction. Quantification of microscopic images was performed by Miriam T. Kastlmeier, with 

assistance from her student fellows, Eva M. Günther and Phoebe Cabanis. In collaboration with 

Helmholtz AI (Christina Bukas, Marie Piraud) and Dr. Mareike Lehmann and Dr. Gerald 

Burgstaller and their associated lab members Fenja See, Sara Asgharpour a machine learning 

approach was used to characterize size and number of lung organoids. Interpretation of the 

results was mainly done by Miriam T. Kastlmeier with support from Dr. Carola Voss. Human 

fibroblasts were supplied by the BioArchive of the Comprehensive Pneumology Center (CPC) 

led by PD Dr. Anne Hilgendorff (Ethic Vote #333-10, Study doctor: Prof. Dr. med. Jürgen Behr). 

Cultivation of human fibroblasts was performed by Erika Gonzalez Rodrigues. Interpretation of 

mass spectroscopy results, performed by Dr. Stephanie Hauck and Dr. Ann-Christine König, 
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and comparison with previously published data was mainly done by Miriam T. Kastlmeier with 

assistance from Dr. Carola Voss, Dr. Tobias Stöger, and PD Dr. Anne Hilgendorff. The statistical 

evaluation was done by Lianyong Han together with Miriam T. Kastlmeier. The figures were 

created by Miriam T. Kastlmeier.  

The discussion was conducted by Miriam T. Kastlmeier with assistance from Dr. Carola Voss, 

Dr. Tobias Stöger, and PD Dr. Anne Hilgendorff.  

1.3 Contribution to publication III (Appendix) 
Kastlmeier et al. (2022) Lung Organoids for Hazard Assessment of Nanomaterials. 

 

The perspective was published December 2022 in the journal “International Journal of Molecular 

Science”, that provides among others a forum for molecular and cell biology, molecular biophysics 

and medicine as well as every aspect of molecular research in the field of chemistry. Through 

this paper Miriam T. Kastlmeier contributed to the debate of using human in vitro models as risk 

assessment of nanomaterial testing and human lung organoid cultures as a suitable method for 

examination. This publication was only used in the dissertation of Miriam T. Kastlmeier. 

 

Author contribution: Miriam T. Kastlmeier and Eva M. Günter conducted an overall literature 

research on the field of lung organoids in the context of nanoparticle exposure. Miriam T. 

Kastlmeier prepared the original draft with focus of culture methods with hiPSCs and the gen-

eration of 3D human lung organoids as it reflects a major part of the dissertation. The paper 

contains original fluorescence images of human alveolospheres derived from hiPSCs prepared 

by Miriam T. Kastlmeier and from alveolar organoids derived from murine lung organoids pre-

pared by Eva M. Günther.  

The perspective is supported by self-performed culture methods and experiments using hiPSCs-

derived alveolar epithelial cells and experiences of 3D in vitro organoid culture studies. These 

personal insights in connection with broad research and indicated interest in novel and innova-

tive experimental setups were the base for the publication by Miriam T. Kastlmeier and Eva M. 

Günter that was supported by Dr. Carola Voss and Dr. Tobias Stöger.  
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2. Introduction 

2.1 Structure and function of the human lung 

2.1.1 Morphology and role of the pulmonary system 
The lung is the essential organ of the respiratory system that most vital function is to facilitate 

the gas exchange from the surroundings into the bloodstream. 80 % of the total volume of the 

human lung is air, another 10 % is blood and the remaining 10 % corresponds to tissue. These 

10 % of tissue, that do not exceed a few 100 grams, consists of more than 61 different cell types 

("A cellular reference atlas of the human lung," 2023; Knudsen & Ochs, 2018).  

During embryonic lung development, gastrulation is the first morphogenic key incident during 

organ development, were cells from the inner cell mass exit pluripotency and allocate to one of 

the three germs layers – i) the ectoderm, ii) mesoderm and the iii) definitive endoderm lineage 

(Figure 1.). The development of the human lung involves highly specified programs of growth 

and morphogenesis to generate the lung airway and vascular system with its complex architec-

ture optimized for the one reason – to facility to gas exchange and therefore the ability to breath 

(Knudsen & Ochs, 2018; Land et al., 2014; Morrisey & Hogan, 2010). 

 Figure 1. Overview of the developmental stages of human lung differentiation (Dayem et al., 2016; Kadzik & Morrisey, 

2012). 

 

The lungs, consisting of conducting airways, blood vessels and primarily the alveolar region, em-

bed the heart from both sides - through three right and two left lobes - and itself are surrounded 

by the pleura. Together, the surface of the lungs is approximately 75 m2, the same areas as a 

tennis court, and comprise around 2400 km of airways (Knudsen & Ochs, 2018; Morrisey & 

Hogan, 2010; Pavelka & Roth, 2010). The proximally located trachea divides the left and right 

main stem of the bronchial system. Further the main bronchus splits into secondary bronchi and 

following into evermore narrowing airways, until the smallest bronchioles end in the alveoli. The 

different sections are encased, whereby e.g., the bronchi are bolstered with a hyaline cartilage 

layer to maintain airway consistency. The bronchioles instead are encased by smooth muscles 

and finally the alveoli are secreting surfactant, creating a thin layer of lining fluid. Through the 

airways the air is transported to the alveolar septum, the primary location for the gas exchange 

(Akella & Deshpande, 2013; Nikolić et al., 2018).  
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2.1.2 Structure and function of the alveolar epithelium 
The alveolar septum or air-blood-barrier separates the alveolar airspace from the capillary lu-

men. To fulfill efficient diffusion of oxygen and carbon dioxide between the air and blood, the 

alveolar septum requires a large surface area, and however a thin diffusion barrier, about 0.6 µm. 

Not only structural but even functional requirements must be met for proper gas exchange, 

including stability to prevent collapse of the alveoli, and flexibility to follow movement of the 

breathing cycle, at the same time. Therefore, a major function of the over 300 million alveoli is 

to maintain the alveolar fluid balance and so provide the optimal gas exchange (Haddad & Sharma, 

2023; Knudsen & Ochs, 2018; Nikolić et al., 2018; Vadász & Sznajder, 2017).  

The maintenance of air-filled alveoli requires the secretion of surfactant, necessary for a stable 

hydrostatic pressure. The alveolar lining layer, also named alveolar surfactant, is consisting of a 

heterogenous mixture of lipids and proteins that is necessary to lower the surface tension at the 

air-liquid interface to maintain airway patency and therefore is essential to breath (Barkauskas 

et al., 2017; Barkauskas et al., 2013).  

Figure 2. Schematic illustration of the gas exchange area. Terminal bronchioles lead to the alveolar sac, containing 

alveoli. Alveolus consisting of flat, squamous alveolar type 1 cells, small, cuboidal alveolar type 2 cells, and alveolar 

macrophages (Andreeva et al., 2007; Dockrell et al., 2022) 

 

The surface tension within the alveoli essentially diminishes to near-zero levels, especially during 

the deflation phase when phospholipid particles draw closer together. When the alveoli reach 

full inflation, surfactant phospholipid molecules become more spaced out, leading to reduced 

lung compliance during deflation, a phenomenon known as hysteresis. Greater lung compliance 
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is an outcome of reduced surface tension. This reduced surface tension, in turn, leads to a de-

crease in the pressure gradient between capillaries and alveoli, ultimately reducing the ultrafil-

tration of fluids (Pérez-Gil, 2008; Prange, 2003). 

The alveolar epithelium monolayer is composed of alveolar type 1 (AT1) and type 2 (AT2) cells, 

representing the critical components of lung homeostasis. Although the number of AT1 and AT2 

cells in the lung is almost similar, ATI cells occupy about 90 % of the surface and AT2 cells only 

about 10 % (Confalonieri et al., 2022; Guillot et al., 2013). This indicates that the shape of the 

alveolar cells is decisive (Figure 2.).  

AT2s are small, cuboidal cells needed to synthesize and secrete pulmonary surfactant and addi-

tionally regulate the innate immunity in the lung via secretion of glycoproteins and anti-inflam-

matory, antimicrobial mediators such as lysozymes (Akella & Deshpande, 2013; Hite et al., 2012; 

Sanches Santos Rizzo Zuttion et al., 2022). Repair as well as renewal are provided by AT2s that 

constitute the progenitor cell population of the alveolar epithelial and in addition, AT2s have the 

ability to differentiate into AT1 cells during alveolar homeostasis and post injury (Confalonieri 

et al., 2022; Haddad & Sharma, 2023; Knudsen & Ochs, 2018; Strunz et al., 2020; Wang et al., 

2018). 

ATIs are membranous, large squamous cells especially forming the epithelial component of the 

thin air-blood barrier, due to their characteristically shape, AT1s maximize the surface area of 

the alveolar wall while minimizing the gas-blood barrier (Satora et al., 2022; Wang et al., 2018). 

2.2 Response to environmental stress 

2.2.1 Defense mechanisms and inflammatory response of the respiratory 
barrier 

Alveolar epithelial cells cover the inner surface of the alveoli and serve as line of defense and 

contact barrier against exogenous stress factors and changing oxygen levels, as they are directly 

exposed to the external environment (Berggren-Nylund et al., 2023). Moreover, through the 

integrity of the apical lung surface, the alveolar epithelium is able to defend itself against inhaled 

pathogens and nanoparticles (Confalonieri et al., 2022; Sanches Santos Rizzo Zuttion et al., 

2022). One major defense mechanism is the secretion and production of surfactant lipids and 

proteins by AT2 cells. 

Numerous studies have employed various techniques, such as metabolic labeling strategies and 

lipidomic profiling of primary AT2 isolates in culture, to comprehensively explore the biosyn-

thetic pathways, enzymes, and additional factors necessary for generating substantial intracellular 

compounds of surfactant, ready for release into the alveolar space (Andreeva et al., 2007; Beers 

& Moodley, 2017; Khudadah et al., 2023). In addition to that, AT2s are actively contributing to 

lung defense as they secrete cytokines as well as chemokines and participate in the activation 

and differentiation of immune cells. Together with macrophages, AT2s participate in the active 
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defense of the respiratory system. Especially alveolar macrophages display phagocytic ability and 

play an important role in the initiation and purpose of inflammatory response (Berggren-Nylund 

et al., 2023; Chuquimia et al., 2013).  

Going beyond the physiological functions of AT2s, the regulation of injury and the process of 

regeneration are influenced by transcriptional regulators and growth factors released by niche 

cells. Thus, transcription factors as signal transducer and activator of transcript 3 (STAT3) and 

fibroblast growth factor (FGF) are critical for epithelial cell function and activated or increased 

in injury response and repair. Fibroblasts are known to release niche signals such as platelet-

derived growth factor α (PDGFα) or Wnts to promote proliferation and differentiation in AT2s. 

The pathway of STAT3 is known to be involved in inflammatory response, as STAT3 is activated 

through injury and functionally critical for the repair of AT2 cells (Paris et al., 2020). It promotes 

the modulation of the surrounding fibroblast through alternating paracrine molecules and con-

tributes to the differentiation from fibroblast to myofibroblasts (Chan & Liu, 2022; Pedroza et 

al., 2016). 

2.2.2 Alveolar epithelia repair after injury 

To ensure efficient gas exchange, also in severe cases of injury, which can lead to substantial 

epithelial loss of AT2s, ATIs and probably even bronchial cells. Both AT1 and AT2 cells can be 

regenerated by stem cell populations originating from the airways. However, the precise molec-

ular mechanisms, as well as the temporal and spatial organization of the crucial signals, gene 

expression patterns, and pathways involved in the restoration of the AT1 cell layer, remain on 

research focus by delineating the essential factors (Beers & Moodley, 2017; Satora et al., 2022). 

However, it is speculated that pulmonary fibrosis and chronic lung diseases (CLDs) in general, 

might have their origins in malfunctioning molecular checkpoints for cell differentiation, resulting 

in the abnormal and prolonged presence of intermediate regenerative cell states (Strunz et al., 

2020). Therefore, the impaired termination of stem cell differentiation process into AT1 repre-

sent a critical factor in the pathogenesis of progressive fibrosis observed in pulmonary fibrosis 

(Katzen & Beers, 2020; Strunz et al., 2020). 

Subsequently after lung injury, several signaling pathways play a role regarding the stepwise AT2-

mediated lung repair program displayed by injury, proliferation, partial de-differentiation, AT2 

to AT1 transition and differentiation into AT1 cells. These include FGF and epidermal growth 

factors (EGF) that stimulate AT2 proliferation and uphold self-renewal capability. Consecutively, 

bone morphogenic protein (BMP) 4 signaling inhibits AT2 self-renewal capacity but promotes 

AT2 to AT1 transition, characterized by AT2 - AT1 intermediate cells expressing markers in-

cluding Keratin 8 (KRT8), Claudin 4 (CLDN4) and Stratifin (SFN) (Chan & Liu, 2022; Strunz et 

al., 2020; Wu & Tang, 2021).  
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Wnt pathways are triggered after injury and assist in alveolar repair, as Wnt signaling plays a key 

role in the stem cell capacity of AT2 cells. Since one of the major functions of AT2s is to produce 

surfactant, dysregulation of the surfactant production may lead to defective lung repair and trig-

ger pro-inflammatory processes. Therefore, the upregulation of Wnt activity is required for the 

initiation of repair processes as it stimulates the differentiation into surfactant producing AT2s 

and enhance epithelial repair (Chan & Liu, 2022; Olajuyin et al., 2019).  

2.3 3D organoid system generated from hiPSCs 

2.3.1 Directed lung differentiation into mature alveolar epithelial cells 
Human induced pluripotent stem cells (hiPSCs) share the same characteristics of self-renewal 

and pluripotency as embryonic stem cells (ESC). Contrary to ESC, hiPSCs can be generated out 

of nearly any accessible cell origin, whereby providing a major source of different patient as well 

as disease specific PSCs (Jake Le Suer, 2021). hiPSCs were firstly generated by Takahashi et al. 

(Takahashi et al., 2007) via retroviral integration and overexpression of four transcription factors 

named “Yamanaka factors”– octamer-binding transcription factor 4 (Oct4), Krüppel-like factor 

4 (Klf4), SRY (sex determining region Y)-box transcription factor 2 (Sox2) and c-MYC – into 

human adult dermal fibroblast (Shi et al., 2017).  

The reprogramming of post-natal cells by defined transcription factors has allowed the genera-

tion of hiPSCs with similar functional and molecular phenotypic characteristics to embryonic 

stem cells, but lack the ethical concerns (Somers et al., 2010; Sommer et al., 2012). There are 

different methods to generate hiPSCs, including the above-mentioned retrovirus or lentivirus-

mediated gene transduction or chemical induction. The retroviral vector required integration 

into host chromosomes to express reprogramming genes (Ghaedi & Niklason, 2019). By com-

bining all 4 reprogramming factors Oct4, Sox2, Klf4, and x-Myc in a single lentiviral stem cell 

cassette (STEMCCA), STEMCCA accomplished reprogramming of human adult dermal fibro-

blasts with high efficiency and allowed the derivation of hiPSC containing a single viral integration 

(Lowry et al., 2008; Sommer et al., 2012).  

The formation from hiPSCs into definitive endoderm is induced throw high levels of Nodal sig-

naling, stimulated by Activin A, a signaling protein that activates the downstream signaling cas-

cade as Nodal to induce a definitive endoderm phenotype (Ghaedi & Niklason, 2019; Ghaedi et 

al., 2015; Kadzik & Morrisey, 2012). Subsequent inhibition of BMP and transforming growth fac-

tor-ß (TGF-ß) signaling promotes the differentiation into anterior foregut with expression of 

anterior foregut markers Sox2 and FoxA2. Inducing Wnt and BMP signaling in the anterior fore-

gut formation of ventral anterior foregut cells is promoted, followed by FGF10 treatment that 

induced the specification of lung progenitors, expressing NK2 homeobox 1 (NKX2.1), Sox2 and 

Sox9. Maturation of lung progenitors have been induced by treatment with a complex media of 
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growth factors and inhibitors and resulted in mature alveolar epithelial cells (A. Jacob et al., 2017; 

Jacob et al., 2019). 

2.3.2 Application of 3D hiPSC-derived organoid model systems 
Most results from studies, affecting the structure and function of the lung and reflecting depend-

ent diseases, were generated via animal models. Though, animal models cannot fully recapitulate 

the human lung development and disease origination. In vitro models generated with hiPSC-de-

rived iAT2s have the ability to replace animal models as they serve to better understand lung 

hemostasis and to reflect underlying cellular processes leading to alterations and disease (Miller 

et al., 2019; Miller & Spence, 2017). hiPSC-derived organoids simulate the fundamental develop-

mental mechanisms that gives rise to an organ as well harbor the corresponding cell types of 

this tissue (Sharma et al., 2020). Lung organoids can recapitulate the 3D organizational structure 

of the lung in vitro including the composition through different cell types. In this way, mechanism 

that are underlying epithelial repair can be reflected and lung organoids can be used to study 

regulatory processes managing lung injury and drug development (Kong et al., 2021; Leibel et al., 

2021). 3D culture systems utilizing human stem cells are amenable to study patient-specific dis-

eases states, reflecting cell proliferation, morphology, and cellular functionality. These model 

systems enable disease modeling and support the understanding of ongoing vice-versa cellular 

communication mechanisms (Cidem et al., 2020).  

Using innovative technologies of hiPSCs together with 3D cell culturing, the emerge of organoids 

created a new potential of human disease research. Organoids generated from hiPSCs are a self-

organizing, unique 3D system, which is highly similar to human organs and complements the 

existing model system as well as extend basic biological research. They have the ability of rep-

resenting effects of supplemented growth factors, oxygen availability as well as environmental 

factors (Miller & Spence, 2017). The experimental potential of organoids increases steadily, 

among others for therapeutic drug testing, molecular medicine, clinical studies and medical re-

search (Kim et al., 2020).  
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3. Overarching research question 
The inflammatory perturbation of alveolar epithelial cells in vitro in response to intrinsic factors 

(genetic mutation e.g., STAT3-HIES), cell-cell contact and paracrine signaling (cellular crosstalk 

in fibrosis) as well as extrinsic stimuli (airborne and inhaled particles) remain to date elusive. To 

decipher such inflammatory perturbations of the epithelium, a responsive, human in vitro model 

of the respiratory epithelium is necessary. Therefore, the overarching research question focuses 

on the generation of a 3D in vitro alveolar organoid model from hiPSCs enabling the study of the 

cellular crosstalk in fibrosis and display the pro-inflammatory response, including cytokine re-

lease. By using this cell culture method, it is possible to identify relevant mediators for disease 

crosstalk and to find potential targets for therapeutic strategies. 

3.1 Motivation behind the usage of hiPSCs-derived iAT2s 
Relevant human material for in vitro studies offers a valid alternative to cell lines, as immortalized 

human lung cell lines have major drawbacks compared to primary tissue. By using immortalized 

cells lines the in vivo situation is not fully represented as these cell lines e.g., often lack polarity 

or key morphological features and therefore differenced from iAT2s in these contexts. Especially 

the heavy loss of physiological and transcriptionally relevant biomarkers during culturing consid-

erably complicates conclusions. Foremost, AT2 cells from cell lines, as the central figure in lung 

injury and regeneration, show the absent production of a liquid lining fluid including surfactant 

proteins (SP), a key feature of the alveolar cell layer (Abo et al., 2020). Whereas iAT2 display 

markers for SP-B and SP-C, promoting their self-renewing capacity as needed for constant rep-

etition of an experimental set-up. Another problem with either cancer-derived or virally immor-

talized cell lines is the continuous growth due to mutation or manipulation. They evade cellular 

senescence and undergo perpetually proliferation leading to e.g., functional alterations and ge-

netic drifts, making it difficult to obtain comparable results (Anjali Jacob et al., 2017a; Kastlmeier 

et al., 2022). In contrast, hiPSC-derived iAT2s, encounter primary-like cell characteristics with-

out the drawback of relying on patient material. iAT2s closely match primary human AT2s in 

cellular function, transcriptional makeup, and morphology in contrast to any of the existing cell 

lines (Anjali Jacob et al., 2017b; Jacob et al., 2019).  

The projects used 3D in vitro lung organoid systems generated from hiPSCs-derived iAT2s to 

model pulmonary diseases by showing cellular responses, reflecting adverse outcomes (e.g., in-

flammation and cytokine release) as wells as dysregulating proliferation and differentiation. 

3.2 Scientific background  

3.2.1 STAT3 pathway as regulator of epithelial consistency and controller 
of inflammation in AT2s 

Hyper-Immunoglobulin E syndrome (HIES) is a primary immunodeficiencies characterized by 

high levels of serum Immunoglobulin E (IgE) (Chandesris et al., 2012; Freeman & Holland, 2008; 
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Minegishi et al., 2007). HIES is a disease of multi-organ dysfunctions with symptoms including 

eczema, recurrent bacterial and fungal infections of the skin and lung, eosinophilia as well as 

delayed dental deciduation, osteopenia, scoliosis and hyperextensibility. Recurrent pneumonia is 

typically caused by Staphylococcus aureus, Streptococcus pneumonia and Haemophilus influenzae de-

stroys the pulmonary tissue and leads to emphysemas or pneumatoceles and chronic suppurative 

lung diseases with progressive bronchiectasis (Holland et al., 2007; Kröner et al., 2019). Most 

cases are sporadic, but autosomal recessive (AR) as well as dominate (AD) variants were diag-

nosed (Al-Shaikhly & Ochs, 2019). AD-HIES is triggered by heterozygous dominate-negative mu-

tations in the STAT3 gene, affecting the DNA-binding domain (Chandesris et al., 2012; Kröner 

et al., 2019), whereas biallelic mutation in the dedicator of cytokinesis-8 (DOCK8) gene were 

identified as the common cause for the recessive variant (Al-Shaikhly & Ochs, 2019). At this 

stage, the treatment of HIES is limited and refers mainly to reducing symptoms and preventing 

infections through antibiotic prophylaxis and Immunoglobulin substitution therapy (Freeman & 

Holland, 2008). Benefits of therapeutic approaches, like hematopoietic stem cell transplant 

(HSCT) are uncertain. Especially in term of STAT3-HIES, pulmonary complication such as pneu-

matoceles and bronchiectasis were observed after HSCT (Freeman & Holland, 2008; Kröner et 

al., 2019).  

STAT3 dependent deficient repair mechanism leads to affected lung tissue destructions of the 

bronchiolar and alveolar epithelium. STAT3, as main controller of inflammation, regulates the 

expression of SFTPB, which is solely synthesized in AT2s, and controls maintenance of the sur-

factant homeostasis during lung injury, which is regulated through the Interleukin 6 (IL6) expres-

sion of the ATP-binding Cassette A3 (ABCA3) protein, a member of ATP-dependent transport 

proteins (Kröner et al., 2019). ABCA3 is highly expressed in AT2 cells and predominantly de-

tected in the lamellar bodies. Together with surfactant protein C (SFTPC), ABCA3 is required 

for organization of lamellar bodies and therefore required for normal pulmonary function. 

Whereas mutations in the proteins are associated with reduced pulmonary surfactant function 

in AT2s, possibly resulting in respiratory distress (D'Amico et al., 2018; Kröner et al., 2019; 

Matsuzaki et al., 2008).  

3.2.2 Inflammatory processes through misguided mesenchymal-to-
epithelial crosstalk  

Interstitial lung diseases (ILDs) comprise a heterogenous group of pulmonary dysfunctions, in-

cluding idiopathic pulmonary fibrosis (IPF) and acute respiratory distress syndrome (ARDS) by 

sharing similar clinical, physiologic, radiological, or pathologic manifestations. Characteristics in-

clude interstitial wall thickening and/or fibrosis, beside variable alterations of the airway and 

alveolar architecture. Typical outcomes are named as a decreased lung volume and compliance 

or even inadequate oxygenation, due to impaired ventilation as well as impaired gas exchange 

(Bagnato & Harari, 2015; Confalonieri et al., 2022; Noble, 2008).  
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Pathological biogenesis is a dynamic process involving complex interactions between epithelial 

cells, fibroblasts, immune cells (like e.g., macrophages and T-cells), as well as endothelial cells. A 

major impact at the genesis of pulmonary fibrosis is sustained by the dysfunction of epithelial 

cells and fibrotic remodeling, thus conclude an aberrant regenerative response as main trigger 

(Choi et al., 2020; Confalonieri et al., 2022; Parimon et al., 2020). 

A central role is ascribed to AT2s due to their critical function in lung homeostasis, through the 

production of pulmonary surfactant and stem cell potential including self-renewal and transdif-

ferentiation into AT1s (Katzen & Beers, 2020). ILD is linked to defects in the pulmonary surfac-

tant production, concluding AT2s as key drivers of the disease crosstalk (Confalonieri et al., 

2022; Yang et al., 2020). AT2s develop an altered state in ILDs as they acquire a profibrotic 

phenotype that promotes expansion to the mesenchymal compartment ensued by myofibroblast 

activation and matrix deposition. The loss of their self-repair ability during alveolar injury can 

lead to scar formation. Thence, the activation of TGF-ß through AT2s seems to be self-perpet-

uating, as through injured AT2s the surface tension rises, which is a crucial factor in pulmonary 

fibrosis. Furthermore, AT2s have a reduced capacity for transdifferentiation into AT1s in an 

injured lung (Figure 3.) (Parimon et al., 2020). 

Lung fibrotic disorders are characterized by accumulating fibroblasts, originating myofibroblasts 

and extracellular matrix (ECM), leading to respiratory failure (Bagnato & Harari, 2015). The 

disease development appears to be driven through the interplay of alveolar epithelial cells and 

fibroblasts. Due to the loss of the characteristic epithelial phenotype towards a mesenchymal 

phenotype and the activation of fibroblasts leading to myofibroblasts transition, a profibrogenic 

microenvironment arises (Confalonieri et al., 2022; Rout-Pitt et al., 2018).  

The transformation of epithelial cells into mesenchymal cells is defined as epithelia-to-mesen-

chymal transition (EMT) and permit a direct vice-versa crosstalk between cells (Noble, 2008). 

EMT occurs through activation of AT2s as well as ECM deposition and is a complex process in 

response to extracellular stimuli that involves interactome including protein to protein and ge-

netic interactions. The EMT crosstalk is disrupted in ILDs whereby AT2s acquire a profibrotic 

phenotype to aberrant secrete profibrotic mediators that stimulate and activate fibroblasts mi-

gration and recruit inflammatory cells, after recurrent injury of the alveolar niche (Figure 3.) 

(Kong et al., 2021; Parimon et al., 2020).  

Regarding epithelial repair, Interleukin 11 (IL11) impair the epithelial-mesenchymal communica-

tion as it affects the progenitor function of AT2s by suppressing the activation and formation 

into mature iAT2s (Kortekaas et al., 2022; Kortekaas et al., 2021).  
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Figure 3. Schematic illustration of ILD pathogenesis driven by intrinsic and extrinsic factors. Bias Factors generate 

through multiple pathways vulnerable AT2s representing dysfunctional epithelial manners. Targeted AT2s show a 

disturbance in their characteristic behavior e.g., by an increased external stress response, the loss of their stem cell 

function or incipient apoptosis. In context of ILD the dysfunctional alveolar niche represents subsequent mechanisms 

as increased proliferation of AT2s, impaired transdifferentiation to AT1s or transition to a senescent stage. The vice 

versa mesenchymal-to-epithelial crosstalk with activated myofibroblasts can lead to matrix deposition and a disrupted 

injury response. The resultant consequence is the loss of the typical lung architecture, fibrotic remodeling and aberrant 

modifications in the structure of the gas exchange area, characteristic for the ILD phenotype (Chan & Liu, 2022; 

Katzen & Beers, 2020). 

 

Genetic factors (intrinsic) like aging, as well as environmental (extrinsic) determinants like infec-

tion and air pollution are besides repetitive alveolar epithelial injury the main causes for ILD 

(Confalonieri et al., 2022; Katzen & Beers, 2020). With regard to histological hallmarks, intersti-

tial pneumonia pattern arises, identified by disposed myofibroblasts into fibroblastic foci, in the 

context of temporally and spatially heterogenous chronic interstitial fibrosis. While fibroblasts 

accumulation represents the central aspect, honeycombing of the distal lung regions affects re-

gions originating bronchiolization tagged by hyperplastic AT2s and proximal airway cells including 

basal, ciliated and goblet cell lineages. A further considerable feature is marked by hyperplasia of 

AT2s and in contrast a loss of ATIs, display two characteristic pathological attributes of ILD – 

aberrant epithelial cells and mesenchymal expansion (Figure 3.) (Basil et al., 2020; Confalonieri 
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et al., 2022; Katzen & Beers, 2020; Parimon et al., 2020). The pathological process behind out-

lines a crosstalk between activated fibroblasts and damaged epithelial cells.  

3.3 Publications in relation to research question 
As discussed above, alveolar organoids are a versatile tool to study the cellular crosstalk in 

fibrosis and display the pro-inflammatory response in a lung epithelial cell-based culture model. 

The generation of a complex 3D organoid model of iAT2s opened the research aim whether a 

human lung model can be generated, responding realistic to the perturbating vice-versa disease 

crosstalk or engendered mutation. The potential of utilizing mutant hiPSCs is notably exemplified 

in their ability to authentically replicate the disease manifestations from the inception. This ca-

pability gives invaluable insights into the intricate progression of diseases. In a dynamic 3D culture 

model, generated by iAT2s from mutant hiPSCs, every stage of organoid development can be 

meticulously examined. These diseases iAT2s realistically display the behavior of the human lung 

and provides an opportunity to gain comprehensive insights into the progress of diseases. More-

over, the utilization of human mutant material obviates the need for mechanical cell modifica-

tions, which often come at the cost of cell viability and integrity. This non-invasive approach 

enables to directly emulate the realistic disease patterns observed in clinical settings. It opens 

new avenues for therapeutic exploration, with a focus not only on the final disease phenotype 

but also on the intricate cellular processes that underpin the entire disease development. 

 

However, since these cells must go through a complex pathway of directed lung differentiation 

to become mature alveolar cells, it was not clear whether it is feasible to pass diseased cells 

through this process in order to differentiate. Through the collaboration with AG Renner, TU 

Munich, the opportunity was given to differentiate alveolar organoids out of hiPSCs from patients 

with STAT3 mutation as well as a CRISPR-Cas9-corrected cell line and generate an organotypic 

human disease model in vitro. During the directed differentiation it was possible to compare 

typical transcription markers of lung progenitor stages and to get an understanding of the com-

plex interplay between growth factors and proteins. The use of various analytical methods re-

vealed both intracellular and phenotypical differences between the hiPSCs lines. The publication 

“Rescue of STAT3 Function in Hyper-IgE Syndrome Using Adenine Base Editing” displays that iAT2s 

generated from hiPSCs obtained by patients in a 3D culture system represent characteristic HIES 

disease markers and can be used for further research questions regarding the inflammatory re-

sponse after stimulation of the STAT3-signaling pathway.  

 

Furthermore, iAT2s showed their potential to study cellular crosstalk perpetuating in ILD, that 

is inflammatory driven. Hereby, the vice-versa crosstalk between the different cell types should 

be investigated and potential trigger factors leading to a disturbed inflammatory lung pattern 
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should be identified. This could be either the direct interplay of cells in a co-culture model or 

by adding specific cytokines to cultured iAT2 to analyze their response and demonstrate their 

cellular as well as phenotypic changes. 

The CPC-M bioArchive provided tissue from ILD patients to rebuild a co-culture model of hu-

man fibroblast together with iAT2s. Primary human lung fibroblast from ILD patients and non-

chronic lung disease controls were cultivated to create a 3D co-culture model together with 

iAT2s, resulting in the formation of alveolar organoids and displaying a realistic in vivo set-up of 

the human alveoli. The model provided deeper insights into the mesenchymal-to-epithelial cross-

talk as observed by changes in the organoid phenotype. The morphologic changes of the alveo-

lospheres as shown in “Cytokine signaling converging on IL11 in ILD fibroblasts provokes aberrant 

epithelial differentiation signatures” displayed the ability of an organoid co-culture model to show 

critical consequence of the vice-versa disease crosstalk. Screening results of the supernatant 

from mono-cultured human fibroblasts from ILD patients demonstrated cytokines from the C-

X-C motif family, indicating their increased occurrence in ILD and their leading role in the path-

ogenesis of fibrosis and inflammation. Moreover, specific proteins were detected that directly 

inhibit Wnt signaling and thus regulate cell growth and differentiation from AT2 to AT1 cells. 

This shift in the Wnt signaling pathway could be accountable for the change in the number of 

organoids and their size, displayed in their gene expression levels and concluded in the presence 

of EMT in ILD. In addition, the secretome of fibroblasts showed expression of IL11, which is 

characteristically expressed by pro-inflammatory fibroblasts in pulmonary fibrosis. IL11 can on 

the one hand activate fibroblasts to differentiate into myofibroblasts or, on the other hand stim-

ulate epithelial cells that results in either cellular dysfunction and impaired regeneration, as well 

as cellular senescence or EMT. In relation to that, mono-cultures of iAT2s treated with IL11, 

showed similar effects as stem cell dysfunction, ECM production and EMT.  

The paper demonstrates the potential of a 3D organoid co-culture lung model of iAT2s and 

human fibroblasts, displaying the leading role of the perpetuating crosstalk of activated fibroblast 

and injured epithelial cells in the progression of pulmonary inflammation. It displays the conse-

quences of epithelial damage and aberrant differentiation in CLDs and confirmed IL11 as key 

player in the pathogenesis of ILD. 

 

Taken together, the publications punctuate the remarkable potential inherent in a 3D co-culture 

model derived from hiPSCs. These complex in vitro lung models effectively display the intricate 

interplay between mesenchymal and epithelial cells, presenting phenomena such as dedifferenti-

ation and morphological transformation. Moreover, it demonstrates its suitability for investigat-

ing disease scenarios in a highly realistic in vitro setting, thereby offering valuable insights into 

the dynamics of diseases under a realistic clinical picture, and prerequisites for new therapeuti-

cally approaches.   
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4. Zusammenfassung 
Durch direkte Differenzierung ist es möglich, induzierte Alevolarzellen des Typ 2 (iAT2s) aus 

humanen induzierten pluripotenten Stammzellen (hiPSCs) zu erzeugen. Das 3D alveolar-Orga-

noid-Modell stellt eine vielversprechende Methode dar, um die zelluläre Interaktion während 

Lungenfibrose in vitro zu untersuchen, pro-fibrotische Mediatoren aufzuzeigen und potenzielle 

Ziele für therapeutische Ansätze zur Behandlung von Lungenkrankheiten zu identifizieren. 

In Kapitel 6.1 "Rescue of STAT3 Function in Hyper-IgE Syndrome Using Adenine Base Editing" lag 

der Schwerpunkt auf der Korrektur der häufigsten STAT3-HIES verursachenden heterozygoten 

STAT3-Mutationen durch CRISPR-Cas9-vermittelte Adenin-Basen-Editoren (ABEs). Die aus Pa-

tienten gewonnenen hiPSCs zeigten eine erhaltene Plastizität durch ihre Fähigkeit, sich erfolg-

reich in Lungenvorläuferzellen und anschließend in alveolaren Sphäroiden zu differenzieren. Im 

Hinblick auf therapeutisch relevante Zwecke ist es eine wesentliche Annahme, dass mit ABE 

behandelte hiPSCs ihre Plastizität beibehalten. Durch den Nachweis, dass reparierte iPSCs, die 

aus Fibroblasten von Patienten stammen, alveoläre Sphäroide generieren können, kann dies als 

Grundsatzbeweis dafür angesehen werden, dass es unter therapeutischen Gesichtspunkten mög-

lich ist, genetische Verfahren für die Behandlung von STAT3-HIES einzusetzen. 
 

Pneumozyten vom Typ 2 (AT2) haben eine sekretorische und regenerative Rolle in der Lungen-

homöostase und dienen als zelluläre Vorläufer der Alveolen. Durch die Sekretion von Surfaktan-

zien ist es die Aufgabe der AT2-Zellen die Oberflächenspannung zu senken und den Kollaps der 

Alveolen zu verhindern. Eine gestörte funktionelle Entwicklung sowie der Verlust der Fähigkeit 

zur Sekretion von Surfaktanzien, fördern einen pro-fibrotischen Phänotyp und tragen zum Fort-

schreiten interstitieller Lungenerkrankungen (ILD) bei. 

Kapitel 6.2 "Cytokine signaling converging on IL11 in ILD fibroblast provokes aberrant epithelial diffe-

rentiation signatures" zielte darauf ab, relevante Mediatoren der vice-versa Kommunikation von 

mesenchymalen zu epithelialen Zellen zu identifizieren. Mittels Massenspektrometrie charakte-

risierten wir das Sekretom von Lungenfibroblasten mit ILD und Fibroblasten von Patienten mit 

nicht-chronischer Lungenerkrankung und entdeckten 47 häufig vorkommende Proteine im Ver-

gleich der beiden Gruppen. Das Sekretom der Fibroblasten mit ILD bestand überwiegend aus 

Chemokinen, signalgebenden Wachstumsfaktoren wie Interleukin 11 (IL11) und Proteinen, die 

für den Umbau der extrazellulären Matrix und bei dem Übergang vom Epithel zum Mesenchym 

benötigt werden. Indem wir 3D-Monokulturen von iAT2s mit IL11 behandelten, rekapitulierten 

wir die Ergebnisse der Co-Kultur mit primären ILD-Fibroblasten, einschließlich der Veränderun-

gen der Stoffwechselaktivität sowie der Fähigkeit Sphäroide zu genieren. Durch unsere Analyse 

konnten wir mesenchymale Mediatoren identifizieren, welche bei der krankheitserhaltenden 

Kommunikation vom Mesenchym zum Epithel bei ILD auftauchen. Durch den Einsatz hochent-

wickelter alveolärer Co-Kulturen konnten wir die Bedeutung der durch Zytokine ausgelösten 

divergenten Epithelialdifferenzierung nachweisen und IL11 als Schlüsselakteur bei ILD bestätigen. 
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5. Abstract 
By direct differentiation it is possible to generate induced alveolar type II cells (iAT2s) from 

human induced pluripotent stem cells (hiPSCs). The 3D alveolar organoid model represents a 

promising method to study vice-versa cellular crosstalk during lung fibrosis in vitro, display pro-

fibrotic mediators and identify potential targets for therapeutic approaches of treating lung dis-

eases. 

Capture 6.1 “Rescue of STAT3 Function in Hyper-IgE Syndrome Using Adenine Base Editing” put the 

focus on correcting the most common STAT3-HIES causing heterozygous STAT3 mutations via 

CRISPR-Cas9-mediated adenine base editors (ABEs). The generated patient-derived hiPSCs 

showed preserved plasticity by their capability to successfully differentiate into lung progenitors 

and consecutively alveolar organoids. It is an essential assumption with regard to therapeutic 

relevant purposes that hiPSCs treated with ABE retain their plasticity. Respectively, by demon-

strating that repaired hiPSCs derived from patient fibroblasts can generated alveolar organoids, 

it can be seen as proof-of-principle that it is feasible in a therapeutically aspect to use gene editing 

in the treatment of STAT3-HIES. 
 

Alveolar epithelial type 2 cells (AT2s) have secretory and regenerative roles in lung homeostasis 

and serve as cellular progenitors of the lung alveoli. Through the secretion of surfactant, it is the 

task of the AT2s to lower the surface tensions and prevent the alveoli to collapse. Impaired 

functional development and loss of the capacity to secret surfactant promote a pro-fibrotic phe-

notype and contributes to the progression of interstitial lung diseases (ILDs). 

Capture 6.2 “Cytokine signaling converging on IL11 in ILD fibroblast provokes aberrant epithelial 

differentiation signatures” aimed to identify pertinent mediators of the vice-versa mesenchymal-

to-epithelial crosstalk. Through mass spectrometry we characterized the secretom of ILD lung 

fibroblast and non-chronic lung disease fibroblasts from patients and detected 47 abundant pro-

teins by comparing the two set-ups. The ILD secretome consisted prevalent of chemokines, 

signaling growth factors like Interleukin 11 (IL11) and proteins needed for extracellular matrix 

(ECM) remodeling and epithelial-to-mesenchymal transition. However, treating 3D monocul-

tures of iAT2s with IL11 we recapitulated the co-culture results obtained with primary ILD 

fibroblasts including changes in metabolic activity as well as organoid formation capacity and size. 

Our analysis identified mesenchyme-derived mediators contributing to the disease-perpetuating 

mesenchymal-to-epithelial crosstalk in ILD. By using sophisticated alveolar organoid co-cultures, 

we indicated the importance of cytokine-driven divergent epithelial differentiation and confirmed 

IL11 as a key player in ILD. 
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Abstract
STAT3-hyper IgE syndrome (STAT3-HIES) is a primary immunodeficiency presenting with destructive lung disease
along with other symptoms. CRISPR-Cas9-mediated adenine base editors (ABEs) have the potential to correct
one of the most common STAT3-HIES causing heterozygous STAT3 mutations (c.1144C>T/p.R382W). As a
proof-of-concept, we successfully applied ABEs to correct STAT3 p.R382W in patient fibroblasts and induced
pluripotent stem cells (iPSCs). Treated primary STAT3-HIES patient fibroblasts showed a correction efficiency
of 29% – 7% without detectable off-target effects evaluated through whole-genome and high-throughput se-
quencing. Compared with untreated patient fibroblasts, corrected single-cell clones showed functional rescue
of STAT3 signaling with significantly increased STAT3 DNA-binding activity and target gene expression of
CCL2 and SOCS3. Patient-derived iPSCs were corrected with an efficiency of 30% – 6% and differentiated to al-
veolar organoids showing preserved plasticity in treated cells. In conclusion, our results are supportive for
ABE-based gene correction as a potential causative treatment of STAT3-HIES.

Introduction
STAT3-hyper IgE syndrome (STAT3-HIES) is a primary

immunodeficiency presenting as a multiorgan disease

including but not limited to high serum IgE, eczema,

recurrent skin and lung infections, and skeletal manifes-

tations.1–5 STAT3-HIES is caused by heterozygous

STAT3 mutations, resulting in a dominant-negative effect

on STAT3 signaling. In particular, the destructive lung

disease caused by recurrent lung infections impacts pa-

tients’ quality of life.6,7 The treatment of this devastating

immunodeficiency is mainly limited to reducing symp-

toms and preventing infections through antibiotic pro-

phylaxis and immunoglobulin substitution therapy.4,5,7,8

Thus far, the overall benefit of hematopoietic stem cell

transplantation remains uncertain, especially regarding

chronic lung disease in STAT3-HIES.8–10 Consequently,

additional therapeutic approaches, in particular a causative

treatment of the lung disease, need to be developed for

STAT3-HIES. Due to the dominant-negative effect of mu-

tated STAT3, gene substitution therapy is not suitable to

cure STAT3-HIES. The defective protein must instead

be eliminated or repaired to rescue STAT3 function.

Adenine base editors (ABEs) mediate correction of

single-nucleotide changes from G$C to A$T, which ac-

count for half of all known disease-associated muta-

tions,11 including the two most prevalent STAT3-HIES

causing STAT3 mutations c.1144C>T/p.R382W and

c.1145G>A/p.R382Q.2,3 We chose the heterozygous
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STAT3 mutation c.1144C>T/p.R382W to test the thera-

peutic applicability of ABEs to correct STAT3-HIES

causing point mutations. The p.R382W mutation is lo-

cated in the DNA-binding domain of STAT3 and results

in a dominant-negative effect on STAT3 function caused

by defective STAT3 proteins.1,3 STAT3 signaling is ac-

tivated upon phosphorylation, and dimerization is medi-

ated by cytokines such as interleukin-6 (IL-6). STAT3

dimers translocate to the nucleus, bind to DNA, and

function as transcription factors. Heterozygous STAT3

p.R382W mutations result in heterodimer formation of

wild-type and mutated STAT3 proteins with reduced

nuclear localization and STAT3 DNA-binding capacity,

while initial STAT3 phosphorylation by cytokine acti-

vation remains unaffected.1,3,12

Materials and Methods
Institutional review board approval
Skin samples were taken after institutional review board-

approved informed consent of the patient and healthy

controls.

Primary cell culture
Fibroblasts were isolated from a skin sample of an STAT3-

HIES patient heterozygous for the p.R382W mutation

(STAT3+/R382W fibroblasts) and two healthy individuals

(control). Normal human adult primary dermal fibroblasts

(ATCC PCS-201-012, STAT3+/+) were purchased from

ATCC. Fibroblasts were cultured in Dulbecco’s modified

Eagle’s medium (PAN Biotech) with 10% fetal bovine

serum (FBS) superior (Biochrom) and 1% antibiotic/anti-

mycotic (Thermo Fisher Scientific) at 37�C and 5%

CO2. Single-cell clones were isolated via seeding of a

5-cell/lL cell suspension in a 96-well format with a 1:1 di-

lution of normal fibroblast medium and medium condi-

tioned by culturing STAT3+/R382W fibroblasts for 48 h.

Twenty-four hours after seeding, wells containing only

one fibroblast were selected for further cultivation.

Patient-derived induced pluripotent stem
cell generation
Fibroblasts were harvested as a single-cell solution using

trypsin-EDTA (Thermo Fisher Scientific). The transfec-

tions were prepared using 1.5 · 10E6 cells resuspended

in the MEF 1 Nucleofector Kit (Lonza) solution plus

12 lg of plasmid DNA (MIP 247 CoMiP 4in1 with

shRNA p53: pCXLE-hMLN; Addgene). The cells were

pulsed with the T-020 program using the Nucleofector

2b Device (Lonza). Two transfections were pooled to-

gether and plated in a Matrigel-coated (Corning)

100 mm tissue culture dish. The cells were incubated in

FBS (GE Healthcare)-based fibroblast growth medium

supplemented with 0.2 mM sodium butyrate (Sigma)

and 64 lg/mL ascorbic acid (Sigma) for 24 h. On day 2,

a reprogramming medium consisting of essential 6

(Thermo Fisher) supplemented with 100 ng/mL basic

fibroblast growth factor (Peprotech), 0.2 mM sodium bu-

tyrate, and 50 lg/mL ascorbic acid, and 100 nM hydro-

cortisone (Sigma) was added to the culture. On day 20,

the first colonies were observed and the culture medium

was switched to StemMACS iPS-Brew XF (Miltenyi

Biotec). The colonies were picked on day 28. Subse-

quently, the cells were expanded and cultured in feeder-

free conditions with Matrigel/iPS Brew XF.

Induced pluripotent stem cell pluripotency analyses
For pluripotency testing via immunostaining, cells were

grown on Matrigel-coated (Corning) ibidi eight-well

chamber slides (Ibidi) until they reached 80% confluency.

The cells were fixed with 4% paraformaldehyde/96%

phosphate buffered saline (PBS) solution [Pierce� 16%

Formaldehyde (w/v), methanol-free, Thermo Fisher and

Dulbeccos’ phosphate buffered saline, no calcium, no mag-

nesium, Thermo Fisher] and permeabilized with 0.2%

TritonX-100/PBS (Sigma Aldrich). The following primary

and secondary antibodies were used and diluted according

to the manufacturers’ recommendations: anti-human/

mouse Sox2, anti-human Nanog (D73G4), anti-human/

mouse Oct-4A (C30A3), anti-human/mouse Lin28 (all

Cell Signaling Technologies), and Alexa Fluor� 488 goat

anti-rabbit IgG (H+L; Thermo Fisher). The slides were

mounted using ProLong Glass Antifade Mountant with

NucBlue Stain (Thermo Fisher). Imaging was performed

using a Zeiss Axio Imager M.2 with Colibri 7.

Potency characterization for the patient-induced pluripo-

tent stem cells (iPSCs) was performed following directed dif-

ferentiation protocols for the ectoderm, mesoderm, and

endoderm.13–15 iPSCs from two consecutive passages were

seeded in a 24-well format and the differentiation was initi-

ated when the wells were 90% confluent. The cells were dif-

ferentiated for 5 days. RNA extraction and reverse

transcription were performed using the RNeasy Mini Kit

(Qiagen) and SuperScript III Reverse Transcriptase (Thermo

Fisher) following the manufacturer’s instructions. Quantita-

tive real-time polymerase chain reaction (PCR) was per-

formed in Power SYBR� Green PCR Master Mix

(Thermo Fisher) using the default program from the Quant-

Studio 12K Flex Real-Time PCR System (Thermo Fisher).

Relative expression levels were calculated using the Delta-

Delta Ct method normalized with glyceraldehyde 3-

phophate dehydrogenase.16

Directed differentiation of human iPSCs
To investigate plasticity after gene editing, untreated

STAT3+/R382W iPSCs, a corrected iPSC SCC and the
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control iPSC line BU3NGST were differentiated into

lung progenitor cells and alveolar type 2 epithelial cells

(iAEC2) as described previously.17,18 The control iPSC

line BU3NGST was kindly provided by Prof. Darrell

Kotton, Boston University, Center for Regenerative Med-

icine.17 Shortly, iPSCs are consecutively induced for de-

finitive endoderm and anterior foregut formation. At day

14 of differentiation, lung progenitor specification was

evaluated by immunofluorescence staining of NKX2.1

and albumin (ALB). NKX2.1-positive lung progenitor

cells were enriched by flow cytometry (BD FACSAria)

by expression of cell surface markers CD47hi/CD26lo

based on a previously described protocol.19 Purified

lung progenitors were seeded in 3D Matrigel (Corning)

domes and passaged every second week at a cell density

of 50 cells/lL according to published protocols.17 At day

45 of differentiation, emerging iAEC2 were enriched

using the surface marker CPM and subsequently cultured

as 3D alveolospheres.

To ensure iAEC2 identity, immunofluorescence of PFA-

fixed and paraffin-embedded alveolar spheres was per-

formed. Three micrometer sections were deparaffinized fol-

lowed by antigen retrieval using citrate buffer (pH 6.0).

After permeabilization and blocking, slides were stained

with primary antibodies overnight. Secondary antibodies

were applied 1 h before counterstaining with DAPI for

30 min. The slides were mounted with DAKO fluorescence

antifade agent and imaged using the Zeiss Axio Imager.

The following primary and secondary antibodies were

used: anti-human/mouse/rat Nkx2.1 (clone 8G7G3/1;

Invitrogen), anti-human albumin (clone 188835; R&D

Systems), anti-CPM (014-27501; Wako), Alexa 647

goat anti-mouse, anti-proSPC (AB3786A; Millipore),

Alexa 647 Plus goat anti-rabbit, Alexa 488 goat anti-

mouse IgG1, Alexa 647 goat anti-mouse IgG2a (all Invi-

trogen), PE anti-human CD26 (clone BA5b), APC anti-

human CD47 (clone CC2C6), PE mouse IgG1, j isotype

control (MOPC-21), and APC mouse IgG1, j isotype con-

trol (MOPC-21; all BioLegend). Imaging was performed

using a Zeiss LSM 880 with Airyscan. Images were edited

using ZEN 2.5 lite software. Flow cytometric analysis was

performed with a BD FACSCanto II Cell Analyzer with

BD FACS Diva Software v. 6.1.3. For the evaluation of

the dot plots, FlowJo Version 7.2.1 was used.

Electroporation of ribonucleoproteins and plasmids
Fibroblasts were electroporated with the 4D-

Nucleofector X System (program DT-130) by using the

P2 Primary Cell Kit L, and iPSCs (program CA-137) by

using the P4 Primary Cell Kit S, according to the manufac-

turer’s instructions (both Lonza). Ribonucleoproteins

(RNPs) were assembled with Alt-R� S.p. Cas9 nuclease

(Integrated DNA Technologies) and single-guide RNAs

(sgRNAs) in vitro synthesized with the EnGen sgRNA

Synthesis Kit, Streptococcus pyogenes (New England Biol-

abs), according to the manufacturer’s instructions.

The plasmid encoding the ABE pCMV-ABE7.10 was

ordered from Addgene as was the plasmid, pBS-U6-

chimaericRNA, encoding a non-target control guide

RNA under U6 promoter control. The non-target control

sgRNA contained an 18 bp protospacer sequence (5¢-
GGGTCTTCGAGAAGACCT-3¢) without targets with

less than three mismatches according to CCTop20 and nu-

cleotide BLAST21 in the human DNA and no adenines in

the editing window of ABE7.10. The target-specific

sgRNA gW382R-ABE (gWRA) sequence containing the

protospacer 5¢-ATTTCCAGGATCTGAATCAC-3¢ was

cloned into the pBS-U6-chimaeric RNA vector by excision

of the non-target control guide RNA sequence.

Sanger sequencing
Sanger sequencing was performed with PCR fragments

of the target regions and exonic gWRA off-targets with

four mismatches predicted by CRISPOR22 and CCTop20;

primer sequences are listed in Supplementary Table S1.

Editing efficiencies were determined via in silico analysis

using EditR23 and were calculated from the percentage of

A signal in the chromatogram in untreated cells versus

treated cells. Chromatograms were received from Eurofins

Genomics GmbH.

Deep whole-genome sequencing
The genomic library was prepared from 1000 ng of geno-

mic DNA with the TruSeq DNA PCR-Free Kit (Illumina).

DNA was fragmented to an average length of 350 bp by

sonication. Libraries were validated according to standard

procedures and sequenced via 150 bp paired-end on a

NovaSeq 6000 platform. Reads were aligned using the

mem algorithm of the Burrows-Wheeler Aligner version

0.7.5a and aligned to the hg19 reference with decoy

sequences and masked pseudo autosomal regions. Base

quality scores are recalibrated using GATK24 (version 4)

BaseRecalibrator with enlarged context size for single-

nucleotide variants (SNVs) and insertions and deletions

(indels) of, respectively, 4 and 8 bp (instead of the default

values 2 and 3). Variants were called and inspected both

with GATK and custom scripts. Data are annotated with

custom in house scripts using refSeq genes.

Whole-genome sequencing (WGS) data of ABE7.10/

gWRA-treated and -untreated STAT3+/R382W fibroblasts

were analyzed and compared to search for treatment-

induced SNVs and indel variants. A deliberately low

threshold of 3 supporting reads to call a variant was set,

requiring a minimum of 20 reads on the position to retain
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it. To avoid confounding errors, we restricted only to the

high confidence regions calculated by the Genome in a Bot-

tle consortium,25 we rejected repeats as marked in UCSC

RepeatMasker26,27 and low complexity regions. We re-

quired a minimum mapping quality of 30 in the Phred qual-

ity score and a minimum base quality of 20 for the genomic

distribution analysis, and a minimum mapping quality of

50 in the Phred quality score and a minimum base quality

of 25 for all other analyses. The genome was divided into

1279 similarly sized chunks and searched for variants

uniquely detected in the ABE7.10/gWRA-treated sample

and not in the untreated sample and vice versa.

Structural variants were called using a set of different

structural variant callers: BreakDancer,28,29 Delly,30

CNVnator,31 Lumpy-SV,32 Manta,33 and Pindel34,35 focus-

ing on insertions, deletions, inversions, duplications, and

translocations. The variants of each caller were combined

together when overlap was detected for two separate

calls of the same variant class.

Potential integration of plasmid DNA was assessed by

checking the presence of the plasmid sequences in the

WGS data. To test for integration of the detected plasmid

sequences, we analyzed read pairs in which one read

mapped on the plasmid sequence and the other read on

the human nuclear genome. We inspected the reads man-

ually using the Integrative Genomics Viewer.36 Of each

pair, we scanned both the read on the plasmid and the

read on the nuclear genome for signs of integration, for

example, the sequence being disrupted from a certain

point to the 3¢- or 5¢-end. Second, we inspected the

nearby region to the matched read on the nuclear genome

to detect signs of an insertion, for example, reads whose

alignment is disrupted from a certain position on. To

avoid confounding effects, we compared simultaneously

the reads from our WGS sample from both the alignments

with and without plasmid sequence and we added a dif-

ferent genomic sample to avoid reference genome effects.

Off-target sites predicted using CRISPOR22 and CCTop20

were analyzed using the WGS data. Further sites were

tested by independently aligning the protospacer sequence

of gWRA to the hg19 reference genome and evaluating var-

iants in nearby sites (–45 bp). Variants uniquely detected in

the ABE7.10/gWRA-treated and not the untreated sample

were analyzed by Levenshtein distance analysis for poten-

tial binding of the sgRNA gWRA in a sliding window start-

ing 45 bp upstream and ending 45 bp downstream of each

variant position as previously reported.37

High-throughput sequencing
Primers for the STAT3 target region and exonic gWRA

off-targets with four mismatches predicted by CRISPOR22

and CCTop20 were designed to amplify 450- to 500-bp-

long amplicons (Supplementary Table S1) centered on

the off-target regions. The adapter sequence 5¢-
ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3¢
was attached to forward primers and 5¢-GACTGGAGTT

CAGACGTGTGCTCTTCCGATCT-3¢ to reverse primers

at the 5¢-end. PCR amplicons were sent for high-throughput

sequencing (HTS) and subsequent commercial bioinfor-

matic analysis (Eurofins Genomics). Sequencing was per-

formed on an Illumina MiSeq with an average of 80,000

to 90,000 read pairs per amplicon.

STAT3 DNA-binding enzyme-linked immunosorbent
assay (TransAM)
Nuclear extracts of unstimulated and IL-6 (20 ng/mL for

20 min) (Biochrom)-stimulated STAT3+/R382W fibro-

blasts were prepared with the Nuclear Extract Kit (Active

Motif) according to the manufacturer’s instructions.

Nuclear extract protein concentrations were measured via

the Bradford assay (Bio-Rad), and STAT3 DNA-binding

activity was analyzed via STAT3 TransAM (Active

Motif) according to the manufacturer’s instructions.

Quantitative real-time PCR
RNA isolations from unstimulated and IL-6 (20 ng/mL

for 60 min) (Biochrom)-stimulated STAT3+/R382W fibro-

blasts were performed with the innuPREP RNA Mini

Kit 2.0 (Analytik Jena) with DNase digestion according

to the manual. cDNA was generated by the High-

Capacity cDNA Reverse Transcription Kit (Applied Bio-

systems) according to the manufacturer’s instructions.

Gene expression was analyzed by quantitative real-time

PCR in SsoAdvanced Universal SYBR Green Supermix

and a CFX Connect Real-Time PCR Detection System

(Bio-Rad); primer sequences are listed in Supplementary

Table S1. Relative target gene expression of CCL2 and

SOCS3 relative to expression of TATA-box-binding-

protein (TBP) was performed as described previously.16

Western blot
Western blot analysis was performed using 10–15 lg of

nuclear extracts. Following sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) with

NuPAGE 4–12% Bis-Tris protein gels (Invitrogen),

blots were probed with phospho-stat3 (Tyr705) (3E2)

mouse mAb (1:1000) and TBP (D5C9H) XP rabbit

mAb (1:1000; all Cell Signaling Technology) and devel-

oped with secondary antibodies stabilized goat anti-

rabbit/anti-mouse IgG, peroxidase conjugated (Thermo

Scientific) and Super Signal West Femto Maximum Sen-

sitivity Substrate Kit (Thermo Scientific) and an Intas

ChemoCam imaging device (Intas Science Imaging

Instruments GmbH). Page Ruler Prestained Protein
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Ladder (Thermo Scientific) was used as a size stan-

dard. Quantification was performed using LabImage 1D

(Intas Science Imaging GmbH).

Statistical analysis
Data were analyzed by two-way ANOVA to check for

overall differences and with a Bonferroni’s post-test

comparing each sample with the untreated cell population

using GraphPad Prism software (version 5.03), unless

noted otherwise. For all graphs, the mean and individual

measurements from the indicated number of independent

experiments are shown.

Results and Discussion
To correct STAT3 c.1144C>T/p.R382W, we designed the

sgRNA gW382R-ABE (gWRA) with the protospacer se-

quence 5¢-ATTTCCAGGATCTGAATCAC-3¢ (Fig. 1).

gWRA was constructed to specifically target the mutation

site to enable editing of the pathogenic A$T base pair

resulting from the p.R382W mutation. When using

gWRA, no additional adenines except the pathogenic

A$T base pair causing the p.R382W mutation lie in the

editing window of ABE7.10, reducing the likelihood of

unwanted editing effects at the target site.

To check the specificity of gWRA, we performed in sil-

ico off-target analyses using CCTop20 and CRISPOR22 and

found predicted off-target sites distributed over the whole

genome (Supplementary Fig. S1). All predicted exonic

off-targets had at least four mismatches between the target

sequence and the human genome, while no off-target se-

quences with fewer than three mismatches comprising

intronic and intergenic regions were predicted.

To test the functionality of the sgRNA gWRA, we suc-

cessfully induced double strand breaks (DSBs) in a PCR

fragment containing the target sequence using preassem-

bled RNP complexes of gWRA and recombinant Cas9

protein (Supplementary Fig. S2A).

Since fibroblasts have been shown to play a fundamen-

tal role in impaired wound healing and angiogenesis in

STAT3-HIES,38 they provide a valuable ex vivo model

to investigate ABE-mediated gene repair. Thus, we iso-

lated skin fibroblasts of an STAT3-HIES patient with a

heterozygous STAT3 p.R382W mutation (STAT3+/R382W

fibroblasts) and found a pronounced defect in STAT3

function (Supplementary Fig. S3). To confirm function-

ality of gWRA in primary cells, we transfected the

STAT3+/R382W fibroblasts with Cas9/gWRA RNPs.

DNA isolated 48 h after RNP transfection showed aber-

rant sequences starting from the expected cutting site,

indicating indels and thus a successful induction of

DSBs at the mutation site (Supplementary Fig. S2B).

To correct the STAT3 p.R382W mutation, we used a

plasmid encoding ABE7.10 under CMV promoter control

in combination with a plasmid encoding the sgRNA

gWRA under U6 promoter control and transfected both

plasmids into STAT3+/R382W fibroblasts. Sanger sequenc-

ing of the targeted mutation site revealed a decrease of

the monoallelic adenine signal in the chromatogram of

a heterogeneous bulk population of ABE7.10/gWRA-

treated cells compared with green fluorescent protein-

treated cells. An analysis of the Sanger sequences via

EditR23 revealed a robust editing efficiency of

29% – 7% 48 h after electroporation in a set of three ex-

periments (Supplementary Fig. S4).

FIG. 1. STAT3 R382W-specific adenine base editing complex. Schematic base editing complex consisting of the
ABE (deaminase) linked to Cas9 D10A nickase (nCas9). The target-specific sequence of the sgRNA gWRA is shown in
green; upper case: exonic sequence; lower case: intronic sequence; red letter: mutation site; blue letters: PAM
sequence. ABE, adenine base editor; PAM, protospacer adjacent motif; sgRNA, single-guide RNA.
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To validate the editing efficiency at the target site and to

investigate potential gRNA-dependent and -independent

off-target effects, we assessed a bulk population of

ABE7.10/gWRA-treated and -untreated STAT3+/R382W

fibroblasts using deep WGS with an increased coverage of

>70 · and HTS. WGS and HTS data revealed a high editing

efficiency of ABE7.10/gWRA-treated STAT3+/R382W fibro-

blasts of 39% and 46%, respectively, at the target site com-

pared with untreated cells (Supplementary Fig. S5).

Searching for off-targets in ABE7.10/gWRA-treated

STAT3+/R382W fibroblasts, we analyzed every detectable

SNV or short indel supported by a minimum base qual-

ity of 25 in at least 3 reads with minimum mapping qual-

ity of 50, both in the Phred scale, on the Genome in a

Bottle consortium callable regions.39 SNVs present in

ABE7.10/gWRA-treated and -untreated STAT3+/R382W

fibroblasts were excluded as cell intrinsic.

Analyzing the genomic distribution, no genomic hot-

spot with a considerable increase in unique SNVs was

found in ABE7.10/gWRA-treated compared with un-

treated cells (Fig. 2A). To reduce potential sequencing er-

rors, a subsequent filtration allowing two supporting

reads on the untreated sample was applied before analysis

of variant distribution. No increase in the A$T to G$C

fraction in ABE7.10/gWRA-treated cells compared

with untreated cells and an internal control was detected

(Fig. 2B). Thus, our results indicated no distinct global

effect of the ABE7.10/gWRA treatment.

To examine for possible dependency of variants

unique to ABE7.10/gWRA-treated STAT3+/R382W fibro-

blasts on the specific gRNA sequence, we analyzed po-

tential gWRA binding sites in proximity to the variant

sites using Levenshtein distance analysis (Fig. 2C and

Supplementary Table S2). The minimum Levenshtein

distance indicates differences in the sequence in proxim-

ity to a detected SNV compared with the gWRA proto-

spacer sequence. Since for all SNVs the minimum

Levenshtein distance was four and for A$T to G$C con-

versions six, any detected variants were likely indepen-

dent of gRNA binding. Thus, the detected variants are

caused by naturally occurring mutations during cell cul-

turing rather than by the ABE7.10/gWRA treatment.

The detected variation between samples might also be

a result of false-positive variants due to the low threshold

chosen for variant calling of three supporting reads. Plot-

ting the distribution of variants uniquely detected in the

different samples per 1 Mbp genomic chunk to compare

ABE7.10/gWRA-treated and untreated STAT3+/R382W fi-

broblasts, and the two internal controls, revealed scarcely

any differences between the corresponding samples (Sup-

plementary Fig. S6). The narrower curve of the internal

controls is explained by the lower target coverage

(40 · instead of >70 · ) resulting in fewer detected vari-

ants per 1Mbp genomic chunk.

When examining potential off-target sites predicted by

CCTop and CRISPOR,20,22 we analyzed every alteration

detected in at least two reads to obtain the highest sensitivity

possible using WGS data. We did not detect any alterations

in predicted exonic, intronic, or intergenic off-target sites

(Supplementary Table S3). We did detect one G > T alter-

ation at chr15:85121513 within a sliding window of 45 bp

up- and downstream of the predicted off-target region at

chr15:85121446-85121468. As C > A and thus G > T con-

versions have only been reported as rare and ‘‘unanticipated

mutations’’ within the gRNA-specific ABE target site,40,41

the SNV is probably a result of genetic drift during cell cul-

turing or a false-positive variant due to the low threshold of

two supporting reads rather than a real off-target event. A

‰
FIG. 2. WGS data analysis. (A) Substantially symmetric patterns in genomic distribution of the absolute number
of SNVs per megabase uniquely detected in untreated (pointing downward, light colors) and ABE7.10/gWRA-treated
(pointing upward, dark colors) STAT3+/R382W fibroblasts suggest a dependency on the sequencing content and
complexity rather than on real variant patterns. Different colors indicate different chromosomes. (B) Relative
distribution of SNVs of total genetic variants detected in WGS data of untreated (white dots) and ABE7.10/gWRA-
treated STAT3+/R382W fibroblasts (gray dots) compared with two control genomes from two different tissues of one
person analyzed on the same platform with equally prepared libraries (black lines) showed no increase in A$T to
G$C conversions in treated cells. (C) Levenshtein analysis of edits (SNVs, deletions, insertions) necessary to align
the protospacer sequence of sgRNA gWRA to the genomic region 45 bp up- and downstream of each variant
unique to the ABE7.10/gWRA-treated STAT3+/R382W fibroblasts. The minimum Levenshtein distance of all detected
SNVs (white bars) in ABE7.10/gWRA-treated STAT3+/R382W fibroblasts was four, whereas the minimum Levenshtein
distance of all A/T>G/C SNVs (gray bars) was six. (D) Substantially symmetric patterns in genomic distribution of
the absolute number of indel variants per megabase uniquely detected in untreated (pointing downward, light
colors) and ABE7.10/gWRA-treated (pointing upward, dark colors) STAT3+/R382W fibroblasts suggest a dependency
on the sequencing content and complexity rather than on real variant patterns. Different colors indicate different
chromosomes. SNVs, single-nucleotide variants; WGS, whole-genome sequencing.
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more detailed analysis using HTS neither observed off-

target effects and all detected variants were present in com-

parable frequencies in ABE7.10/gWRA-treated and -un-

treated STAT3+/R382W fibroblasts (Supplementary

Table S4). HTS of the STAT3 target site, however, showed

A$T to G$C variants with a low, yet higher frequency in

ABE7.10/gWRA-treated than in untreated STAT3+/R382W

fibroblasts (Supplementary Table S5). The most commonly

detected A$T to G$C variant (STAT3 c.1141T>C, p.S381P)

had a frequency of about 1.1% in the HTS data and was also

identified in the WGS data (Supplementary Fig. S5A and

Supplementary Table S5). Despite the fact that all detected

A$T to G$C variants were also identified in untreated

STAT3+/R382W fibroblasts, the higher frequency indicates

a potential adverse effect mediated by ABE7.10/gWRA

editing at the target site, which may need a more detailed

investigation if not resolved by using further developed

ABE systems.

No significant induction of DSBs by the ABE7.10

treatment was observed. Indels uniquely detected in

ABE7.10/gWRA-treated and -untreated STAT3+/R382W

fibroblasts were similarly distributed across the genome

in both samples (Fig. 2D). All major structural variants

detected were found in treated and untreated samples.

Consequently, no plasmid integration into the genome

was observed in contrast to findings in DSB-mediated

Cas9 approaches.42 Reads from both plasmids used

were detected with a low coverage (pBS-U6-gWRA:

2.29 · , pCMV-ABE7.10: 3.87 · ) representing a plasmid

fraction remaining in the treated fibroblasts during culti-

vation for seven passages after electroporation.

Thus, we can confirm the low frequency of off-target

effects of ABE7.1011,40,43 and speculate that the observed

putative adverse effects at the target site can be resolved

by using the ABE system in the form of RNPs instead of

plasmids or advanced ABE systems.

To assess whether ABE7.10/gWRA treatments

improve the disturbed STAT3 function upon IL-6

stimulation in STAT3+/R382W fibroblasts, we generated

corrected single-cell clones (repaired SCCs) from

ABE7.10/gWRA-treated STAT3+/R382W fibroblasts

(bulk gWRA). The bulk gWRA population was corrected

with an efficiency of 29% compared with a non-target

control as estimated by Sanger sequencing and EditR

analysis. Chromatograms of the Sanger sequencing

showed a reduced mutation-specific adenine peak in

bulk gWRA and the complete correction of the mutation

in repaired SCCs compared with untreated and ABE7.10/

non-target control-treated cells 48 h after transfection

(Fig. 3A).

For functional analysis, untreated STAT3+/R382W fibro-

blasts, non-target control, and bulk gWRA STAT3+/R382W

fibroblasts, as well as repaired SCCs, were stimulated

with IL-6, and nuclear extracts were evaluated using

Western blot and TransAM DNA-binding enzyme-

linked immunosorbent assay (Fig. 3B, C). Quantification

of Western blot band intensities (Fig. 3B and Supple-

mentary Table S6) showed that the amount of nuclear

phosphorylated—hence activated—STAT3 (pSTAT3)

increased slightly in bulk gWRA (1.5 – 0.7-fold) and

markedly in repaired SCCs (2.4 – 1.0-fold) compared

with untreated patient cells. Since STAT3 phosphoryla-

tion is not affected by the STAT3 p.R382W mutation,

the observed differences in the level of nuclear

pSTAT3 are likely caused by DNA binding-mediated

nuclear retention.3,44 Improved functionality of STAT3

was further confirmed by a slightly increased DNA-

binding activity in bulk gWRA (1.9 – 0.7-fold) and by

a significant increase in repaired SCCs (3.5 – 1.4-fold)

upon stimulation compared with untreated cells (Fig. 3C).

To investigate restored STAT3 downstream signaling, we

measured mRNA levels of the STAT3 target genes CCL2

‰
FIG. 3. Adenine base editing of STAT3+/R382W fibroblasts and functional analysis of untreated, non-target control
treated, and edited STAT3+/R382W fibroblasts. (A) gDNA chromatograms of untreated, non-target control treated,
and ABE7.10/gWRA-treated (bulk gWRA) STAT3+/R382W fibroblasts and a successfully edited single-cell clone
(repaired SCC) sequenced in reverse show a shift from adenine (A) to guanine (G) in bulk gWRA, whereas the
successfully repaired SCC completely lost the A signal. (B) Western blot analysis of nuclear extracts, (C) TransAM
DNA-binding assay and (D, E) quantitative real-time PCR of unstimulated (�) or IL-6-stimulated (+) untreated, non-
target control treated, ABE7.10/gWRA-treated (bulk gWRA) STAT3+/R382W fibroblasts, and successfully repaired
single-cell clones (repaired SCCs) show (B) increased nuclear translocation of STAT3 phosphorylated at Tyr705
(pSTAT3) (nuclear loading control TBP), (C) significantly increased STAT3 DNA-binding activity, and (D) significantly
increased expression of CCL2 and (E) SOCS3 in repaired SCCs compared with untreated STAT3+/R382W fibroblasts.
Target gene expression was assessed relative to the housekeeping gene TBP. Bars indicate mean values, dots
individual experiments, error bars represent SEM, significant differences *p < 0.05, ***p < 0.001 assessed by two-way
ANOVA and Bonferroni post-test. IL-6, interleukin-6; PCR, polymerase chain reaction; SEM, standard error of the
mean; TBP, TATA-box-binding-protein.
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and SOCS3 after IL-6 stimulation.45 Comparing stimulated

untreated, non-target control treated, and ABE7.10/gWRA-

treated STAT3+/R382W fibroblasts SOCS3 expression was

increased in bulk gWRA (1.7 – 0.8-fold) compared with un-

treated cells, while SOCS3 and CCL2 expression was signif-

icantly increased in repaired SCCs (SOCS3: 1.7 – 0.4-fold;

CCL2: 1.9 – 0.2-fold) (Fig. 3D, E). Non-target control-

treated STAT3+/R382W fibroblasts were comparable with

untreated cells indicating no unspecific effect due to the

treatment alone.

To estimate the functional impact of the STAT3 cor-

rection in comparison with the wild-type STAT3 func-

tion, we isolated fibroblasts of healthy individuals and

repeated the above experiment analyzing STAT3 target

gene expression in these healthy control fibroblasts com-

pared with untreated and ABE7.10/gWRA-treated

STAT3+/R382W fibroblasts (Fig. 4A, B). Expression levels

after stimulation were comparable or slightly higher in

repaired SCCs than in healthy control fibroblasts. Thus,

ABE7.10/gWRA gene editing significantly improved

STAT3 function and provides a first proof-of-concept war-

ranting further exploration of base editing as a therapeutic

approach in STAT3-HIES.

Several cell types have been reported as reduced in func-

tion or number in STAT3-HIES patients, including, but not

limited to, fibroblasts and pulmonary and hematopoietic

cells.1–5,7,38 To evaluate ABE-mediated gene repair in a

cell type of direct relevance for complementary cellular

therapy, we reprogrammed STAT3+/R382W fibroblasts to

iPSCs. After reprogramming, STAT3+/R382W iPSC colonies

were successfully checked for iPSC identity by morphology

and immunofluorescence staining with the pluripotency fac-

tors OCT4, SOX2, NANOG, and LIN28 (Supplementary

Fig. S7A, B). Pluripotency was further validated by directed

in vitro differentiation into the progenitor progeny of the

three germ layers: ectoderm, mesoderm, and endoderm.

Although some variation compared with control iPSCs

was observed, STAT3+/R382W iPSCs showed expression

of the respective germ layer markers after differentiation

(Supplementary Fig. S7C).

While treating STAT3+/R382W iPSCs with the ABE7.10/

gWRA system resulted in no detectable editing, we

obtained an editing efficiency of 30% – 6% with ABEmax,

a refined version of ABE7.10 (Supplementary Fig. S8).46

Sanger sequencing of all CCTop20 and CRISPOR22 pre-

dicted off-target sites classified as exonic showed no off-

target editing in two selected single-cell clones (Supplemen-

tary Table S7). Furthermore, ABE-treated STAT3+/R382W

iPSCs showed preserved plasticity by their capability to suc-

cessfully differentiate to lung progenitor cells and alveolar

organoids (Supplementary Fig. S9). Preserved plasticity of

iPSCs after ABE treatment is an essential prerequisite in

regard to differentiation of corrected iPSCs to therapeuti-

cally relevant somatic cells.

FIG. 4. Comparison of STAT3 target gene expression of healthy control and adenine base-edited STAT3+/R382W

fibroblasts. (A, B) Quantitative real-time PCR of unstimulated (�) or IL-6-stimulated (+) healthy control, untreated,
ABE7.10/gWRA-treated (bulk gWRA) STAT3+/R382W fibroblasts, and successfully edited single-cell clones (repaired
SCCs) show significantly decreased expression of (A) CCL2 and (B) SOCS3 in IL-6-stimulated untreated STAT3+/R382W

fibroblasts and comparable (ns) or increased expression in bulk gWRA STAT3+/R382W fibroblasts and repaired SCCs
compared with control fibroblasts. Target gene expression was assessed relative to the housekeeping gene TBP.
Bars indicate mean values, dots individual experiments, error bars represent SEM, significant differences *p < 0.05,
**p < 0.01 assessed by two-way ANOVA and Bonferroni post-test. ns, not significant.
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In addition to these results, the successful use of ABEs

in cellular and animal models of other monogenic dis-

eases, such as Xeroderma pigmentosum, tyrosinemia,

Duchenne muscular dystrophy, and Hutchinson/Gilford

progeria syndrome, confirms that ABEs are a promising

tool for the treatment of monogenic diseases lacking a

curative therapy option such as STAT3-HIES.47–50 How-

ever, additional studies concerning the safety of ABEs

are required. In this regard, developments such as the

ABE variant ABEmaxAW or alternative forms of deliv-

ery, for example, ABE RNP instead of ABE encoding

plasmid, might further improve the safety profile of the

treatment modality.51

As potential therapeutic strategies in the multiorgan dis-

ease STAT3-HIES, ABE-mediated base editing may be con-

sidered for ex vivo and in vivo therapeutic approaches. These

approaches could consist of using patient iPSC-derived

therapeutically relevant cell types for cell replacement ther-

apy or directly inhaling ABE/gRNA-loaded adeno-

associated virus particles or RNA-based gene editing

systems for functional repair of lung tissue, the latter com-

parable with concepts being tested for cystic fibrosis.52–54

To further test the applicability and safety of ABE-

based gene therapy in STAT3-HIES, additional studies

using appropriate models are needed. Thus far, no animal

model harboring the STAT3 p.R382W mutation is avail-

able to test therapeutic applications. Human organoid

systems derived from patient iPSCs might provide a valu-

able model to further address off-target effects and treat-

ment efficacy in a human model.

Currently, there is no agreed-upon best method to monitor

possible off-target effects and to distinguish these effects

from spontaneous mutations and individual variation.

Thus, best practice standards, required for safety consider-

ations and ethical implications, need to be developed to

ensure responsible translation into clinical practice.55–57

To facilitate exchanges on best practice standards and to

centralize information, all clinical trials with ABE should

be registered with the newly launched WHO registry on

human genome editing58 and should fulfill any national

regulatory frameworks as well as the governance standards

yet to be developed by the WHO.59,60

Conclusion
The successful functional rescue of STAT3 signaling in

STAT3-HIES patient fibroblasts and the effective repair

of iPSCs derived from patient fibroblasts are an important

proof-of-principle for the therapeutic applicability of

gene editing in the treatment of STAT3-HIES and other

primary immunodeficiencies. However, building upon

this proof-of-principle, further studies are needed to dem-

onstrate therapeutic applicability. Furthermore, to create

responsible approaches toward translation into broader

clinical use, best practice standards for appropriate

analysis of the safety and ethical implications of gene

editing are urgently needed.
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Introduction: Interstitial lung disease (ILD) is a heterogenous group of lung

disorders where destruction and incomplete regeneration of the lung

parenchyma often results in persistent architectural distortion of the

pulmonary scaffold. Continuous mesenchyme-centered, disease-relevant

signaling likely initiates and perpetuates the fibrotic remodeling process,

specifically targeting the epithelial cell compartment, thereby destroying the

gas exchange area.

Methods: With the aim of identifying functional mediators of the lung

mesenchymal-epithelial crosstalk with potential as new targets for therapeutic

strategies, we developed a 3D organoid co-culture model based on human

induced pluripotent stem cell-derived alveolar epithelial type 2 cells that form

alveolar organoids in presence of lung fibroblasts from fibrotic-ILD patients, in our

study referring to cases of pulmonary fibrosis, as well as control cell line (IMR-90).

Results: While organoid formation capacity and size was comparable in the

presence of fibrotic-ILD or control lung fibroblasts, metabolic activity was

significantly increased in fibrotic-ILD co-cultures. Alveolar organoids cultured

with fibrotic-ILD fibroblasts further demonstrated reduced stem cell function as

reflected by reduced Surfactant Protein C gene expression together with an

aberrant basaloid-prone differentiation program indicated by elevated Cadherin
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2, Bone Morphogenic Protein 4 and Vimentin transcription. To screen for key

mediators of the misguided mesenchymal-to-epithelial crosstalk with a focus on

disease-relevant inflammatory processes, we used mass spectrometry and

characterized the secretome of end stage fibrotic-ILD lung fibroblasts in

comparison to non-chronic lung disease (CLD) patient fibroblasts. Out of the

over 2000 proteins detected by this experimental approach, 47 proteins were

differentially abundant comparing fibrotic-ILD and non-CLD fibroblast

secretome. The fibrotic-ILD secretome profile was dominated by chemokines,

including CXCL1, CXCL3, and CXCL8, interfering with growth factor signaling

orchestrated by Interleukin 11 (IL11), steering fibrogenic cell-cell communication,

and proteins regulating extracellular matrix remodeling including epithelial-to-

mesenchymal transition. When in turn treating alveolar organoids with IL11, we

recapitulated the co-culture results obtained with primary fibrotic-ILD fibroblasts

including changes in metabolic activity.

Conclusion: We identified mediators likely contributing to the disease-

perpetuating mesenchymal-to-epithelial crosstalk in ILD. In our alveolar

organoid co-cultures, we were able to highlight the importance of fibroblast-

initiated aberrant epithelial differentiation and confirmed IL11 as a key player in

fibrotic-ILD pathogenesis by unbiased fibroblast secretome analysis.

KEYWORDS

cytokine, IL11, secretome, interstitial lung disease, organoids, human pluripotent stem
cells, disease modeling, co-culture model
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1 Introduction

Interstitial lung diseases (ILDs) comprise a variety of chronic

pulmonary conditions that are characterized by structural

remodeling of the gas exchange area (1). ILD pathophysiology is

centered on sustained inflammation and progressive scarring,

ultimately resulting in irreversible tissue destruction and organ

failure. Despite the exact pathogenesis of ILD still being unclear,

genetic predisposition, age, sex and environmental exposure are

known drivers of the disease (2, 3).

In ILD pathogenesis, fibroblast activation occurs through the

impact of exogenous stimuli side-by-side with their activation

through innate immune cells, especially monocytes and

neutrophils, communicating via growth factor signaling and

cytokine secretion. Subsequently, lactic acid release from

fibroblasts as well as epithelial cells, induced by matrix

metalloproteinases (MMPs), fibroblast growth factors and

metabolic changes in turn further enhances fibroblast activation

and accumulation (4). As a result, fibroblasts become the main loci

of extracellular matrix (ECM) production and deposition. Induced

by repeated inflammatory epithelial injury that leads to further

leucocyte attraction and infiltration of the airspace and further

perpetuating the pro-fibrotic circle of events, activated fibroblasts

are discussed to induce epithelial-to-mesenchymal transition

(EMT) in alveolar epithelial cells via SMAD and MAPK signaling

(5), (6).

Driving and upholding the outlined pathophysiologic processes

in ILD that ultimately result in severe tissue destruction and loss of

the alveolar epithelium in end-stage ILD, a tightly knit crosstalk

between the activated fibroblast and the damaged epithelium has

been proposed (7–9). Here, the role of pathologic growth factor

signaling and secreted cytokines such as transforming growth factor

ß (TGF-b) and Interleukin 17 (IL17) were highlighted.

Adding to their detrimental role, activated fibroblasts – next to

their capacity for pro-fibrotic signaling and EMT induction – have

been shown to alter repair and regeneration of the injured gas-

exchange area by affecting alveolar epithelial type 2 stem cell

potential (10).

To address apparent knowledge gaps in the cytokine-driven,

disease-relevant mesenchymal-to-epithelial crosstalk, we used lung

organoids derived from human induced pluripotent stem cells

(hiPSCs) through chemical directed differentiation into a

sophisticated co-culture model. hiPSC-derived alveolar type 2

cells (iAT2s) are recognized as a useful tool to study lung diseases

and regeneration capacities, and are recently emerging as a novel

tool in environmental and occupational hazard assessment (11, 12).

iAT2-derived alveolar organoids recapitulate the characteristic

three-dimensional (3D) structure of alveoli and are thereby ideal

to mimic important functions of the gas exchange area in vitro.

Their potential to study pulmonary disease in vitro (13, 14) is

particularly versatile when targeting underlying molecular

mechanisms (3).

By the integration of this sophisticated methodology in a novel

co-culture model, we were able to investigate the impact of primary

lung fibroblasts from ILD patients, in our study referring to cases of

pulmonary fibrosis, on critical functions of hiPSC-derived alveolar

organoids. The combination of this approach with unbiased

secretome analysis allowed us to delineate functionally relevant

signals of the pathologic crosstalk from the lung mesenchyme

towards the alveolar epithelium with the aim to identify potential

therapeutic targets.

2 Material and methods

2.1 Human induced pluripotent stem cells
(hiPSCs) and directed differentiation into
lung progenitors

The hiPSC line BU3NGST was kindly provided by Prof. Darrell

Kotton, Boston University, Center for Regenerative Medicine. This

cell line is a dual-reporter construct composed of fluorochrome-

encoding cassettes targeted to the endogenous NKX2.1 and SFTPC

loci (BU3 NKX2.1GFP; SFTPCtdTomato) (15). hiPSCs were

maintained in mTeSR1 (StemCell Technologies), on Matrigel

(Corning) coated cell culture plates at 37°C/5% CO2 in a cell

culture CO2 incubator. Cells were subcultured by using ReLeSR

(StemCell Technologies) or Gentle Cell Dissociation Reagent

(StemCell Technologies) (16, 17).

BU3NGSTs were differentiated into NKX2.1+ lung progenitor

cells and iAT2s as described previously by Jacob et al. (16, 17). In

short, hiPSCs were checked for their pluripotency via Alkaline

Phosphatase staining (ES Cell Characterization Kit, CHEMICON

International) or immunofluorescence staining of TRA 181 and SSEA

4 (ES cell characterization Kit, CHEMICON International).

Induction of definitive endoderm was conducted via STEMdiff

Definitive Endoderm Kit, (StemCell Technologies). On day 14 of

differentiation, lung progenitor specification was evaluated by

immunofluorescence staining of NKX2.1 (Invitrogen) and Albumin

(ALB, R&D Systems). NKX2.1GFP+ lung progenitor cells were

enriched by GFP signal for NKX2.1 based on a previously

described protocol. The sorting was performed by FACS cell

sorting at MACSQuant Tyto Cell Sorter (Miltenyi Biotec). For data

evaluation FlowJo Version 7.2.1 and v10 was used. Purified lung

progenitors were seeded inMatrigel (Corning) domes at a cell density

of 50 cells/µL and passaged every second week. To increase

SFTPCtdTomato+ cells CHIR withdrawal and addback was

performed. At day 45 of differentiation, iAT2s were enriched by

flow cytometry (MACSQuant Tyto Cell Sorter, Miltenyi Biotec) using

tdTomato signal for SFTPC expression and subsequently cultured as

3D alveolar organoids. Differentiated SFTPCtdTomato+ iAT2s in 3D

Matrigel were grown in CK+DCI medium, with media changes every

48 – 72 h. Alveolar organoids were passaged every 14 days.

2.2 Primary human fibroblast culture

Primary human lung fibroblasts from ILD patients, in our study

referring to cases of pulmonary fibrosis,and non-CLD (P4) for co-

culture experiments (ILD fibroblasts) and MS based secretome
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analysis (ILD and non-CLD fibroblasts) were isolated according to a

published protocol (18) and obtained through the CPC-M

bioArchive at the Comprehensive Pneumology Center in

Munich, Germany.

All patients underwent surgery at the LMU Hospital and the

Asklepios Pulmonary Hospital Munich-Gauting. Tissue from ILD

patients (n = 3, Table 1) was provided through lung transplantation.

Control fibroblasts were derived from lung tissue resections of age-

matched non-CLD patients (female n = 1, = 3, male n = 2).

The study was approved by the local ethics committee of the

Ludwig-Maximilians University of Munich, Germany (Ethic vote

#333-10) and written informed consent form was obtained for all

study participants.

Human fetal lung fibroblasts (IMR-90, P8) for control co-cultures

were obtained from ATCC (Catalog # CCL-186™) and grown in

Dulbecco’s Modified Eagle Medium: Nutrient F-12 (DMEM/F12;

Gibco) with 20% fetal bovine serum (FBS SUPERIOR, Sigma) and

1% penicillin-streptomycin (Pen Strep, Gibco).

Cells were seeded in 6-well plates. at a density of 1x105 cells in 2

mL media (DMEM/F12, 20% FBS, 1% penicillin/streptomycin) per

well until reaching 80% confluency. Once confluent, each well was

washed three times with a 15-minute incubation per wash with 1

mL of FBS-free culturing medium (DMEM/F12, 1% penicillin/

streptomycin) to eliminate remaining FBS. Fibroblasts were

cultured for 48 h in FBS-free medium, supernatants were

collected and stored at -80°C for further analysis.

2.3 Secretome analysis by
mass spectrometry

2.3.1 Sample preparation for proteomics
Each 500 µL supernatant was subjected to tryptic digest

applying a modified filter aided sample preparation procedure

(19, 20). After protein reduction and alkylation using DTT and

iodoacetamide, samples were denatured in UA buffer (8 M urea in

0.1 M Tris/HCl pH 8.5) and centrifuged on a 30 kDa cut-off filter

device (PALL or Sartorius) and washed thrice with UA buffer and

twice with 50 mM ammoniumbicarbonate (ABC). Proteins were

proteolysed for 2 h at room temperature using 0.5 µg Lys-C (Wako)

and subsequently for 16 h at 37°C using 1 µg trypsin (Promega).

Peptides were collected by centrifugation and acidified with 0.5%

trifluoroacetic acid.

2.3.2 Mass spectrometric measurements
LC-MSMS analysis was performed on a Q-Exactive HF mass

spectrometer (Thermo Scientific) each online coupled to a nano-

RSLC (Ultimate 3000 RSLC; Dionex). For subsequent analysis on

the Q-Exactive HF, tryptic peptides were accumulated on a nano

trap column (300 µm inner diameter × 5 mm, packed with Acclaim

PepMap100 C18, 5 µm, 100 Å; LC Packings) and then separated by

reversed phase chromatography (nanoEase MZ HSS T3 Column,

100 Å, 1.8 µm, 75 µm X 250 mm; Waters) in a 80 minutes non-

linear gradient from 3 to 40% acetonitrile in 0.1% formic acid at a

flow rate of 250 nL/min. Eluted peptides were analyzed by the Q-

Exactive HF mass spectrometer equipped with a PepSep PSS1

source. Full scan MS spectra (from m/z 300 to 1500) and MSMS

fragment spectra were acquired in the Orbitrap with a resolution of

60.000 or 15.000 respectively, with maximum injection times of 50

ms each. The up to ten most intense ions were selected for HCD

fragmentation depending on signal intensity (TOP10 method).

Target peptides already selected for MS/MS were dynamically

excluded for 30 seconds. Data are available via ProteomeXchange

with identifier PXD039554 (21, 22).

2.3.3 Protein identification and label-
free quantification

Proteome Discoverer 2.5 software (Thermo Fisher Scientific;

version 2.5.0.400) was used for peptide and protein identification

via a database search (Sequest HT search engine, SequestHT

score:1) against Swissprot human database (Release 2020_02,

20432 sequences), considering full tryptic specificity, allowing for

up to two missed tryptic cleavage sites, precursor mass tolerance 10

ppm, fragment mass tolerance 0.02 Da. Carbamidomethylation of

Cys was set as a static modification. Dynamic modifications

included deamidation of Asn, Gln and Arg, oxidation of Pro and

Met; and a combination of Met loss with acetylation on protein N-

terminus. Percolator was used for validating peptide spectrum

matches and peptides, accepting only the top-scoring hit for each

spectrum, and satisfying the cutoff values for false discovery rate

(FDR) < 5%, and posterior error probability < 0.01.

The quantification of proteins was based on abundance values for

unique peptides. Abundance values were normalized on total peptide

amount and protein abundances were calculated summing up the

abundance values for admissible peptides. The final protein ratio was

calculated using median abundance values. The statistical significance

of the ratio change was ascertained employing the T-test approach

TABLE 1 Patient characteristics.

Patient Diagnosis Age at sample collection
(years)

Sex Surgery Smoking
history

1 Connective Tissue Disease related ILD 48 F Lung transplantation
(single)

no

2 Idiopathic pulmonary fibrosis 62 M Lung transplantation
(single)

no

3 Hypersensitivity Pneumonitis, Rheumatoid
arthritis

57 F Lung transplantation no
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described in 23 (23), which is based on the presumption that we look

for expression changes for proteins that are just a few in comparison to

the number of total proteins being quantified. The quantification

variability of the non-changing “background” proteins can be used to

infer which proteins change their expression in a statistically significant

manner. Proteins with increased or decreased abundance were filtered

with the following criteria: proteins were considered to be decreased in

abundance below an abundance of ratio of 0.5 fold and increased

abundance above 2 fold, proteins identified with a single peptide were

excluded and just significant proteins were considered (P value < 0.05,

P values were adjusted for multiple testing by Benjamini-Hochberg

correction). Additionally, at least two MSMS identifications had to be

identified to include the protein ratio.

2.3.4 Enrichment analysis
Pathway enrichment analyses were performed in Cytoscape

(3.9.0) with the ClueGo plugin (v2.5.8) for significantly increased or

decreased proteins. The following ontologies were used: KEGG

(8093) , GO_MolecularFunction-EBI-UniProt (18336) ,

GO_BiologicalProcess-EBI-UniProt (18058). Accession IDs were

used as identifiers and the analysis was performed with the standard

software settings provided in the ClueGo app (24).

2.4 Mesenchymal-epithelial co-culture

Primary lung ILD fibroblasts and IMR-90 (control fibroblast

cell line) were grown in cell culture flasks until 70% confluency. A

single cell suspension was prepared using 0.25% EDTA-Trypsin

(Gibco). iAT2s were grown into alveolar organoids for up to two

weeks in Matrigel domes. Single cell suspension was obtained with

Dispase (Corning) and 0.25% EDTA-Trypsin as described by Jacob

et al. (17). Human ILD and IMR-90 fibroblasts as well as iAT2s

were counted and directly seeded either in equal 1:1 (Flow) or 1:5

(Fhigh) iAT2s to fibroblasts seeding densities in undiluted Matrigel

domes in 8-chamber wells (20 µL Drops, Falcon), 96-well plates (50

µL Drops, Greiner) or 12-well plates (50 µL Drops, Greiner). Co-

cultures used CK+DCI media that was changed every 48 h to 72 h

for up to 12 days of cultivation.

2.5 Immunofluorescence microscopy

3D alveolar organoids mono- and co-cultures as described in

section 2.1 (mono-culture) and 2.4 (co-culture) were cultured in 8-

chamber wells for immunofluorescence analysis (Nunc Lab-Tek

Chamber Slide System, 8-well, Permanox slide, 0.8 cm2/well). After

alveolar organoids were formed, fixation was achieved with ice cold

methanol and acetone (1:1v/v) for 5 minutes at -20°C. Cells were

washed with PBS and stained with the respective primary antibody

in buffer containing 0.1% BSA and 0.1% Triton X-100 overnight at

4°C. The next day, cells were washed 3 times with PBS and

incubated in buffer with the respective fluorescent conjugated

secondary antibody at a dilution of 1:500 and DAPI diluted

1:1.000 overnight at 4°C. The following day, cells were washed

gently, growth camber removed and remaining microscope slide

mounted with fluorescent mounting media (Dako) and covered

with a coverslip. Slides were stored at 4°C until imaging. Imaging

was performed using a confocal laser scanning microscope (CLSM)

Zeiss LSM 880 with Airyscan and edited afterwards using ZEN 2.5

software (Zeiss). Detailed information on the primary and

secondary antibodies are given in Supplementary Table 1.

2.6 Operetta high content imaging and
Napari organoid counter

Live imaging of all alveolar organoid mono- and co-cultures

was performed using the Operetta CLS high-content analysis

system (Operetta CLS, PerkinElmer) at time points 5, 8 and 12

days during the co-culture experimental set-up. Pictures were

analyzed by the Harmony 3.5.2 high-content imaging and

analysis software with PhenoLOGIC.

Multi-plane confocal 3D images were visualized in Napari

image viewer (Python) as maximum intensity projections and the

automatic measurements obtained from the “Napari organoid

counter” (25) were visually checked and manually curated,

resulting in output of size and numbers of formed alveolar

organoids between iAT2s and human fibroblasts (ILD and

control IMR-90). The Canny Edge Detection (26) algorithm is

used for identifying the organoids, while pre- and post-processing

steps have been included, to ensure the image matches the detector’s

expected input and the number of detected organoids along with

their size is returned. More specifically, the organoids are

approximated to ellipses and the algorithm fits orthogonal

bounding boxes around each, with the height and width of each

box corresponding to the two diameters of the organoid which are

then in turn used to approximate the object’s area.Quantitative real-

time PCR

Co-cultures were lysed in RLT Plus Lysis Buffer (Qiagen) and RNA

isolation was performed with the RNeasy Mini Kit (Qiagen) according

to the manufacturer’s instructions. Cell lysis from organoids and co-

culture assays was performed with peqGOLD TriFast (VWR Life

Science) as recommended by the manufactures followed by RNA

isolation with the RNeasy Mini Kit (Qiagen). RNA was transcribed

into cDNA by reverse transcriptase using the High-Capacity cDNA

Reverse Transcription Kit (Thermo Fisher Scientific) according to the

manufacturer’s instructions. 5 ng of cDNA was added to a final

concentration volume of 10 µL, Random Nonamers (Metabion) and

master mix (Invitrogen, Thermo Fisher Scientific) was added to each

RNA sample. cDNA was diluted with ultrapure H2O. qPCR was

performed in 96-well format using the quantitative real-time PCR

System (Roche 480 LightCycler). 2 µL cDNA were added to a final

reaction volume of 10 µL containing H2O, 480 SYBR Green

(LightCycler, Roche Diagnostics) and the primer mix (100 µM).

Gene expression was normalized to ß-Actin control for genes

Vimentin (VIM), Integrin Subunit Beta 6 (ITGB6) and Cadherin 2

(CDH2), and normalized to an average of ß-Actin and HRPT control

for genes Surfactant Protein C (SFTPC), Keratin 8 (KRT8), Collagen

1A1 (Col1A1), Matrix Metallopeptidase (MMP7) and Bone
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Morphogenic Protein 4 (BMP4), the fold change was calculated using

the 2^ (-ddC) method. Sequence information of used primers are given

in Supplementary Table 2. Data obtained from qPCR are presented

relative to respective control co-cultures, to demonstrate influence of

disease background.

2.7 Metabolic activity estimated by
WST-1 assay

WST-1 assays were performed at day 2, 3, 5 and 7 of alveolar

organoid co-cultures (human ILD or IMR-90 control fibroblasts).

WST-1 reagent (Roche Diagnostics) was added to the culture

medium in a 1:10 dilution. The culture medium was used as

background control. After 2 h of incubation at 37°C and 5% CO2,

100 µL of media from every sample was transferred to a microplate

(Thermo Scientific; Fisher Scientific) and the absorbance of the

sample against the background was measured with a TECAN reader

(TECAN; infinite M200 PRO).

3 Results

3.1 Fibroblast induced changes in organoid
formation and metabolic activity in co-
cultured alveolar organoids

An overview of the experimental workflow is provided in

Supplementary Figures 1A–C. iAT2s (Figure 1A) were

successfully co-cultured with both ILD, in our study referring to

cases of pulmonary fibrosis, or IMR-90 control fibroblasts, resulting

in the formation of proliferative alveolar organoids (Figure 1B).

Cell-cell contact of iAT2s and fibroblasts in (ILD) co-culture was

demonstrated by partial encapsulation of alveolar organoids by a-
SMA expressing fibroblasts (Figure 1C, white arrows).

Image analysis of the 3D co-cultures revealed a reduction in

organoid formation capacity in the presence of human fibroblasts

(Figure 1D). Although alveolar organoid size was not significantly

affected by fibroblast co-culture (Figures 1B, E), quantitative

assessment of organoid size (area, µm2) and number of images

obtained from alveolar organoids and co-cultures with either ILD or

IMR-90 control fibroblasts in 1:1 (FILD/Control low) or 1:5 (FILD/Control

high) seeding density (Figures 1B, D) demonstrated a negative

correlation of fibroblast seeding density (ILD or IMR-90) with the

alveolar organoid formation capacity.

In contrast, co-culture with ILD fibroblasts significantly

increased metabolic activity of alveolar organoid in comparison to

IMR-90 control co-cultures (Figure 1F).

3.2 Presence of ILD fibroblasts
leads to aberrant epithelial gene
expression changes

In order to relate the observed changes in organoid formation

capacity and metabolic activity (Figure 1) to changes in gene

expression, we measured critical markers of stem cell function

and epithelial differentiation in co-cultured organoids.

Indicating changes in (stem) cell function and epithelial injury,

we showed decreased expression of the alveolar stem cell marker

SFTPC in the presence of ILD fibroblasts in both seeding ratios (Flow
and Fhigh; Figure 2A). In line with this, Keratin 8 (KRT8) expression

levels were reduced under the impact of ILD primary fibroblasts

(Figure 2A). Further, the distal epithelial marker Integrin Subunit

Beta 6 (ITGB6) as well as Bone Morphogenetic Protein 4 (BMP4)

showed increased transcription in ILD co-cultures when high

seeding densities were applied (Figure 2A). Genes associated with

regulation of extracellular matrix formation and remodeling

including Collagen 1A1 (Col1A1), N-Cadherin 2 (CDH2) and

Vimentin (VIM) showed increased expression in alveolar

organoids co-cultured with ILD fibroblasts in high seeding ratios

(Figure 2B). Likewise, expression levels of Matrix Metallopeptidase

7 (MMP7) were increased in ILD co-cultures compared to control

co-cultures. (Figure 2B).

3.3 ILD fibroblast secretome reveals
proinflammatory signaling converging on
IL11 stimulating epithelial remodeling

To characterize fibroblast driven communication resulting in

gene expression and phenotypical changes in the alveolar

epithelium in ILD, supernatants of ILD and non-CLD fibroblasts

were subjected to mass spectrometry (MSMS).

MS analysis detected an overall of 2625 expressed proteins, of

which 47 were significantly more and 55 significantly less abundant

when comparing ILD-derived fibroblast to non-CLD controls

(Supplementary Table 3, 4, Figure 3A). The top 15 differentially

expressed proteins (increased and decreased abundance) are listed

in Supplementary Tables 1, 2.

Proteins with increased abundance predominantly belonged to

the C-X-C motif chemokine family (CXCL1, CXCL3, and CXCL8),

as well as to the interleukin family (IL13RA, IL11) and included gap

junction proteins (connexin 43, GJA1). Further, Pregnancy Specific

Beta-1-Glycoprotein 4 (PSG4) as well as WNT signaling modulator

SFRP4 were found amongst the top 15 proteins.

Accordingly, pathway enrichment analysis of proteins with

increased abundance classified the responses as cytokine activity,

chemokine-mediated signaling pathway and TNF-signaling

pathway. Furthermore, cellular/response to chemokines, IL17

signaling pathways and neutrophil chemotaxis were identified,

indicative of a strong inflammatory response.

ClueGo, a Cytoscape plug-in for network analysis, highlighted

proteins associated with rheumatoid arthritis, a disease often

complicated by the development of lung fibrosis and characterized

by the presence of inflammatory chemokines (Figure 3B).

Proteins with decreased abundance in the in ILD secretome

were dominated by candidates involved in ECM production, ECM

assembly or ECM reorganization as well as coordination of

myofibroblast differentiation (PDGFRL) together with a

downregulation of proteins involved in complement and

coagulation cascade pathways (Figure 3C).
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3.4 IL11 acts as a driver for aberrant
signatures in hiPSC-derived alveolospheres

Based on the MSMS secretome analysis, IL11 emerged as a top

player in the mesenchymal-to-epithelial disease crosstalk. In

consequence, we exposed alveolar organoids (Figure 4A) to IL11

in order to investigate its functional relevance. Experiments

(Doselow = 0.5 ng/mL, Dosehigh = 5 ng/mL) (Figures 4B–D)

recapitulated the results observed in epithelial-fibroblasts co-

cultures (section 3.1), i.e., we demonstrated reduced organoid

formation capacity (Figures 4Biii, C) and increased metabolic

activity (WST-1) in IL11 treated alveolar organoids (treatment

A

B

D

E

F

C

FIGURE 1

(A) Representative maximum intensity projections from high-content images of iAT2s growing as alveolar organoids at day 12. Scale bar 500µm.
(B) Immunofluorescence of 3D co-culture of iAT2s with ILD fibroblasts at day 12 (a-SMA: red, DAPI: cyan). Scale bar 50 µm. (C) Representative
maximum intensity projections from high-content images of different co-culture conditions showing iAT2s growing with human fibroblasts for 12
days. Scale bar 500 µm. Zoom-ins show a 3x optical magnification. (D) Scatter plots (dashed black lines: median) indicate size (µm2) of organoids in
co-cultures at day 12 across three independent biological replicates. (E) Number of formed organoids in co-cultures at day 12, N = 3. (F) Metabolic
activity of co-cultured organoids at 5, 8 and 12 days of co-culture. Results show the increase in percentage across two biological replicates in
comparison to d5 iAT2 organoids alone, representing the baseline of 100% metabolic activity (dashed grey line across dataset). Statistics: unpaired t-
Test, *p<0.05, **p<0.01.
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from day 7 - 14 of culture) (Figure 4D). In addition, treatment of

growing alveolar organoid monocultures with IL11 (20 ng/mL) led

to an increase in alveolar organoid size followed by apoptosis within

5 days of culture.

4 Discussion

In ILD, sustained inflammation and scarring of the gas

exchange area ultimately result in destruction of the pulmonary

A

B

FIGURE 2

Relative gene expression at day 12 measured in AT2s co-cultures with ILD or IMR90 control fibroblasts in two seeding densities (high or low)
compared to reference gene expression (HK; average of ß-Actin (ACTB) and hypoxanthine guanine phosphoribosyl transferase (HRPT)). (A) Epithelial
and stem cell markers and (B) Genes associated with aberrant differentiation of epithelium. N = 3, unpaired t-Test, **p<0.005, ***p<0.0005.
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A

B

C

FIGURE 3

Differential protein expression comparing ILD fibroblasts (FILD) vs. non-chronic lung disease fibroblasts (Fcontrol). (A) Volcano plot visualizing
significantly regulated proteins (47 up, 55 down) detected by MS secretome analysis of ILD or non-CLD control fibroblasts. Data showing log2 fold
change against the adjusted P value [log10]. Significantly upregulated proteins are depicted in red and significantly downregulated proteins in blue.
(Total: 102 significantly regulated proteins with 5% FDR < 0.05, adj. p_value < 0.05). Pathway enrichment and protein interaction network of proteins
with (B) increased and (C) decreased abundance using the Cytoscape plugin ClueGo. The following ontologies were used: KEGG, molecular
functions and biological processes. The connectivity of the pathways is described by functional nodes and edges that are shared between proteins
with a kappa score of 0.4. Only enriched pathways are visualized and the node size indicates the p-value (p-value ≤ 0.05). Proteins from the same
pathway share the same node color and the bold fonts indicate the most important functional pathways that define the names of each group.
Enriched Pathways: 1. rheumatoid arthritis, 2. chemokine-mediated signaling pathway, 3. neutrophil chemotaxis, 4. chemokine activity, 5. TNF
signaling pathway, 6. IL17 signaling pathway, 7. cellular response to chemokine, 8. response to chemokine.

Kastlmeier et al. 10.3389/fimmu.2023.1128239

Frontiers in Immunology frontiersin.org09

https://doi.org/10.3389/fimmu.2023.1128239
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


scaffold and organ failure. Excessive deposition of ECM as well as

epithelial damage and dedifferentiation is widely transmitted by the

misguided interaction of fibroblasts and epithelial cells (27).

Therefore, improved understanding of the mesenchymal-to-

epithelial crosstalk remains a centerpiece in finding new avenues

to monitor and treat ILD. However, signaling factors with

functional relevance and their distinct role in ILD pathogenesis

remain understudied.

This study aimed at deciphering disease-relevant candidates of

mesenchymal-to-epithelial crosstalk that could serve as potential

targets for future therapeutic strategies. By advancing a sensitive

human iPSC-derived alveolar organoid culture into a human

fibroblast co-culture model, we successfully demonstrated the

importance of fibroblast-driven, cytokine-centered signaling in

inducing the impairment of key epithelial cell functions, including

differentiation and metabolism. In combination with an unbiased

proteomic approach, we were able to identify important mediators

that translate these effects such as IL11, one of the top 15 proteins

with increased abundance in ILD, in our study referring to cases of

pulmonary fibrosis. The previously identified role of IL11 in chronic

inflammatory lung diseases in line with its potential to drive pro-

fibrotic mesenchymal-epithelial crosstalk, supported the relevance

of our approach on the one hand, while we were able to contribute

the important functional consequences of its signaling in our

human alveolar organoid model on the other (7, 8, 28).

In our in vitro co-culture approach, primary human pulmonary

fibroblasts and iAT2s formed alveolar organoids that successfully

recapitulated tissue characteristics of the distal lung in three

dimensions, in contrast to 2D, plastic culture conditions

(Figure 1). Primary human fibroblasts, both ILD-derived and

IMR-90 control cells, demonstrated effects that correlated with

seeding density leading to reduced organoid number and

increased organoid size after 12 days of co-culture. The findings

indicate that the co-culture with fibroblasts per se is able to change

A

B

DC

FIGURE 4

(A) Immunofluorescence of untreated alveolar organoids at day 14 of culture (SFTPC: red, NKX2.1: green, DAPI: cyan). (B) Representative maximum
intensity projections from high-content images of (i) untreated alveolar organoids, (ii) 0.5 ng/mL or (iii) 5 ng/mL IL11 treatment. Treatment started at
day 7 of culture every 48h. Scale bar, 500 µm. (C) Organoid formation capacity of alveolar organoids treated with 0.5 or 5ng/mL IL11. (D) Metabolic
activity of alveolar organoids treated with 0.5 or 5ng/mL IL11. (C, D) Each value is graphed as percentage of the respective starting culture at day 7
set to 100%.
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the microenvironment of iAT2s, thereby impacting organoid

formation. As studies indicated, that the activation of primary

lung fibroblasts in a disease-comparable fashion is easily achieved

(29), our findings likely explain the disease-independent fibroblast

effects in alveolar organoids.

In contrast, the significant increase in metabolic activity was

provoked by diseased human fibroblasts in high-seeding ratios,

indicating their potential to impact on the metabolic program of the

epithelial cell, potentially indicating epithelial dedifferentiation or

EMT (30–32). These considerations are supported by the expression

signature characterizing the co-cultures: The decrease in SFTPC

expression (33–36) we observed in the ILD co-cultures points

towards the loss of epithelial stem cell characteristics, as SFTPC

expression is sensitive to epithelial inflammation and injury, lately

supported by studies in Sars-CoV-2 infected alveolar organoids (10).

Differentiation of AT2s is key for regeneration in injured alveoli

marked by their expression of transient basaloid features such as

Keratin 5 (KRT5) and the amount of alveolar KRT5+ basaloid cells

directly correlates with disease progression in pulmonary fibrosis (29,

37, 38), mirrored by the decreased expression observed in our study.

Closely related, downregulation ofKRT8, an important marker of AT2

to (pre)AT1 transdifferentiation during epithelial regeneration (38, 39)

was associated with the increased expression of EMT markers in a

murine bleomycin lung injury model including pro-fibrogenic

proteins such as ITGB6 (39). In line with these findings, we

demonstrated increased ITGB6 expression in ILD co-cultures. Its

release from the plasma membrane potentially reflects the activation

of EMT-like processes in lung organoids, accompanied by the decrease

of expressed KRT8. Further supporting these findings, we showed the

elevated expression of BMP4 andMMP7, critical regulators of EMT in

pulmonary fibrosis (40), in lung organoids co-cultured with ILD

fibroblasts. MMP7 has furthermore been highlighted for its function

as a plasma biomarker in idiopathic pulmonary fibrosis (33, 41), in line

with its detection in our study.

Co-culture of alveolar organoids with ILD fibroblasts also

specifically changed the expression of genes involved in ECM

biosynthesis including the increased transcription of Col1A1, VIM

and CDH2, well-known players in fibrotic lung disease (33, 34) (38),

as compared to organoid monocultures. Linking back to the

indications of aberrant basal transdifferentiation in fibroblast co-

culture discussed above (29), the basaloid cells show increased ECM

protein expression, next to their increase in BMP4 and ITGB6

expression, again successfully detected in our model.

We next were able to provide deeper insight into the relevant

mediators of mesenchymal-to-epithelial crosstalk related to the

observed changes in organoid phenotype by screening the

supernatant of ILD or control fibroblasts using mass spectrometry

(42). Cytokines that belong to the C-X-C motif family dominated

the protein signature in the secretome, demonstrating their

increased abundance in ILD. These signaling molecules act on the

CXCR1 and CXCR2 receptor, as well as regulate the expression of

cytokines from the interleukin family, central to the pathogenesis of

fibrotic and inflammatory lung diseases such as IPF and acute

respiratory distress syndrome (3, 8, 36, 43). The majority of the

differentially abundant proteins are proinflammatory cytokines that

primarily act on neutrophil, monocyte or lymphocyte recruitment

(CXCL1, CXCL3, CXCL5, CXCL8). The proinflammatory response

is complemented by the regulation of proteins that play a role in

cellular senescence and activation of TGF-ß such as the Pregnancy-

Specific Glycoprotein (PSG) family, PSG 4, 5, 6 or in the induction

of a hypercoagulable tissue state (TFPI2). Other important proteins

such as SFRP4 directly inhibit WNT signaling, thereby modulating

cell growth and differentiation, particularly of AT2s to AT1s (44).

WNT serum levels are discussed as biomarkers for lung fibrosis and

EMT. WNT modulation and TGF-ß solubilization in particular

could account for the change in organoid number and size and

support our observations in gene expression levels that indicate

epithelial transdifferentiation into aberrant basaloid cells or EMT in

the presence of ILD fibroblasts.

IL11, centrally orchestrating the ILD protein profile as observed

by pathway enrichment, was identified among the top 15 candidates

in the ILD fibroblast secretome. IL11 is known to be expressed in

pro-inflammatory fibroblasts extracted from IPF lungs. The

cytokine belongs to the IL6 family and is induced by TGF-ß and

other proinflammatory mediators [IL1b, IL17, IL22, reactive oxygen
species (ROS)]. It can either activate fibroblasts to differentiate into

myofibroblasts in an autocrine fashion through ERK/SMAD

canonical signaling, which results in pro-fibrotic protein

expression (COL1A1, ACTA2), or it stimulates epithelial cells

(paracrine loop) through activating ERK signaling cascades,

thereby inducing cellular senescence, EMT, cellular dysfunction

and impaired regeneration (8). Results from our co-culture model

indicate both autocrine and paracrine signaling of IL11 as we

demonstrated indication of EMT, stem cell dysfunction as well as

ECM production, i.e., upregulation of collagen expression in line

with 8 (8). Similar to the results obtained from ILD fibroblast co-

culture in different seeding densities, IL11 treatment of alveolar

organoid monocultures resulted in a dose dependent increase in

metabolic activity, elevated expression of mesenchymal markers

and decreased AT2 stemness and identity. Dose-dependent, IL11

even induced apoptotic cell death, in line with its role in senescence

and stem cell function observed in alveolar organoids (36).

Similarly, IL11 alone induced fibrotic changes in healthy alveolar

organoids whereas knock-out of IL11 expression in diseased

organoids reversed organoid fibrosis in a model of the

Hermansky-Pudlak syndrome-associated interstitial pneumonia, a

disease with high similarity to IPF (3). Supporting our co-culture

findings in this regard, IL11 exposure impacts on AT2 progenitor

function, thereby likely suppressing the formation of mature AT2s

as described by Kortekaas and colleagues (35, 36).

Taken together, our results strongly support the central role of

IL11 signaling as the cytokine holds the potential to strongly

influence the intricate crosstalk between the (then activated

(myo)) fibroblasts and the injured epithelium, central in the

progression of fibrosis in ILD. We successfully demonstrated the

potential of our lung organoid co-culture model derived from

hiPSCs and primary fibroblasts to display critical consequences of

the malfunctional crosstalk such as aberrant dedifferentiation and

basaloid-prone signatures (33, 45). In this context, IL11 likely holds

an important role in misguided alveolar function, differentiation

Kastlmeier et al. 10.3389/fimmu.2023.1128239

Frontiers in Immunology frontiersin.org11

https://doi.org/10.3389/fimmu.2023.1128239
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


and thereby regeneration, important functions as a potential

therapeutic target to regain alveolar crosstalk homeostasis (46).
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19. Wiśniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample preparation
method for proteome analysis. Nat Methods (2009) 6(5):359–62. doi: 10.1038/
nmeth.1322

20. Grosche A, Hauser A, Lepper MF, Mayo R, von Toerne C, Merl-Pham J, et al.
The proteome of native adult müller glial cells from murine retina.Mol Cell Proteomics
(2016) 15(2):462–80. doi: 10.1074/mcp.M115.052183

21. Deutsch EW, Bandeira N, Sharma V, Perez-Riverol Y, Carver JJ, Kundu DJ, et al.
The ProteomeXchange consortium in 2020: enabling ‘big data’ approaches in
proteomics. Nucleic Acids Res (2019) 48(D1):D1145–52. doi: 10.1093/nar/gkz984

22. Perez-Riverol Y, Bai J, Bandla C, Garcıá-Seisdedos D, Hewapathirana S,
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Abstract: Lung epithelial organoids for the hazard assessment of inhaled nanomaterials offer a
promising improvement to in vitro culture systems used so far. Organoids grow in three-dimensional
(3D) spheres and can be derived from either induced pluripotent stem cells (iPSC) or primary lung
tissue stem cells from either human or mouse. In this perspective we will highlight advantages and
disadvantages of traditional culture systems frequently used for testing nanomaterials and compare
them to lung epithelial organoids. We also discuss the differences between tissue and iPSC-derived
organoids and give an outlook in which direction the whole field could possibly go with these
versatile tools.

Keywords: nanomaterial; pulmonary particle exposure; organoids; 3D in vitro models; pluripotent
stem cells; respiratory toxicity; hazard assessment

1. Background

Inhalation is by far the most important route of exposure for airborne pollutants and
particles. Pulmonary particle exposure comprises airborne pathogens, including viruses
and bacteria, but also ambient particulate matter, such as combustion-derived particles
and even engineered nanomaterials (NM); the latter mainly at occupational settings during
production, processing or decomposition. Depending on their aerodynamic diameter,
airborne particles bigger than a few micrometers are deposited along the surface covered
with mucus of the conducting airways by impaction, where they are rapidly removed
via mucociliary clearance. Inhaled nanoparticles (NP) smaller than 100 nm in diameter
deposit mainly by diffusion in the whole lung, but are especially efficient in the most
distal and fragile parts of the lung, the alveoli [1]. While the alveolar region possesses
over 90% of the lung’s surface area, it also represents the most susceptible tissue interface
to the environment with only a few 100 nm thickness of the alveolar walls, protected
only by a thin liquid layer [2]. The primary interaction during inhalation of particles
occurs, therefore, with either mucus covering the conducting airways or alveolar lining
fluid of the respiratory tract. Pulmonary surfactant as the major component of the lining
fluid, consists of a unique composition of 80–90% phospholipids, 5–10% neutral lipids
and 10% surfactant-associated proteins (SP-A, B, C and D) [3]. The surfactant acts as a
surface tension lowering film covering the alveolar surface, thereby protecting the alveoli
from collapse during exhalation and reduces the effort of breathing [2]. In addition, any
deposited material or particle is immersed into the lining fluid. The interaction between
lining fluid and particles may also dramatically change the physical–chemical properties of
alveolar deposited inhaled particles, causing immobilization or aggregation, and modifies
their surface chemistry. Particle clearance is facilitated by either removal via the mucociliary
escalator in conducting upper airways or phagocytosis by alveolar macrophages (AMs)
roaming the alveolar surface. Ineffective clearance, repetitive inhalation as well as hotspots
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of deposition formed at the bifurcations of terminal bronchioles and alveolar ducts, can
lead to accumulation and high particle burden at specific areas of the respiratory tissue,
and may thus increase the per cell delivered dose dramatically [4]. Furthermore, and in
dependence of particle chemistry, its deposition may damage the surfactant function of the
layer itself [5] and lead to a local inflammation [6].

Once reaching the alveolar surface, particles can lead to serious health consequences
such as attenuated lung development for children exposed to combustion-derived traffic
emissions [7,8], cardiovascular effects in susceptible adults as for diesel exhaust particles [9]
and metal fume and polymer fume fever as for specific metal oxides and fluorinated
polymers [10]. Depending on the pulmonary delivered dose, basically all materials can
cause local inflammatory responses, in this context a variety of toxicological rodent studies
support the respiratory toxicity of particles with particle surface area as the most valuable
predictor for acute lung inflammation [11]. Detrimental long-term consequences including
chronic inflammation, fibrosis and even tumor formation in lung tissue have been associ-
ated with inhalation of certain types of fiber shaped, high aspect ratio NPs [12]. Despite this
knowledge, the ever-growing field of nanotechnology-associated nanomaterial toxicology
requires smarter approaches for NM fabrication, grouping and testing, especially consider-
ing high throughput approaches, ethical commitment and at the same time replacing and
reducing animal testing [13].

To achieve a smarter and more ethical approach to NM testing, the Adverse Outcome
Pathway (AOP) framework has been established, which incorporates mechanistic knowl-
edge generated from in vivo experiments to connect measured toxicological endpoints with
a pathological consequence by a sequence of molecular initiating events (MIEs), consecutive
key events (KEs) and the final adverse outcome (“disease”; AO). Several AOPs have been
identified and shown to have strong correlation across published in vivo datasets [14].
To get robust information about the connection of KEs, AOPs need to particularly assess
quantitative relationships, e.g., relevant NM doses. Furthermore, this AOP approach fa-
cilitates the design of superior in vitro testing strategies with the ultimate goal to reflect
MIEs or KEs robustly in vitro, which would ultimately unburden safe-by-design strategies
and reduce animal testing in the future. Recently, for the AOP ‘chronic inflammation’,
an in vitro based test system has been demonstrated with highly specialized methods to
reach superior predictive power for an ample set of NMs (metal oxide-based materials) [14].
AOPs are especially helpful for deciding which New Approach Methodology (NAM) could
be used regarding NM toxicology studies [15]. With appropriate NAMs, toxicity testing
is evidence-based, more predictive and reproducible. Hence, more and more predictive
alternative and tissue specific in vitro models have to emerge based on AOPs. These will
enable reliable and high throughput applicable cell-based studies, covering information
from the molecular onset to the development of pathology, namely the identification of
MIEs and KEs leading to AOPs in vivo.

In the following section, we will (1) portrait the difficulties of current in vitro models
especially for specified AOP based testing, (2) introduce different lung organoid cultures as
an alternative method and (3) give an outlook on these NAMs in the field of research.

2. Culture Methods for NM Hazard Assessment

Numerous studies display adverse effects of NM on the lung or lung cells, including
cell proliferation, oxidative stress [16,17], DNA damage [18], pro-inflammatory [19,20]
and pro-fibrotic response [21,22] using in vitro or in vivo systems to detect and compare
molecular effects of different NMs, and to identify potential detrimental responses through
nanoparticle-specific actions. For an in vitro set up, the standard and most simple tech-
nique in toxicological research is achieved by adding substances directly to the media of
submerged cultures. However, for inhalation and particle toxicological studies this method
is not decisive, since the process of particle–cell interaction as observed at the epithelial sur-
face of the lung, is different to in medium submerged conditions [23,24]. The distribution
pattern of NPs by inhalation is more critical than the stimulation itself [25]. Apart from
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inappropriate biological conditions, obscure dosimetry, especially the dose interacting with
and thus delivered to the cell at submerged conditions, is a major concern for poorly soluble
particles that is challenging to determine and, moreover, is still rarely considered [24,26].
The unrealistic dose delivery for the lung surface is mainly due to factors driving the
sedimentation route in submerged cultures. For example, the aggregation of NMs in serum
protein containing media, or the possibility of dissolution of certain NMs in high volumes
of media can result in an unrealistic distribution of particles across the exposed cells [27,28].

To overcome these disadvantages for inhaled particles, cells can be cultured on an
Air–Liquid Interface (ALI). By placing the cells or tissue on a porous membrane and
feeding them just from the basal side, the apical side is open for an inhalation like airborne
exposure, thereby a comparable experimental set up to in vivo conditions arises. Hence,
in vitro exposure at the ALI with airborne NMs is not only the more realistic approach,
but also the one allowing defined cell delivered dose estimations compared to exposure
under submerged conditions. ALI inhalation models have the potential for a more precise
reproduction of the processes during exposure, as they can mimic the fragile respiratory
epithelial region comparable to structural in vivo terms [29]. Especially for studying the
effects of exposure to low solubility materials, a special Air–Liquid Interface cell exposure
(ALICE) system was developed, which uses a nebulizer to generate a droplet cloud of
dispersed particles. Then, in the exposure chamber, the created moisture cloud finally
drives the applied NMs to gravimetrically deposit onto the culture [28]. Instead of the use
of gravimetric force, which requires aqueous dispersion for nebulization, other methods use
electrostatic force to improve the deposition efficiency on the ALI surface [30]. Alternatively,
ALI cultured cells can be exposed by using continuous flow systems (CFSs), which offer
more realistic dose rates. CFSs may be especially advantageous where the cell exposure
shall get directly linked downstream of particle emission or production [31]. In this context
it must be mentioned that the exposed cells are often immortalized cell lines, which may
resemble the natural cell characteristics only partly. In recent years, primary cells have been
increasingly used to recapitulate physiological features in a feasible manner. In addition,
the porous membranes used as substrate for the cell medium interface usually exceed
realistic dimensions. Notably, well-working approaches to overcome this problem with
advanced biomimetic membranes already exist [32].

Even with the most desired advanced models, it is noted that the results generated
by inhalation of nanoparticles in vivo cannot be fully and properly represented in vitro.
Previous studies have shown that the use of immortalized cell lines does not represent
the in vivo situation completely, so does not provide fully comparable results to those
obtained in vivo. This relates to the fact that immortalized cell lines often lose polarity
and lack key morphology features, which may biologically distinguish respective cells
in the context of tissue. Furthermore, as the immortalized cells do not have a natural
proliferation cycle due to mutation or manipulation, they have evaded normal cellular
senescence and instead can keep undergoing division, which could lead to functional
alterations and genetic drifts [33,34]. In general, any cell model will only model a certain
biological aspect of the in vivo situation and this aspect and its limitations have to be well-
known to the researcher to use the model appropriately. Several human alveolar epithelial
cell lines, for example A549, NCI-H441, TT1 and hAELVi, are commercially available. The
ones originating from alveolar type 2 cells (AT2s) mostly lost their stem cell character,
referring to the possibility to differentiate into alveolar type 1 like-cells (AT1s), with protein
expression of Aquaporin-5 (AQP5) or Podoplanin (PDPN) [35–37] as it occurs in the lung.
TT1 and hAELVi represent cells with an AT1-like phenotype regarding morphology and
caveolae presence, although they do not display other common AT1 markers like AQP5
or, in the case of TT1, only show discontinuous tight junctions [38–41]. To get a human
epithelial cell line representing the bronchial epithelium, for example BEAS-2B, 16HBE14o
or Calu-3 are well established [42]. Indeed, there are also murine lung epithelial cell lines,
namely MLE-12 or LA-4, representing the alveolar compartment. Therefore, the lack of
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reproducibility between in vivo and in vitro data is not due to the applied in vitro model,
but rather to the cells chosen for the particular research aim.

A promising approach to overcome disadvantages of currently widely used immor-
talized cell lines and to compare results created in vivo with in vitro data is the use of
three-dimensional (3D) cell cultures, the so-called lung organoids. Organoids are defined as
three-dimensional, mostly spherical shaped constructs cultured in vitro in an extracellular
matrix. They self-organize from single stem cells into multicellular structures and mimic the
in vivo organ, in this case the bronchiolar or alveolar region of the lung [43]. An overview
of different ways to generate lung organoids and their cells of origin is shown in Figure 1.
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Figure 1. Generation of murine and human lung organoids and their cells of origin. Organoids
can be derived from primary murine and human lung cells. Tracheospheres and bronchospheres
originate from airway basal cells [44,45]. To generate bronchioalveolar organoids from murine lungs,
bronchioalveolar stem cells or Scgb1a1+ club cells can act as progenitors to bronchiolar as well as
alveolar cells [46,47]. Primary isolated alveolar type 2 cells are able to differentiate into alveolar
organoids [48,49]. Another possibility to generate lung organoids is the use of human induced
pluripotent stem cells. The use of different growth factors and conditions results in either airway [50]
or alveolar organoids [51,52]. Organoids that include bronchial as well as alveolar cells can be derived
as so-called lung bud organoids [53].

One method to grow lung organoids is to isolate primary epithelial cells out of lung
tissue. This is possible with murine lungs as well as human tissue, although the availability
of human lung tissue is limited. Basal cells act as progenitor cells in the tracheal and
bronchial region of the lungs [54]. When isolated and cultured in a complex matrix, airway
basal cells can form bronchospheres and contain multiple airway cell types, including
ciliated, goblet and secretory cells, with expression of markers as Forkhead Box J1 (FoxJ1),
acetylated a-tubulin, Mucin 5AC (MUC5AC), Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR) or secretoglobin family 1A member 1 (SCGB1A1). The human and
murine bronchospheres still contain basal cells expressing for example p63, enabling
them to self-renew [44,45]. In the alveolar region, AT2s have stem cell character and can
proliferate and differentiate into AT1s [48]. To obtain organoids, mesenchymal support cells
are often needed to help the organoids grow. Human mature alveolar organoids show AT2
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markers such as surfactant protein-C (SFTPC) and HTII-280. Murine alveolar organoids also
contain SFTPC expressing cells and, in addition, cells showing AT1 characteristics [48,49]
(Figure 2a,b). Thus, stem cell properties are retained within a 3D culture, in contrast to
traditional culture methods with cell lines. In addition to these two organoid types, the
bronchospheres and the alveolar organoids, it is also possible to obtain bronchioalveolar
organoids from distinct cell populations in mouse lungs. The so-called bronchioalveolar
stem cells (BASCs) and Scgb1a1 positive club cells are able to give rise to organoids
containing cells with an airway phenotype as well as alveolar characteristics. They combine
both lung compartments in vitro, with bronchiolar cells in the center followed by an outer
part of branching alveolar structures [46,47].
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An alternative to primary lung epithelial cells for generating lung organoids is the use
of directed differentiation of induced pluripotent stem cells (iPSCs). Since the discovery
of human iPSCs [55], they are considered a valuable alternative to the problematic use of
embryonic stem cells (ESCs) and to provide comparable in vitro models in relation to the
actual disease pattern in humans with the potential of long term and repetitive experiments.

The experimental set-ups of in vitro lung models are based on biochemical differentia-
tion of hiPSCs into lung lineages. Organoids derived from stem cells (ESC or hiPSC) are
able to differentiate and self-organize through lineage bonding comparable to processes
taking place during development in vivo [56].

hiPSCs differentiated into lung progenitors can be used for deriving airway organoids.
They contain SCGB1A1+ secretory cells, multiciliated cells expressing FOXJ1 and basal
cells, amongst others [50]. In modified conditions, lung progenitors can grow into mature
alveolar epithelium with specific cell expression markers of AT2s (and AT1s), e.g., SP-
C [51,52]. As shown in Jacob et al. 2017 [51], NKX2.1 is highly expressed in tightly packed
lung progenitor colonies. At a later stage of differentiation, lung progenitors resulted in
self-renewal and high yield of SP-C expressing iAT2s (Figure 2c,d). An interesting approach
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to obtain lung organoids that contain AT2s, AT1s as well as airway goblet cells, is to
generate lung bud organoids by prolonged differentiation in a 3D matrix. With this method,
mesenchymal cells expressing Vimentin (VIM) arise, surrounding the organoids [53].

Great advantages of 3D lung organoid cultures compared to conventional cell lines
are the comparable cellular identity and functionality to the in vivo situation, and the
potential to differentiate into several epithelial cell types. This enables us to perform disease
modeling, developmental and regeneration studies, identify roles of the distinct cell types
regarding cellular communication in defined settings and create a representative model of
airway and/or alveolar lung compartments. When comparing architecture and functional
readouts of lung tissue, a 3D cell culture system creates much better and even more realistic
conditions than a cell monolayer culture system [57,58]. A feature of mature AT2s in a
3D cell culture system, is the ability to produce lamellar body-like inclusions, including
mature SP-B and SP-C protein forms, and thus further supporting their self-renewing
capacity, which is desperately needed for a constant repetition of experimental set-ups.
Lipidomic analysis of the intracellular and extracellular material from alveolar organoids
show amounts of dipalmitoylphosphatidylcholine (DPPC), the main phospholipid in
surfactant, and thus the presence of functional lamellar bodies that synthesize and secrete
surfactant from phenotypically mature AT2s [51]. At the moment, this prominent feature of
AT2s is only found in stem cell derived 3D cultures. Another advantage of organoid cultures,
either originating from primary lung cells or iPSCs, is the possibility to include multiple
defined cell types into a co-culture system. The defined, but superior model can incorporate
different cells representing lung epithelial cells interacting with fibroblasts, endothelial cells
or immune cells [46,59–62], thus promoting interactions and displaying inflammation and
cell-matrix alterations, for example. Especially, studying cell–cell interactions with regard
to therapeutic efficacy and toxicity of delivered drugs is possible in 3D microtissue models.
One thing to highlight as an advantage of human organoid cultures is they provide faster
and more robust outcomes, as well as a more accurate representation of human tissue than
animal models [63]. Notably, from hiPSCs, generated lung organoids can be passaged for
up to 300 days and retain their typical alveolar characteristics [52,64]. In contrast to all of
these advantages of using iPSC derived organoids, their generation is quite laborious. For
human tissue derived lung organoids, the availability of lung samples to perform epithelial
cell isolation is restricted, and obvious ethical issues arise in this context. An additional
dilemma regarding human lung tissue samples is that it is not feasible to get completely
healthy tissue, only, for example, peritumoral samples. Although murine lung organoids
can be derived from various genetic backgrounds, this method is still dependent on animal
experiments and is not the replacement that traditional culture models are. Nevertheless,
murine as well as human organoid experiments could help to reduce the number of research
animals used in accordance to the 3R principles [65] and additionally, using human cells
would increase the translational aspect and allow patient-associated studies. Especially in
the context of NM toxicity assessments, it is advisable to take advantage of the benefits 3D
organoids offer. Lung organoids are already used for different research questions regarding
NM toxicity. Readouts including reactive oxygen species (ROS) production, epithelial
cell differentiation and regeneration, NP internalization or surfactant production can be
assessed easily, and help to elucidate the mechanisms underlying disease progression in
the lung after NP exposure [66–68]. Toxicity testing in organoids is not yet used often,
but these examples already show the numerous opportunities with 3D lung cultures.
However, one difficulty still is to imitate the inhalation of NMs. For example, in Yu et al.
2022 [68], the particles to be tested are mixed into the culture medium, which is without a
doubt a convenient and high throughput suitable approach for NM exposure, but leads
to similar problems regarding the cell delivered dose and the particle–cell interaction as
a conventional 2D submerged cell culture does. Nevertheless, 3D organoids are able to
respond to stimuli and can recapitulate epithelial cell responses more accurately than 2D
culture [69]. In addition, usually grown alveolar organoids are polarized in such a way
that the surfactant producing apical side is faced towards the lumen of the sphere. Thus,
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exposure to NMs through the media or matrix does not reach the epithelial cells as it would
in vivo, which are exposed from the basal side. One possible idea to overcome this issue
is to microinject the desired harmful substance directly into the lumen of the organoid,
which is not yet performed with NMs, but within several other contexts [59,70]. This brings
the NMs or pathogens directly to the site of action and the exact dose delivered to the
cells is known. Nevertheless, microinjection of NM into lung organoids is not done so
far as it is challenging to generate high throughput. In order to get a relevant outcome,
this method requires experience regarding the microinjector. On the other hand, there are
already approaches to change the polarity of distal lung organoids towards an apical-out
polarization [71] This method could be used to expose lung organoids to NMs easier from
the apical cell side. Still, organoids are grown in matrix with feeding medium, this means a
direct contact or defined cell delivered dose is difficult to achieve under these conditions.

Another approach to take advantage of the stem cell character that cells keep in
organoid culture is to dissociate the cultured 3D organoids into single cells again. When
cultured in Transwell inserts, organoid derived epithelial cells can form an intact epithelial
barrier [72].

In this setting, exposure to NMs using the ALICE system, where particles are nebulized
and a defined dose is distributed equally upon the cells, is feasible. The combination of
using cells with functions and properties as in vivo, and the inhalation-like exposure to
particles with the ALICE system makes this culture method interesting. In summary, the
combination of organoid culture and subsequent ALI exposure to balance the limitations of
each individual model will be a useful approach to assess NM hazards.

3. Future Direction

Lung organoid technology has developed quickly in the last years and became a
useful tool for modeling perpetuating lung diseases and hazards affecting the lung [72].
With reference to previous research, it is evident that a holistic in vitro model of the lung
cannot be generated. Therefore, it is absolutely essential for a comprehensive, accurate and
above all realistic test result to relate the model to the specific research question. It must
be clarified from the beginning whether a 2D submerged, ALI model or a 3D cell culture
model would be the right choice for the problem posed. For investigations, particularly
with regard to epithelial responses, epithelial cell differentiation and epithelial recovery,
organoids are a suitable instrument [72].

Thus, the choice of cells used should be thoroughly considered, especially concerning
their respective properties, such as forming lamellar bodies, producing surfactant or retain-
ing stem cell character. It becomes clear that there is not one overall cell line for a general
experimental setup, for instance with regard to NM inhalation, where particle–cell interac-
tions in a realistic environment are of particular importance. Therefore, using advanced
target cells that are able to create a liquid lining layer would improve the comparability of
in vitro studies to in vivo findings and lead to extended outcomes (Table 1).

One important step in the future is to increase the use of stem cell derived murine
or, even better, human cells that adequately reflect the disease pattern for monitoring and
understanding the underlying cell–cell interactions after NM exposure. For instance, the
use of immortalized cell lines within an in vitro experiment has shown to be not comparable
to a clinical picture. Isolated human primary cells can only be passaged for a short period
of time and are therefore also not sufficiently suitable for a complex experimental set-up
with necessary replicates. At this point, an adapted experimental setup with hiPSCs would
be a desirable and new promising approach. Due to their close resemblance to the primary
cells, despite their durability and the possibility to be passaged over a long period, hiPSC
derived organoids should be the prospective choice for human in vitro experiments.
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Table 1. Comparison of cell lines and organoids and exposure recommendations.

Accessibility Feasibility
Physiological
Characteris-

tics

Represented
Cell Types

Co-
Culture

Exposure Methods for Hazard Assessment

Submerged ALI CFS Microinjection

Cell Lines

Commercially
available,

many
passages

Easy to
maintain

Partially
preserved Single

2D layered
structure,
often with

use of
mem-

branes
possible

Easy to
apply, cell-
delivered
dose chal-
lenging to
determine,

HTS

Mimics
deposi-
tion of
inhaled

particles,
defined

cell-
delivered

dose,
realistic

nano-bio
inter-
phase

(surfac-
tant
etc.)

Mimics
deposition
of inhaled
particles

with
realistic

dose rate,
defined

cell-
delivered

dose,
realistic

nano-bio
interphase
(surfactant

etc.)

3D structure
required

Primary Cells

Animal or
human tissue

required,
limited

passaging

Isolation
expertise
required

Partially
preserved Single

2D layered
structure,
often with

use of
mem-

branes
possible

Easy to
apply, cell-
delivered
dose chal-
lenging to
determine,
improved

IVIVC

Organoids

Primary
Cell-

Derived

Animal or
human tissue

required,
limited

passaging

Isolation
expertise
required

Mostly
preserved

Formation
into

organoids
containing
AT2s, AT1s
and airway
epithelial
organoids

in the same
culture

Organotypic,
3D self-

assembly,
possible

Easy to
apply, cell-
delivered
dose chal-
lenging to
determine,
improved

IVIVC,
HTS

exposure
from basal
instead of
apical side

2D structure and ALI
culture required

Delivers NM
directly to
apical side
within the
organoid

lumen, high
IVIVC,

technologically
challenging

hiPSC-
derived

Long-time
passaging of

organoids

Complex
differentia-

tion
procedure,
high level

of
organoid
mainte-
nance

Comparable
to in vivo

Differentiation
into

organoids
containing

AT2s,
(AT1s) or

airway
organoids

Organotypic,
3D self-

assembly,
possible

In addition, an adequate murine in vitro 3D culture system has several advantages. It
is important to create setups reflecting and confirming the findings observed in previous
in vivo studies. This enables us to elucidate cell–cell interactions and events happening
on cellular, protein and gene levels, while reducing the number of animals used in similar
in vivo testing according to the 3R principles. Based on the AOP framework regarding
NM toxicity, lung organoid culture could be a helpful NAM to obtain results representing
in vivo conditions more accurately. With the emergence of new analytical techniques,
profiling cellular responses at the single cell level, we realize that a tissue such as the
lung consists of over 50 different cell types [73]. Yet these new approaches, such as
single cell transcriptomics, raise the awareness that very specific cellular niches might
be required to sense injury. For example, an AOP initiating event caused by inhaled
particles, and a distinct cell–cell communication network are then required to develop
the pathological outcome. For the lungs, these cellular networks and outcomes are now
increasingly described for SARS-CoV-2 infection and pulmonary fibrosis [74], but similar
communications are likely required for nanoparticle triggered AOPs. Reproducing the
underlying key events and cell interactions at the in vitro level will be of great impact for
future safety testing and organoids because of the maintained cellular plasticity and more
natural cellular communications hold great promise.

In summary, we illustrate that already established experimental setups with new and
adapted cells will lead to potentially improved or even new results and findings. Lung
organoids include these particular cells, enabling us to perform hazard assessments for
NMs within suitable models.
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