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1. Authors Contributions to the Publications 

1.1 Contributions to Publication I 
 

Gölitz F, Herbert J, Worek F, Wille T (2023). AChE reactivation in precision-cut lung slices fol-
lowing organophosphorus compound poisoning. Toxicology Letters, Volume 392, Pages 75-83, 
DOI:10.1016/j.toxlet.2023.12.014 

Journal listing in “Web of science” - “Clarivate” - “Journal Citation Reports” (2023): Toxicology 
Letters: Rank by Journal Impact Factor/ Category Toxicology 49 of 106; Rank by Journal Citation 
Indicator/ Category Toxicology 27 of 106. 

The activity of acetylcholinesterase (AChE) was assessed for the first time in intact precision-cut 
lung slices (PCLS). To measure the effects of organophosphorus nerve agents (OPNAs) and 
reactivators on AChE activity at the molecular level, PCLS were used as a more complex ex vivo 
model compared to previously employed systems, such as isolated AChE. Additionally, functional 
measurements were performed, with a primary focus on examining airway responses following 
exposure to OPNAs and subsequent treatment with various reactivators. A correlation between 
molecular and functional levels was established. With this method the use of animals in science 
can be reduced in the future. Furthermore, reactivator candidates can be evaluated more quickly 
in a reliable, complex model closer to the physiological reality. 

Below, I have outlined my specific contributions to this research. 

Gölitz F: 

1. Project Initiation and Planning: 
- Literature research 
- Preliminary measurements regarding:  

- Amount of PCLS/measurement needed 
- PTE concentration needed  
- Timing requirements 

- Project and experiment design 
2. Experiment Implementation: 
- Generation and culture of PCLS 
- Establishment of the AChE activity measurement method (based on the Ellman Assay) 

in intact PCLS 
- Airway activity measurements by video microscopy 
- Data collection 
3. Analysis and Visualization: 
- Data analysis  
- Statistical data analysis  
- Visualization of data and figure generation 
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4. Manuscript Development and Submission Process: 
- Writing of the original manuscript draft 
- Addressing the reviewers’ comments 
- Writing a detailed response to the reviewers 
- Preparation of the revised manuscript 

The contributions of the co-authors to the publication Gölitz F. et al. in Toxicology Letters (2023) 
are listed below. 

Herbert J: 

1. Project Initiation: 
- Literature research 
- Preliminary tests with lung homogenate and single PCLS 
- Pre-evaluations for bronchoconstriction experiment 
2. Manuscript Development: 
- Manuscript reviewing and editing of the original manuscript draft 

Worek F: 

1. Project Initiation and Planning: 
- Scientific advice 
2. Analysis: 
- Data discussion 
3. Manuscript Development and Submission Process: 
- Manuscript reviewing and editing of the original manuscript draft 

Wille T:  

1. Project Initiation and Planning: 
- Literature research 
- Project and experiment design 
- Project supervision and scientific advice 
2. Analysis: 
- Data discussion  
3. Manuscript Development and Submission Process: 
- Manuscript reviewing and editing of the original manuscript draft 
- Addressing the reviewers’ comments 
- Corresponding author for submission 
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1.2 Contributions to Publication II 
M. Camila Melo-Narvaez †, Fee Gölitz †, Eshita Jain, Janine Gote-Schniering, Mircea Gabriel 
Stoleriu, Wilhelm Bertrams, Bernd Schmeck, Ali Önder Yildirim, Ursula Rauen, Timo Wille*, Ma-
reike Lehmann* (2025). Cold storage of human precision-cut lung slices in TiProtec preserves 
cellular composition and transcriptional responses and enables on-demand mechanistic studies. 
Respiratory Research, Volume 26, Article Number 57, Pages 1-19, DOI:10.1186/s12931-025-
03132-w †M. Camila Melo-Narvaez and Fee Gölitz contributed equally to this work. *Correspond-
ing authors. 

Journal listing in “Web of science” - “Clarivate” - “Journal Citation Reports” (2023): Respiratory 
Research: Rank by Journal Impact Factor/ Category Respiratory System 17 of 101; Rank by 
Journal Citation Indicator/ Category 17 of 101. 

The study evaluated the efficacy of TiProtec®, a specifically designed tissue preservation solu-
tion, for the long-term cold storage of human precision-cut lung slices (hPCLS). For this purpose, 
hPCLS were stored in DMEM/F-12 (Dulbecco’s Modified Eagle's Medium), TiProtec, or TiProtec 
without iron chelators for up to 28 days. Assessments included various methods covering a wide 
range of endpoints (e.g. viability, metabolic activity, tissue structure, transcriptomics). Results in-
dicated that TiProtec effectively preserved the viability, metabolic activity, transcriptional profile, 
and cellular composition of hPCLS for up to 14 days. Furthermore, cold storage did not signifi-
cantly induce cellular senescence in hPCLS. Additionally, hPCLS maintained their functional re-
sponsiveness to fibrotic stimuli. 

These findings highlight the potential of TiProtec to optimize long-term cold storage of hPCLS, 
ensuring their viability and functionality for on-demand mechanistic studies and drug discovery in 
Respiratory Research. 

Below, I have outlined my specific contributions to this research, as well as the ones from Melo-
Narvaez M C, with whom the first authorship is shared equally. 

Gölitz F: 

1. Project Initiation and Planning: 
- Literature research 
- Project and experiment design 
2. Experiment Implementation: 
- Preparation of fresh cold storage solutions following the transfer from the Rauen lab 
- hPCLS culture 
- hPCLS RNA (Ribonucleic Acid) isolation 
- hPCLS staining and imaging 
- Viability and metabolic activity measurements 
3. Analysis and Visualization: 
- Statistical data analysis 
- Visualization of data and figure generation 
4. Manuscript Development and Submission Process: 
- Writing of the original manuscript draft 
- Addressing the reviewers’ comments 
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Melo-Narvaez M C: 

1. Project Planning: 
- Literature research 
- Project and experiment design 
2. Experiment implementation: 
- Generation and culture of hPCLS 
- hPCLS RNA isolation and qPCR (quantitative Polymerase Chain Reaction) 
- hPCLS staining and imaging 
3. Analysis and Visualization: 
- Image analysis 
- Bulk RNA sequencing analysis 
- Statistical data analysis 
- Visualization of data and figure generation 
4. Manuscript Development and Submission Process: 
- Writing of the original manuscript draft 
- Addressing the reviewers’ comments 

The contributions of the co-authors to the publication Melo-Narvaez M C and Gölitz F et al. in 
Respiratory Research (2025) are listed below: 

Jain E: 

1. Experiment Implementation: 
- Generation and culture of hPCLS 
- hPCLS RNA isolation and qPCR 
- hPCLS staining and imaging 

Gote-Schniering J: 

1. Analysis and Visualization: 
- Bulk RNA sequencing analysis 
- Statistical data analysis 
2. Manuscript Development and Submission Process: 
- Manuscript writing 
- Addressing the reviewers’ comments 

Stoleriu M G: 

1. Clinical Sample Contribution: 
- Generation of clinical samples  

Bertrams W: 

1. Analysis: 
- Bulk RNA sequencing analysis 
2. Manuscript Development: 
- Manuscript review 

Schmeck B: 

1. Manuscript review and scientific advice 

Yildirim A Ö: 

1. Scientific advice 
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Rauen U: 

1. Experiment Implementation: 
- Preparation of cold storage solutions 
- Provision of iron chelators  
2. Manuscript Development and Submission Process: 
- Manuscript writing and reviewing 
- Addressing the reviewers’ comments 
- Scientific advice  

Wille T: 

1. Project Initiation and Planning: 
- Literature Research 
- Project and experiment design 
- Project supervision and scientific advice 
2. Analysis and Visualization: 
- Data discussion  
3. Manuscript Development and Submission Process: 
- Manuscript writing and reviewing 
- Addressing the reviewers’ comments 
- Corresponding author 

Lehmann M: 

1. Project Planning: 
- Literature research 
- Project and experiment design 
- Project supervision and scientific advice 
2. Analysis and Visualization: 
- Data analysis  
- Figure generation   
3. Manuscript Development and Submission Process: 
- Manuscript writing and reviewing 
- Addressing the reviewers’ comments 
- Corresponding author for submission 
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2. Introductory summary  

2.1 Background and Importance of Organophosphorus (OP) 
Compounds 

Tabun (GA) and sarin (GB) were the first organophosphorus nerve agents (OPNAs) developed 
in the 1930s by Gerhard Schrader, who worked at I.G. Farben in Leverkusen, Germany. The two 
compounds were the result of a pesticide development program. Yet, the extreme toxicity of these 
organophosphorus (OP) compounds led to their further development as chemical weapons. In 
the early 1940s, cyclosarin (GF) and soman (GD) were synthesized by Gerhard Schrader in 
Leverkusen and by Richard Kuhn in Heidelberg. (Karalliedde et al. 2001; Marrs 2007)  
As these agents were developed in Germany, they are referred to as the G-agent series (Worek 
et al. 2016a). 

Subsequently, the V-series agents, named for their "venomous" or "vicious" properties, were de-
veloped, with VX emerging in the 1950s. Slightly modified analogs such as RVX (Russian VX) 
and CVX (Chinese VX) followed (Chauhan et al. 2008). These compounds share a basic structure 
derived from Schrader's patented "alkyl formula" (Schrader 1950; Schrader et al. 1958) (Fig.1). 

 

Fig 1. Schrader's "alkyl formula" created with ChemDraw Version 21.0.0. 

 

Today, OP compounds continue to pose a significant threat due to their ongoing use as pesticides 
and as chemical weapons. While the use of OP pesticides has declined, particularly in Europe, 
industrial accidents and cases of self-poisoning remain a problem in other regions of the world, 
especially in Southeast Asia (Gunnell und Eddleston 2003; Eddleston et al. 2005). The decrease 
in use of OP pesticides in agriculture is caused by the strict regulations of national authorities and 
the European Food Safety Authority (EFSA 2024; European Comission 2024). The use of OPNAs 
as chemical weapons was banned through the “Chemical Weapon Convention in 1997: Conven-
tion on the Prohibition of the Development, Production, Stockpiling and Use of Chemical Weap-
ons and on their Destruction” (Organisation for the Prohibition of Chemical Weapons 07.06.2020). 
Despite these efforts, there is an ongoing threat of dangerous OPNA use such as in Syria, Ma-
laysia, Great Britain, and Russia (Dolgin 2013; John et al. 2018; Nakagawa und Tu 2018; Steindl 
et al. 2021; Vale et al. 2018). 

Although the use of OPNAs for assassinations is relatively rare, the potential for high-impact re-
leases with significant danger to a wider population (hybrid warfare) underscores the need for 
improved therapeutic options, since current treatments are often insufficient. Moreover, the un-
predictability of exposure scenarios, whether from accidental OP pesticide poisoning or deliberate 
OPNA attacks, makes timely and effective medical response challenging. (Bey und Walter 2002) 
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2.2 Acetylcholinesterase (AChE)-Inhibition Related 
Complications Following OP Compound Exposure and 
Current Therapeutic Options 

OP compounds bind covalently to acetylcholinesterase (AChE), resulting in an inhibition of the 
enzyme, which, in its physiological state, cleaves the neurotransmitter acetylcholine (ACh) (Alkon-
don et al. 2009). The AChE inhibition is caused through the phosphorylation or phosphonylation 
(termed as phosphylation) of the hydroxyl group of the amino acid serine located in the active 
center of this pivotal enzyme (Holmstedt 1959). As a result of the AChE inhibition, ACh can no 
longer be cleaved in the synaptic cleft. The ACh overflow leads to an overstimulation of the mus-
carinic and nicotinic receptors, this may result in a cholinergic crisis (Marrs 1993). A cholinergic 
crisis is defined by various symptoms, including bronchorrhea, bronchoconstriction, bradycardia, 
muscle paralysis, tachycardia and convulsions. In the extreme, the cholinergic crisis may be lethal 
due to respiratory failure (Grob 1956; Aktories et al. 2022).  

Since many years a triple therapy consisting of a muscarinic receptor antagonist (atropine or 
scopolamine), an AChE reactivator (oxime) and a benzodiazepine (diazepam or midazolam) is 
used to treat patients after OP compound exposure (Eddleston et al. 2008). It is crucial to treat 
patients as early as possible since the mortality rate is higher without prompt treatment. To coun-
teract the overstimulation of muscarinic receptors atropine is given in a rapid escalating dose 
scheme (atropinisation). The continuation of the atropine administration is often necessary and 
needs to be carefully titrated to avoid atropine overdosing with symptoms like tachycardia, intes-
tinal atony and pyrexia (Moffatt et al. 2010; Aktories et al. 2022). Rapid and early administration 
of oximes is also important (Eyer 2003), as it enables the reactivation of inhibited AChE by first 
forming a Michaelis-type phosphyl-AChE-oxime complex and then subsequently removing the 
phosphyl moiety from AChE through oxime-induced phosphylation (Eyer 2003; Worek et al. 
2004). With some OP compounds, such as dimethyl-OP pesticides, a beneficial spontaneous 
reactivation might occur due to a dephosphylation of the phosphylated AChE via hydrolysis 
(Worek et al. 1999; Worek et al. 2004). However, if oximes are not applied in time, the phos-
phylated AChE “ages” through a hydrolytic dealkylation, making enzyme inhibition irreversible 
due to increased binding stability between AChE and the OP compound (Worek et al. 2004) (Fig. 
2). For neuroprotection and to combat symptoms like agitation or seizures benzodiazepines are 
administered.  
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Fig 2. Reaction pathways at the hydroxyl residue in the active site of acetylcholinesterase (AChE) upon 
interaction with organophosphorus (OP) compounds, leading to AChE inhibition. Afterwards the following 
key processes are possible: Reactivation by oximes, spontaneous hydrolysis, and irreversible aging. 
Adapted from (Worek et al. 2004) and created with ChemDraw Version 21.0.0. 

 

Currently, the standard triple therapy after OP poisoning often lacks effectiveness, particularly in 
cases involving certain OP compounds such as cyclosarin or tabun, where the reactivation of 
AChE by obidoxime (OBI) has proven to be notably low (Worek et al. 2004). Furthermore, the 
synthesis of OP analogs is possible, resulting in OPNAs with different properties as their parent 
compounds. For example, derivatives of tabun and sarin have shown significantly altered char-
acteristics (Aurbek et al. 2010). Additionally, the possibility of inventing new OPNA structures - 
potentially accelerated by the misuse of artificial intelligence (Urbina et al. 2022) - underlines the 
urgent need for more effective broad-spectrum AChE reactivators. As a result, extensive devel-
opment programs from various organizations aim to improve the therapeutic efficacy through in-
tensive research (Worek und Thiermann 2013; Worek et al. 2020). 
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2.3 Challenges in Developing and Testing AChE Reactivators 
For several decades research has been carried out to find new AChE reactivators (Worek und 
Thiermann 2013; Worek et al. 2020), but various challenges still occur regarding this research: 

Reactivation kinetics, for example, depend on the specific combination of the OP compound and 
the oxime used. Certain combinations exhibit only weak reactivation, as most oximes have only 
a small spectrum and reactivate the AChE inhibited by a particular OP too slow (Worek et al. 
2016b). This highlights the need for broad-spectrum oximes. As an interim solution, various ox-
imes were combined, not only to broaden their effectiveness spectrum, but also with the aim to 
increase reactivation performance (Worek et al. 2007). Another hurdle is the lacking ability of 
oximes to penetrate the blood brain barrier due to their chemical structure and their associated 
positive charge resulting in hydrophilicity (Worek und Thiermann 2013; Kalász et al. 2015). To 
overcome these obstacles, experimental reactivators with “non-oxime” structures have been de-
veloped. Notably, some of these compounds are based on 4-amino-2-((diethylamino)methyl)phe-
nol (ADOC ) (Koning et al. 2018). However, a persistent obstacle, regardless of whether oximes 
or non-oxime reactivators (NOX) are used, is the potential formation of a new AChE inhibiting 
compound - the so called phosphylated reactivators (Ashani et al. 2003; Becker et al. 2010). 
Again, these challenges highlight the necessity to continue research regarding safe and effective 
AChE reactivators. 

As respiratory failure due to bronchorrhea, bronchoconstriction and flaccid paralysis of diaphragm 
and intercostal muscles may result in death of patients, lung tissue is of high importance for re-
search on AChE reactivator candidates’ effectiveness. Currently, the Ellman assay is a key tool 
in research to assess the ability of OP compounds to inhibit AChE and to evaluate therapeutic 
reactivators in vitro or ex vivo. It allows precise measurement of the AChE activity, offering in-
sights into the dynamics of enzyme inhibition and reactivation. For this purpose the enzyme can 
be obtained from various sources including the electric organs of the electric ray and electric eel, 
from erythrocyte membranes, so called ghosts, or even from tissue homogenates such as lung 
or brain (Dodge et al. 1963; Worek et al. 2002; Worek et al. 2012; Wigenstam et al. 2022). How-
ever, these in vitro models cannot map systemic and physiological functions highlighting the need 
for more complex alternatives. In the past, in vivo experiments with rodents were performed ear-
lier in drug development than it is ethically justifiable today, while human in vivo studies remain 
entirely unfeasible. Additionally, in vivo animal experiments are time-intensive, expensive and 
complex to analyze due to the various interfering factors.  

Given these limitations, and as the British statistician George Box once said, “Essentially, all 
models are wrong, but some are useful” (Box 1976), a more refined and useful lung model is 
required to evaluate new therapeutic approaches after OP exposure. To address this, Precision-
Cut Lung Slices (PCLS) from rats were used here as an ex vivo model, offering both ethical 
advantages and a closer approximation of physiological conditions. 

2.4 New Approaches: Focus on Precision-Cut Lung Slices 
(PCLS) 

PCLS are a versatile and robust ex vivo lung model which has been used in respiratory research 
for several years, the model became popular when tissue cutting with microtomes and vibratomes 
became an option (Liu et al. 2019; Koziol-White et al. 2024). Still, the PCLS preparation process 
is laborious and time-consuming. Due to the lung's lack of solid consistency, stabilization is 
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achieved through the instillation of agarose, which solidifies upon cooling. The “gummy bear-like” 
lung tissue is then sliced into PCLS. These are then stored overnight to recover and are after-
wards ready for experimental use.  

PCLS offer unique research opportunities, due to their preserved natural tissue architecture, in-
cluding airways, blood vessels, parenchyma, and resident cell types. By using PCLS one must 
consider high individual variations based on their different tissue area origins, which can be an 
advantage and a disadvantage at the same time. On the one hand, multiple anatomical regions 
of the lung and different disease stages, depending on the patient, can be represented. On the 
other hand, the reproducibility and comparability are complicated, as not all regions are suitable 
for the same type of experiments, such as those involving airways or arteries for example. Today 
PCLS are widely used to study lung biology, toxicology, and the progression of diseases, such as 
fibrosis and Chronic Obstructive Pulmonary Disease (COPD), as well as to investigate the effects 
of pollutants, pathogens, and novel therapeutic approaches (Alsafadi et al. 2017; Alsafadi et al. 
2020; Tigges et al. 2022; Herbert et al. 2023; Lehmann et al. 2024). 

Improvements in imaging techniques, assay development, lung tissue preparation and storage 
have further enhanced the quality of PCLS experiments and enabled the exploration of new model 
options. In recent years cytotoxic and pro-inflammatory effects were studied using various assays, 
including metabolic tests and imaging techniques like the Alamar Blue assay, ELISAs (Enzyme-
linked immunosorbent assays) and confocal microscopy for example (Neuhaus et al. 2018). Func-
tional parameters such as ciliary beating and the airway or artery responsiveness have also been 
addressed (Paddenberg et al. 2014; Herbert et al. 2019; Herbert et al. 2023). 

PCLS can be derived from various species, with human tissue (from healthy or diseased patients) 
considered to be the gold standard (Lehmann et al. 2024). However, human tissue access is 
limited and provides a substantial logistical burden in comparison to access to animal tissue, such 
as from rats and mice. The use of PCLS aligns with the 3R principle proposed by Russell and 
Burch (Russell und Burch 1992), which emphasizes not only reduction but also refinement and 
replacement of animal experiments. Through the large amount of PCLS gained from one rat lung 
(~ approx. 200 PCLS) the number of animals used is significantly reduced. Nevertheless, strate-
gies to optimize the use of human PCLS (hPCLS), and to overcome the limited hPCLS availability, 
are needed, alongside with studies examining species-specific differences (Lehmann et al. 2024). 
Strategies such as long-term cold storage and cryopreservation would help to uncouple the timing 
of experiments from hPCLS preparation and further maximize the amount of hPCLS used for 
experiments, while simultaneously ensuring accurate evaluations of disease mechanisms and 
new therapeutic approaches.  

In conclusion, PCLS offer a wide range of applications in respiratory research, but their full po-
tential has yet to be realized. Further optimization could unlock additional possibilities for this 
promising model. 

2.5 Application of the Ellman Assay in OP Toxicity Research 
The Ellman assay is a widely used spectrophotometric method for quantifying the AChE activity. 
Developed in 1961, this assay is based on the hydrolysis of acetylthiocholine (ATCh) by AChE. 
(Ellman et al. 1961) The resulting thiocholine reacts with the chromogenic agent DTNB (5,5'-
dithiobis(2-nitrobenzoic acid)), forming the yellow product TNB⁻ (5-thio-2-nitrobenzoate), the ab-
sorption of which was originally measured at 412 nm with a photometer. The TNB⁻ formation rate 
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is directly proportional to the AChE activity, making this assay a simple, fast, and cost-effective 
tool for kinetic studies, occupational health monitoring, and diagnosing OP compound exposure 
and its effect on AChE activity. (Worek et al. 2012)  

To understand the efficacy of new therapeutics and to optimize treatment strategies the assay is 
essential for quick evaluations of new therapeutic candidates. Various improvements of the 
Ellman assay allow high-throughput screening using microplate-based systems or automated liq-
uid-handling platforms, facilitating large-scale evaluation of inhibitors and reactivators (Wille et al. 
2010). 

Despite its utility, the Ellman assay has limitations that must be considered when planning exper-
iments. If the AChE is sourced from erythrocytes or tissue with strong blood circulation the asso-
ciated hemoglobin must be considered since its Soret band overlaps with TNB⁻ absorption at 412 
nm, complicating measurements in erythrocyte lysates. This can be mitigated by using light of 
different wavelengths, such as maximum 436 nm, though this reduces sensitivity. Additionally, 
side reactions, such as the interaction of DTNB with thiol groups and the “oximolysis” of the ox-
imes with ATCh, may blur the results. Substrate hydrolysis is sensitive to pH and temperature, 
requiring careful control of assay conditions to ensure reproducibility. (Worek et al. 2012) 

Specific challenges arise when studying the reactivation of OP-inhibited AChE. Free OP in sam-
ples can re-inhibit reactivated AChE, and spontaneous enzyme reactivation and inhibitor aging 
substantially influence the results. Moreover, oxime-based reactivation generates phosphyl oxime 
(POX) intermediates, which may act as potent secondary inhibitors (Ashani et al. 2003). Oximes 
in high concentrations can also inhibit AChE directly or react with the substrate (oximolysis), ham-
pering measurements (Sinko et al. 2007). These issues necessitate precise control of enzyme 
and oxime concentrations, along with appropriate corrections for background activity. 

Understanding these limitations and optimizing experimental conditions, the Ellman assay re-
mains a powerful and versatile method for studying AChE activity, OP toxicity, and therapeutic 
reactivation strategies. 

2.6 PCLS and their Application in AChE Reactivation 
Research (Publication I) 

Despite the lethality of OPNAs the medical countermeasures remain insufficient (e.g. AChE re-
activators), necessitating testing novel reactivator compounds with meaningful models. 

Historically, research using lung tissue in form of PCLS has focused on functional effects, such 
as airway constriction; for the development of treatment strategies airway recovery was primarily 
investigated (Martin et al. 1996; Seehase et al. 2011; Herbert et al. 2019). Therapeutic evalua-
tions centered on airway relaxation (Wigenstam et al. 2021), leaving the primary toxic mechanism 
- AChE inhibition - underexplored in intact PCLS. Until now, attempts to measure AChE activity 
in lung tissue relies mainly on lung tissue lysates (Wigenstam et al. 2022), which preclude any 
functional or dynamic assessments in intact lung tissue.   

Recognizing this gap, the AChE activity was measured in PCLS, which served as an ex vivo 
model, in which the tissue architecture is preserved (Fig. 3). Therefore, PCLS provide the unique 
opportunity to analyze both molecular-level responses (AChE activity) and functional-level re-
sponses (airway changes) - offering a dual assessment that lysate-based systems cannot pro-
vide. 
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Fig. 3 Illustration of the Precision-Cut Lung 
Slice (PCLS) preparation workflow and key 
processes at the acetylcholinesterase 
(AChE) level, including organophosphorus 
nerve agent (OPNA)-induced inhibition and 
subsequent application of reactivators (Cre-
ated in BioRender. Gölitz, F. (2025) 
https://BioRender.com/lqonumk). 

 

In this study a platform to screen and evaluate AChE reactivator candidates in a physiologically 
more relevant context than with lysates or isolated AChE was established. PCLS were exposed 
to a broad spectrum of nerve agents, including GF, VX, or GB, to evaluate their inhibitory effects 
on lung tissue AChE and the responsiveness of PCLS to reactivation after OPNA exposure and 
subsequent reactivator therapy. Our study employed two established oximes, OBI and HI-6, 
alongside the novel non-oxime reactivator NOX-6.   

Various steps of the experimental design were optimized: To address the low AChE activity in 
lung tissue and in order to prevent interference from butyrylcholinesterase (BuChE), ethopro-
pazine (Eto) was utilized as a selective BuChE inhibitor. The measurement wavelength was op-
timized to 436 nm, minimizing hemoglobin interference while preserving the sensitivity of the 
Ellman assay. Additionally, pre-incubation with DTNB was conducted to avoid potential side re-
actions between DTNB and free sulfur-containing groups within the tissue during the measure-
ment itself, ensuring accurate and reliable measurements of AChE activity. To eliminate residues 
of excess OPNAs and to prevent re-inhibition of reactivated AChE, a phosphotriesterase (PTE 
C23AL) was introduced to the assay medium, ensuring an OPNA-free environment (Cherny et al. 
2013; Goldsmith et al. 2016). This innovative setup enabled AChE activity monitoring after treat-
ment with both POX-forming and non-POX-forming reactivators. Introducing wash steps, as 
demonstrated with NOX-6 (a POX-forming reactivator (Koning et al. 2018), is essential for the 
method as POX formation depends on the concentrations of both the reactivator and the inhibited 
AChE. 

The findings underscore the potential of PCLS as a cutting-edge model for OPNA research, par-
ticularly for early and high-throughput analysis of reactivators. By integrating molecular and func-
tional level endpoints the utility of PCLS in understanding the interplay between AChE activity and 
airway constriction was demonstrated. The inclusion of various nerve agents and reactivators 
further underlines the model’s robustness. Sarin-inhibited AChE showed the highest reactivation 
(OBI > HI-6), followed by VX-inhibited AChE (OBI > NOX-6 > HI-6). In contrast, no significant 
reactivation was observed for cyclosarin-inhibited AChE. Airway recovery data showed a similar 
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trend, emphasizing that OBI treatment was more effective for sarin-exposed airways compared 
to cyclosarin-exposed airways.  

This work represents an advance in identifying promising reactivator candidates, moving beyond 
traditional approaches combining assessment of enzymatic and functional data. Thus, PCLS can 
drive the development of more effective countermeasures against OPNA poisoning.   

2.7 Cold-Storage of Human PCLS (Publication II) 
Assessing toxicological aspects and evaluating the potential of future drugs (Liu et al. 2019; Al-
safadi et al. 2020; Koziol-White et al. 2024), hPCLS should be the benchmark to avoid species-
specific differences. However, the limited availability of human lung tissue and due to the logistical 
burden by its generation, transport and storage, the widespread application of hPCLS is restricted 
(Lehmann et al. 2024). The viability and functionality of the PCLS under cell culture conditions 
(37 °C, 5% CO2, and 100% air humidity) lasts for approximately two weeks, with a substantial 
decrease of quality over time, depending on the particular storage conditions (Neuhaus et al. 
2017). To address the challenge of optimal tissue usage and to improve the availability of hPCLS, 
the efficacy of a tissue preservation solution, TiProtec®, both with and without iron chelators (Ta-
ble 1), was evaluated for long-term cold storage of hPCLS. 

Table 1. Composition of TiProtec. 

Ingredients Concentration [mmol/L] 

Cl- 103.1 

Na+ 16 

K+ 93 

H2PO4- 1 

Mg2+ 8 

Ca2+ 0.05 

Glycine 10 

Alanine 5 

α-Ketoglutarate 2 

Aspartate 5 

N-Acetylhistidine 30 

Tryptophan 2 

Sucrose 20 

Glucose 10 

Deferoxamine* 0.1 

LK 614* 0.02 

pH 7.0 

 

* Not present in TiProtec (-). 
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In this study, hPCLS generated from peritumor control tissues from non-chronic lung disease 
patients were stored in DMEM/F-12, TiProtec, or TiProtec (-) at 4°C for up to 28 days. All solutions 
were enriched with 1% penicillin/streptomycin. Tissue viability, metabolic activity, and structural 
integrity were evaluated using Live/DeadTM staining, the Alamar Blue assay and Hematoxylin and 
Eosin (H&E) staining. Furthermore, transcriptional changes and signaling pathways were ana-
lyzed using bulk RNA sequencing. Cold storage-induced senescence was evaluated using tran-
scriptomics and immunofluorescence (IF) staining. Finally, to test the functionality of cold-stored 
hPCLS, samples were exposed to a fibrotic cocktail, and fibrotic responses were assessed with 
RT-qPCR and IF. 

The results demonstrate that TiProtec preserves the viability, metabolic activity, and structural 
integrity of hPCLS for up to 14 days. Furthermore, it downregulated pathways associated with cell 
death, inflammation, and hypoxia, while upregulating protective pathways against oxidative 
stress. After 14 days no significant changes of the cellular senescence were observed, as deter-
mined by transcriptional profiling and IF staining. The ability to study functional aspects of lung 
tissue was retained: cold-stored hPCLS responded well to fibrotic stimuli, showing upregulation 
of genes for key extracellular matrix proteins such as fibronectin and collagen 1 as well as myo-
fibroblast markers, including alpha smooth-muscle actin. 

The findings underscore the benefits of TiProtec for preserving hPCLS for extended periods, 
making it possible to conduct on-demand experiments in the future. Unlike cryopreservation, 
which carries risks such as ice crystal formation, cold storage at 4°C is a more gentle long-term 
storage method (Pegg 2015). It allows easy handling during transport and storage, as no liquid 
nitrogen and no cryoprotectants like dimethyl sulfoxide (DMSO), which shows membrane toxicity 
and causes oxidative damage, are needed, thereby simplifying logistical challenges (Elliott et al. 
2017; Tigges et al. 2021). 

Building on previous studies that demonstrated TiProtec’s efficacy in rat PCLS (Tigges et al. 
2021), this study highlights the solution’s suitability for long-term cold storage of human lung tis-
sue. By preserving transcriptional integrity, cellular composition, and responsiveness to experi-
mental stimuli, cold storage in TiProtec enables tissue banking, collaboration between research 
groups, and the repurposing of excess hPCLS for future experiments. This approach represents 
a step forward in translational lung research. 

2.8 Concluding Remarks  
This research aimed to have a dual impact by addressing two distinct but complementary projects: 
first, to advance the discovery and optimization of novel AChE reactivators by providing a physi-
ologically relevant model that allows to study key aspects of OPNA toxicity and AChE reactivation 
(Publication I); and second, to enhance the utility and accessibility of the PCLS model, with a 
particular focus on hPCLS (Publication II).  

The first objective centered on utilizing PCLS as an advanced, physiologically relevant ex vivo 
model to evaluate therapeutic interventions after OP poisoning. Special attention was given to the 
reactivation of AChE and its correlation with other physiological factors, such as airway response. 
This study introduced a novel method for analyzing AChE activity in intact PCLS, enabling the 
early identification of promising reactivators in a more complex model, than currently used ones. 
Using intact PCLS, allows for a more in-depth evaluation of candidate reactivators, linking enzy-
matic and functional responses. Notably, the correlation between AChE activity and airway re-
sponse underscores the potential role of reactivators, alongside antimuscarinic drugs, in treating 
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life-threatening airway constriction following OPNA exposure. These findings represent a signifi-
cant step forward in developing more effective therapeutic strategies against OP toxicity. 

The second objective focused on addressing key challenges related to the availability, preserva-
tion, and long-term viability and functionality of human lung tissue in the PCLS model. Building 
upon the work of Tigges et al., who demonstrated the possibility of long-term cold storage for rat 
PCLS (Tigges et al. 2021), this project extended those findings to the more complex and clinically 
relevant context of hPCLS. This study demonstrated the efficacy of TiProtec, in preserving hPCLS 
for up to 14 days. TiProtec maintained tissue viability, metabolic activity, structural integrity, and 
cellular composition, while also preserving the capacity of hPCLS to elicit a fibrotic response. 
Transcriptomical changes associated with cold storage in TiProtec were characterized, providing 
a reference for future research. This optimizes the use of precious human lung tissue, enabling 
tissue banking, sample shipping and sharing, as well as on-demand processing. These improve-
ments significantly expand the potential applications of hPCLS in translational lung research. 

In conclusion, this work establishes PCLS as a versatile and physiologically relevant platform for 
bridging the gap between in vitro and in vivo studies, enabling the reliable evaluation of AChE 
reactivators and advancing the field of OPNA toxicity research. Additionally, the improved preser-
vation protocol for hPCLS represents a major step forward in the efficient and collaborative use 
of human lung tissue. Together, these advancements contribute to a more robust and accessible 
framework for both therapeutic discovery and lung research. 
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Supplementary Information Publication I: 

Tyrode buffer composition:  

1.8 mmol/L CaCl2 · 2 H2O (Carl Roth, Karlsruhe, Germany), 5.5 mmol/L glucose monohydrate 
(Merck KGaA), 2.7 mmol/L KCl (Carl Roth), 1.1 mmol/L MgCl2 · 6 H2O (Sigma-Aldrich), 137.0 
mmol/L NaCl (Carl Roth), 22.0 mmol/L NaHCO3 (Carl Roth) and 0.4 mmol/L NaH2PO4 · 2 H2O 
(Merck KGaA) in double-distilled water. pH was adjusted to 7.4 by carbogen gassing 
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Supplementary Information Publication II: 

 

 

 

Supplementary Fig. 1 

 

 

Supplementary Fig. 2 
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