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List of abbreviations 

 

Abbreviation 
 

Meaning 

Arg1 Arginase-1 

BALF Bronchoalveolar lavage fluid 

CD- Cluster of differentiation 

CFSE Carboxyfluorescein succinimidyl ester 

cdk4 Cyclin-dependent kinase 4 

cGMP Cyclic guanosine monophosphate 

Ers Respiratory system elastance 

EP4 E prostanoid receptor 4 

FACS Fluorescence-activated cell sorting 

FeNO Fractional exhaled nitric oxide 

G Tissue damping 

H Tissue elasticity 

H&E Hematoxylin and Eosin 

HDM House dust mite extract 

ICS Inhaled corticosteroids 

IFN-γ Interferon gamma 

IgE Immunoglobulin E 

IL- Interleukin 

iNOS Inducible nitric oxide synthase 

MDSC 
- M- 
- PMN- 

Myeloid-derived suppressor cell 
- Monocytic- 
- Polymorphnuclear- 

MHC- Major histocompatibility complex 

NO Nitric oxide 

PAS Periodic acid–Schiff 

PBS Phosphate-buffered saline 

PGE₂ Prostaglandin E₂ 

ROS Reactive oxygen species 

Rrs Respiratory system resistance 

Rn Central airway resistance 

T2-high / T2-low Type-2-high / Type-2-low asthma endotype 

TGF-β Transforming growth factor beta 

Th- T helper cell 

TNF-α Tumor necrosis factor alpha 
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Publications 

In addition to the experiments described in the following sections, our group simultaneously 

investigated the impact of intranasal treatment with an EP4 agonist. Sharing our control group 

and the same experimental setup, we were able to reduce the number of animals used in our 

simultaneous experiments. Altogether, our results have been published in the European 

Journal of Pharmacology on August 30th, 2023:  

 

Gercke P, Lautenschlager N, Vedder N, van Geffen C, Renz H, Kolahian S. Intranasal EP4 agonist 
and arginase-1 therapy in a murine model of asthma. Eur J Pharmacol. 2023 Oct 
15;957:176040. doi: 10.1016/j.ejphar.2023.176040. Epub 2023 Sep 4. PMID: 37666288. 

 

Following this study, the aim of our group was to further investigate the effects of both Arg1 

and EP4 agonist treatment on different models of murine asthma. Our findings on chronic 

asthma and asthma exacerbation models have been published in the British Journal of 

Pharmacology on December 26th, 2024: 

 

Lange T, Brunn T, Vetter C, Bloch K, Vedder N, van Geffen C, Gercke P, Kolahian S. Systemic 
EP4 receptor agonist and Arginase-1 therapy in a murine model of chronic asthma and 
influenza virus-induced asthma exacerbation. Br J Pharmacol. 2025 Jun;182(12):2803-2820. 
doi: 10.1111/bph.17473. Epub 2025 Mar 12. PMID: 40070177. 

 

Further publications originated from congeneric hypotheses, but will not be further discussed 

in this manuscript: 

 

Vedder N, Gercke P, Lautenschlager N, Brunn T, Lange T, Schieb J, Vetter C, van Geffen C, 
Kolahian S. Characterizing the Emergence of Myeloid-Derived Suppressor Cell Subsets in a 
Murine Model of Pulmonary Fibrosis. FASEB J. 2025 May 31;39(10):e70626. doi: 
10.1096/fj.202500312RR. PMID: 40356473; PMCID: PMC12070151. 
 
Vetter C, Schieb J, Vedder N, Lange T, Brunn T, van Geffen C, Gercke P, Kolahian S. The impact 
of IL-10 and IL-17 on myeloid-derived suppressor cells in vitro and in vivo in a murine model of 
asthma. Eur J Immunol. 2024 Jul;54(7):e2350785. doi: 10.1002/eji.202350785. Epub 2024 Apr 
23. PMID: 38654479. 

  



5 

  

Contributions to Gercke et al., 2023 

With the support of all listed co-authors, I performed ex vivo experiments ranging from tissue 

collection following the mice’s scarification to single cell preparation, processing of lung tissue 

for histopathological analysis, performing FACS staining and analysis as well as CFSE assay. I 

extracted and analyzed data sets from each individual experiment, performed statistical 

analysis and data visualization. I drafted, submitted and revised the final manuscript. 

 

 

Contributions to Lange & Brunn et al., 2024 

For the follow-up studies, I supported PD Dr. Kolahian in planning the experiments and 

drafting the approval form for the animal experiments. Following the experiments on IN 

therapy in an acute model of asthma, I was able to take part in an animal course to conduct 

in vivo experiments in the following studies by myself. Thus, in the experimental part on 

chronic asthma an asthma exacerbation, I performed animal experiments including intranasal 

HDM challenges under isoflurane sedation, intraperitoneal injections of Arg1 and EP4 agonist, 

intratracheal instillation of influenza-A virus for asthma exacerbation, and performing 

tracheotomy to conduct in vivo lung function measurements, both using ketamine and 

medetomidine sedation. In addition, I supported the authors in conducting the prior 

mentioned ex vivo experiments and in reviewing the final manuscript.  

 

I was kindly supported by the foundation for pathobiochemistry and molecular diagnostic 

(SPMD) for the duration of all experiments. 
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Introduction 

Asthma 

Asthma is a chronic respiratory disease clinically characterized by shortness of breath, 

wheezing, tightness in the chest, coughing and bronchial hyperresponsiveness. With an 

estimated global point prevalence of 3.5% in 2017, it is one of the most common respiratory 

and immunological diseases affecting an estimated 358 million people (Soriano et al., 2020). 

Its prevalence varies around the world, with case numbers being most prominent in high-

income countries. In Germany, lifetime prevalence is rated at 8.4% (Langen et al., 2013). 

However, while case numbers are reaching a plateau level with more advanced understanding 

of risk factors and disease prevention strategies, asthma incidence is still on the rise in 

developing countries (Yuan et al., 2025). Known influenceable risk factors include 

urbanization, air pollution, tobacco smoke exposure and stress (Stern et al., 2020).  

Various pathomechanisms lead to inflammation of the lower airways, which result in airway 

obstruction by edema or smooth muscle contraction, airway remodeling including goblet cell 

metaplasia and smooth muscle hyperplasia, and bronchial hyperresponsiveness (Hammad & 

Lambrecht, 2021; Maslan & Mims, 2014). Regardless of its underlying pathophysiology, 

asthma is primarily treated with inhalative corticosteroids (ICS) and bronchodilating beta-2-

sympathomimetics, such as formoterol or salbutamol (Bundesärztekammer et al., 2024). 

These provide decent symptom control in most patients but are not without harmful adverse 

effects (Fahy, 2015): Long-term ICS treatment can foster lung infection, adrenal suppression, 

hyperglycemia, osteoporosis, growth retardment, glaucoma or cataract (Heffler et al., 2018). 

Overuse of short-acting beta-2-agonists has been linked to tachycardia, arrhythmia, tremor, 

hyperglycemia, and even increased risk of asthma exacerbation (Cazzola et al., 2013; Nwaru 

et al., 2020). Thus, a better understanding of asthma pathogenesis is necessary to provide 

more targeted treatment approaches.  

Over the course of many years, asthma has been closely linked to allergic type-1 

hypersensitivity of the lower airways, causing acute but reversible symptoms by allergen-

triggered release of Immunoglobulin E (IgE) and histamine. Nowadays, we understand asthma 

as the umbrella term to highly heterogeneous phenotypes (Wenzel, 2012). Based on its 

predominant inflammation, asthma may be divided into Type-2-high (T2-high) or Type-2-low 

(T2-low) endotypes (Habib et al., 2022; Pijnenburg and Fleming, 2020). 
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The “classic” T2-high asthma endotype is most encountered as early-onset allergic asthma in 

preadolescent children, or persisting through adult age (Wenzel, 2012). Here, airway 

inflammation is mainly driven by T helper cells type 2 (Th2), innate lymphatic cells and their 

proinflammatory cytokines, such as interleukin (IL) 4, IL-5 or IL-13.  Reacting to inhaled 

allergens, these cells can promote eosinophilic subepithelial infiltration and release of 

allergen-specific IgE from B lymphocytes and histamine from mast cell degranulation, thus 

promoting bronchial contraction and mucus production (Lambrecht et al., 2019). Specific 

biologicals targeting the inhibition of type-2-inflammation pathways, such as anti-IgE, anti-IL-

5 or anti-IL-4, can provide symptom control but are limited to certain age groups and specific 

asthma endotypes (McGregor et al., 2019). Moreover, these are only adjuvant to inhalative 

corticosteroid treatment.  

T2-low asthma covers various pathophysiological mechanisms lacking T2-high characteristics. 

Individuals with this endotype show less association with atopy and less airway 

hyperresponsiveness than those with T2-high asthma but respond only poorly to ICS 

(Woodruff et al., 2009).  Obesity, smoking, previous ICS treatment, female sex and age are 

commonly associated with T2-low asthma (Peri et al., 2023; Wenzel, 2012). To this day, there 

are no clear biomarkers known to explain the pathophysiology of this subtype, nor offering 

promising therapeutic targets (Peri et al., 2023). Neutrophilic asthma driven by Th17 and Th1 

cells and their cytokines seems to account for most of the T2-low asthmatic patients. Inhibiting 

neutrophilic inflammation through biologicals such as anti-IL17 or anti-tumor necrosis factor 

(TNF), however, has not resulted in the development of an effective treatment (Peri et al., 

2023). Furthermore, it is still under discussion whether it represents a proper endotype or is 

the consequence of long-term ICS application (Peri et al., 2023). Altogether, T2-low asthma 

remains highly challenging to physicians and researchers around the globe. 

 

Myeloid-derived suppressor cells 

Under pathological conditions, myeloid progenitor cells and immature myeloid cells are 

expanded and exert immunomodulatory functions. Due to their ability to suppress both innate 

and adaptive immune cells, this highly heterogenous population was uniformly labelled as 

myeloid-derived suppressor cells, or MDSCs (Gabrilovich et al., 2007). MDSCs and their 

suppressive function were first discovered in cancer microenvironments as their presence 
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correlated with tumor progression and poor response to therapy (Veglia et al., 2018). Based 

on their destined differential cell type, MDSCs that evolve from granulocytic precursors are 

called granulocytic or polymorphonuclear (PMN-) MDSCs, whereas those derived from 

monocytic and dendritic cell precursors are named monocytic (M-) MDSCs. Based on their 

expressing surface markers, these are defined as CD11b+CD14-CD15+ cells for PMN-MDSCs or 

CD11b+CD14+HLA-DR-/loCD15- for M-MDSCs in humans (Gabrilovich, 2017). Murine PMN-

MDSCs are defined as CD11b+Ly6G+Ly6Cint and CD11b+Ly6G-Ly6Chigh, respectively (Bronte et 

al., 2016). However, they cannot sufficiently be distinguished from neutrophils nor monocytes 

based on surface markers alone. As their population is highly heterogenous, it remains 

challenging to discover broadly applicable and exclusive markers. Consequently, experts agree 

that quantification of MDSCs is not possible without the analysis of their immunosuppressive 

potential (Akkari et al., 2024).  

MDSCs exert their remarkable suppressive function by suppressing effector T cell proliferation 

through cell-to-cell interaction and release of cytokines. One of the most effective 

mechanisms of regulating T cell proliferation is through MDSC’s expression of Arginase-1 

(Arg1) and inducible nitric oxide synthase (iNOS). By metabolizing L-arginine into ornithine and 

urea for Arg1, or nitric oxide (NO) and citrulline, this semi-essential amino acid is deprived 

from T cells. This L-arginine starvation diminishes T cell proliferation by arresting the cell cycle 

in the G0-G1 phase, blocking the upregulation of Cyclin D3 and cyclin-dependent kinase 4 

(cdk4) (Rodriguez et al., 2007). Additionally, T cell activation is constrained due to insufficient 

re-expression of its CD3 receptor: its ζ-chain assembly on the cell membrane is L-arginine 

dependent, therefore blocking both T cell activation and proliferation (Rodriguez et al., 2003). 

MDSC-derived NO, too, acts suppressive on T cells by inhibiting major histocompatibility 

complex (MHC) class-II antigen expression and inducing T cell apoptosis (Gabrilovich & 

Nagaraj, 2009). Other immunosuppressive mechanisms of MDSCs include the secretion of IL-

10, transforming growth factor beta (TGF-β), reactive oxygen species (ROS) and peroxynitrites 

and TGF-β, as well as increasing the generation and lifespan of regulatory immune cells 

(Bronte et al., 2016; Gabrilovich & Nagaraj, 2009).  

Taken together, MDSCs remain an exciting subject for their function offers promising 

therapeutic targets. While oncological research focuses on inhibiting these cells to increase 

the intrinsic immune response, for other chronic and autoimmune diseases MDSC 

augmentation could be crucial (van Geffen et al., 2022) 
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Preliminary work 

The importance of MDSCs in asthma and other chronic lung diseases has been well described 

(Kolahian et al., 2016). Our group focuses its research on uncovering the pharmacological 

potential of MDSCs in various lung diseases.  

MDSCs are capable of sufficiently dampening allergic airway inflammation. Our group 

previously adoptively transferred MDSCs extracted from murine bone marrow to investigate 

the in vivo effects on murine ovalbumine and house dust mite extract (HDM) models of 

asthma. Both intravenous and intratracheal cell administration significantly increased MDSC 

populations in the lungs. Numbers of eosinophils, Th17 and Th2 cells, levels of IL-4, -5, -13, -

17, as well as HDM-specific IgE and TNF-α showed a significant reduction in both models 

(Nowroozilarki et al., 2018).  

Next, the factors driving MDSC recruitment and activation were investigated. We found 

prostaglandin E2 (PGE2) to enhance the generation and suppressive activity of MDSCs through 

its E-prostanoid receptor 4 (EP4). Those MDSCs cultivated in the presence of a selective EP4 

agonist showed significantly increased expression of Arg1, unveiling Arg1 to be the main 

pathway of immune inhibition enhanced by EP4. We moved on to perform in vivo 

experiments, treating HDM-sensitized mice systemically with the selective EP4-agonist L-

902,688 or BCT-100, a clinical grade human pegylated recombinant arginase-1. We observed 

a reduction of eosinophils in bronchoalveolar lavage fluids (BALF), lower cytokine levels and 

improved histological features of the lungs following intravenous treatment with either agent 

(van Geffen et al., 2021).  

 

Aim of the project 

Building upon our findings on the anti-inflammatory role of intravenous therapy with Arg1, 

we decided to further investigate the pharmacological potential of locally administered Arg1 

in asthma therapy. We hypothesize that the strong immunosuppressive and anti-

inflammatory activity of intranasal Arg1 treatment may confirm the strong effect of MDSCs on 

T cell-driven inflammation in murine asthma.  

We utilized the same two-week model of HDM-induced murine asthma, as described by van 

Geffen et al. in 2021, thus being able to compare intranasal with intravenous treatment. HDM-



10 

  

exposed mice were treated three times with two different doses of Arg1 (BCT-100; 10 mg/kg 

bodyweight and 20 mg/kg bodyweight) intranasally during the second week of sensitization. 

Three days after the last treatment we performed in vivo lung function measurements under 

increasing doses of aerosolized methacholine to determine airway hyperresponsiveness. Mice 

were then sacrificed and lungs, spleen, BALF and thoracic lymph nodes were collected for 

further examination. 
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Results 

Therapy safety: Effect of Arg1 on non-asthmatic mice 

To rule out any treatment-associated differences following Arg1 administration, we included 

three mice as non-asthmatic therapy control: Animals received PBS instead of HDM on days 0 

and 7 to 11, as well as 20 mg/kg bodyweight Arg1 on days 7, 9 and 11 intranasally. Three days 

after the last application, mice were sacrificed to measure in vivo lung function, as well as 

histopathological changes using haematoxylin-eosin (H&E) and periodic acid Schiff (PAS) 

staining on the lungs and differential white blood cell count from the BALF. No differences 

were observed in lung function and airway hyperresponsiveness following methacholine 

challenges, nor were any histopathological changes apparent. BALF differential cell count 

revealed marginally increased numbers of lymphocytes and neutrophils yet reduced 

eosinophils in the Arg1-treated group (for graphical representation see supplementary figure 

E1A-C).  

 

The effect of intranasal treatment with Arg1 on in vivo respiratory features of murine 

asthma 

Next, the effects of Arg1 treatment on the respiratory features of HDM-exposed mice were 

investigated. Mice were exposed to HDM as described in Gercke et al., 2023, section 2.2. and 

treated with two doses of Arg1 (10 mg/kg bodyweight or 20 mg/kg bodyweight). Three days 

after the last HDM administration, airway function and hyperresponsiveness were assessed 

as described in section 2.4. Parameters assessed include respiratory system resistance (Rrs) 

and elastance (Ers), central airway resistance (RN), tissue elasticity (H) and tissue damping (G). 

Following HDM challenge, asthmatic mice showed increased airway hyperresponsiveness to 

methacholine nebulization, although changes were not as severe as postulated. Differences 

between non-treated asthmatic and healthy mice were most obvious, yet not significant, in 

airway resistance (Rrs and Rn) and tissue elasticity (H) parameters. 

Arg1-treated asthmatic mice (both 10 and 20 mg/kg) showed a slight but non-significant 

increase of airway resistance (Rrs and Rn) compared to untreated asthmatic and healthy 

control mice (Figure 1A-B). Other parameters such as elastance, tissue elasticity and tissue 

damping showed no clear trend towards improved nor worsened airway hyperresponsiveness 
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compared to asthmatic control (Figure 1C-E). These findings apply to both dosages of Arg1, 

showing no increased efficacy nor toxicity with higher doses. 

 

Effects of intranasal Arg1 treatment on histopathological features of murine asthma 

To correlate our in vivo findings, we next assessed microscopical lung sections and differential 

white blood cell counts retained from BALF. To evaluate histopathological features of asthma, 

we precision-cut the lower left lung lobe into microscopical slides, which were then stained 

with H&E and PAS for further analysis. White blood cells obtained from BALF were spun onto 

microscopic slides and stained following Giemsa’s protocol for differentiation.  

In the BALF, we observed a significant increase in eosinophils, neutrophils and lymphocytes in 

our asthmatic mice compared to non-asthmatic control animals. Mice treated with Arg1 

presented no significant alterations among all cell subtypes (Figure 2). 

Next, peribronchial and perivascular inflammation as well as mucous goblet cell hyperplasia 

were examined using H&E and PAS staining. HDM induced an increased interstitial migration 

of inflammatory cells, yet the increase did not translate into significant changes in the scoring 

utilized. Arg1-treated mice showed significantly increased goblet cell and perivascular 

inflammatory scores when compared to healthy control animals, but differences were only 

marginal compared to untreated asthmatic mice (Figure 3). 

 

Effects on CD4+ T cell subsets obtained from lungs and spleen 

MDSC exert their immunosuppressive function by suppressing T cell activation and 

proliferation by expressing Arg1, among others. Thus, the quantification of T cell subtypes is 

essential to evaluate the efficacy of Arg1 in asthma therapy. We did so by investigating 

treatment effects locally, in the lungs, and systemically, using lymphatic tissue obtained from 

the spleen. Based on their respective surface markers, we distinguished between Th1 

(characterized as CD4+IFN+), Th2 (CD4+IL-4+), Th17 (CD4+IL-17A+), activated T cells 

(CD4+CD25+CD69+) and regulatory T cells (CD4+CD25+FoxP3+) (Mousset et al., 2019). 

Experimental procedures and representative FACS gating strategies may be found in section 

2.6. and 2.9. as well as supplementary figures E2A, B. 

Induction of murine asthma using HDM in our two-week model did not induce any significant 

increase in CD4+ T cell subsets, neither in the lungs nor in the spleen. However, treatment with 
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the 20 mg/kg bodyweight Arg1 slightly reduced numbers of Th1, Th17, activated T cells and 

regulatory T cells obtained from the lungs. To a lesser extent, that effect was also observed in 

the spleen (Figure 4 A-C and supplementary figures E3A-C). 

 

Effects on MDSC recruitment and suppressive activity 

The suppressive activity of pulmonary MDSCs was enhanced following intravenous Arg1 

treatment, as described by Van Geffen et al., 2021. MDSC numbers were not altered. To be 

able to compare the efficacy of local and systemic therapy, the same experiments were 

conducted (for experimental protocol see Gercke et al., sections 2.6 to 2.9).  

MDSCs were isolated from lungs of Arg1 treated mice and co-cultured with naïve CD4+ T cells 

for three days. T cell proliferation was used as a reciprocal correlation marker for MDSC 

suppressive activity. Additionally, quantification of pulmonary MDSCs was used to estimate 

MDSC recruitment to the site of inflammation. 

Our experiments showed enhanced suppressive activity in MDSCs obtained from asthmatic 

mice compared to non-asthmatic control, although results did not reach significant levels. 

Moreover, we found a trend towards further increasement of M-MDSC suppressive activity in 

Arg1-treated mice, whereas the results did not differ within pulmonary MDSCs (Figure 5). 

Quantitative analysis of MDSC numbers in the lungs and spleens did not reveal any significant 

increase following HDM-administration, nor were there any differences after Arg1 treatment 

(Figure 5B). 

 

 

Effects of intranasal EP4 agonist treatment on HDM-induced asthma 

Intranasal treatment with the selective EP4 agonist L-902,688 in doses of 0.2 and 0.4 mg/kg 

bodyweight showed a trend towards improved lung elastance (Ers), tissue damping (G) and 

tissue elasticity (H). Corresponding to intranasal Arg1 treatment, effects on histopathological 

features of murine asthma both from BALF and microscopic lung slides were not observed. 

The reduction of pulmonary T cell subsets was less apparent following intranasal EP4 agonist 

treatment compared to Arg1 treatment. There were also no clear alterations to MDSC 

numbers and suppressive activity. 
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Follow-up study: The role of EP4 agonist and Arg1 treatment in chronic asthma and 

virus-induced asthma exacerbation 

Comparing these results with our previous findings on intravenous Arg1-therapy in a two-

week model of HDM-induced airway inflammation (van Geffen et al., 2021), both approaches 

showed promising results. To gain further insights, we decided to extend our experiments in 

enhanced models of asthma. 

Firstly, we investigated the impact of systemic EP4 agonist or Arg1 treatment in a five-week 

model of HDM-induced murine asthma, as described in Lange et al., 2025, section 2.2. We 

performed the same in vivo lung function measurements, histopathological analysis of lungs 

and BALF as well as FACS analysis and CFSE assay, as described previously. 

In line with our previous results, we observed a reduction in eosinophils in the BALF of EP4 

agonist- and Arg1-treated mice compared to asthmatic control mice, which was significant for 

relative cell counts (see Lange et al., 2025, Figure 2b, e). However, we once again did not find 

improvements in in vivo lung function measurements. In histopathological scores, Arg1 

treatment showed marginally reduced perivascular inflammation, but results were not 

statistically significant. The previously described trend towards reduction of CD4+ T cells in the 

lungs following Arg1 treatment could also not be reproduced in the chronic asthma model. 

Once again, MDSC’s recruitment to the lung and their suppressive activity were not affected 

by EP4 agonist nor Arg1 treatment.  

Next, we moved on to investigate the effects of a five-week treatment with EP4 agonist or 

Arg1 on virus-induced asthma exacerbation: Following HDM-challenges and Arg1 treatment 

as described above, mice were challenged with 100 plaque-forming units (PFU) of Influenza A 

virus (H1N1 A/Puerto Rico/8/1934) to model virus-induced asthma exacerbation. 

Exacerbation was confirmed through significant worsening of lung function parameters 

following methacholine provocation. Mice that received EP4 agonist or Arg1 therapy showed 

reduced airway hyperresponsiveness following methacholine provocation, although 

differences did not reach significant levels (see Lange et al., 2025, Figure 1). 

In line with prior observations, Arg1 treatment reduced numbers of T cell subsets in lungs and 

spleen. These were most prominent in activated CD4+ and CD8+ T cells, although differences 

were nonsignificant (p = 0.085). EP4 agonist treatment followed a similar trend, but changes 
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were not as clear as observed in Arg1-treated mice (see Lange et al., 2025, Figure 6). MDSC 

numbers significantly increased following asthma exacerbation, yet no further differences 

were observed in the treatment groups (see Lange et al., 2025, Figure 3). Among both groups 

the suppressive activity also slightly increased after exacerbation (see Lange et al., 2025, 

Figure 4).  
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Discussion 

In this study we investigated the effects of exogenous Arg1 on clinical features as well as MDSC 

activation and generation in murine models of asthma. We previously observed increased 

expression of Arg1 in both PMN- and M-MDSCs that were cultured in the presence of an EP4 

agonist. These were correlated with an increase in MDSC suppressive activity and ameliorated 

asthma severeness (van Geffen et al., 2021). Thus, we hypothesize that Arg1 could reproduce 

the beneficial effects of MDSCs on lung inflammation and T cell activation in HDM-induced 

allergic airway disease.  

BCT-100 is a clinical grade pegylated recombinant human Arg1 with a plasma half-life of three 

days in mice (Cheng et al., 2007) and up to ten days in humans (Cheng et al., 2021; Yau et al., 

2015). It has proven efficacy in treatment against leukemia, prostate cancer, melanoma, and 

other cancers (Anakha et al., 2022). To this day, BCT-100 has shown no dose-limiting toxicities 

and has been well tolerated by patients, including children, with advanced and difficult-to-

treat cancers auxotrophic to L-arginine showing only few drug-related adverse events, among 

which fatigue, nausea and thrombocytopenia were most common (Cheng et al., 2021; Fenwick 

et al., 2024). Moreover, Arg1 treatment has produced promising results in the treatment of 

immune-related diseases and viral infection (Anakha et al., 2022). The effect of Arg1 

treatment mainly relies on competing with other enzymes, mainly nitric oxide synthases (NOS) 

for their common substrate, which is L-arginine. L-arginine is a semi-essential amino acid that 

plays a key role in T cell activation and proliferation. Cytoplasmatic arginase-1 converts L-

arginine into ornithine and urea, marking the final step in the urea cycle. Depletion of L-

arginine by arginase-1 has been shown to arrest the cell cycle in the G0-G1 phase and blocking 

up-regulation of Cyclin D3 and cdk4 (Rodriguez et al., 2007). L-arginine starvation by Arg1-

expressing MDSCs diminished the L-arginine dependent re-expression of the CD3ζ chain and 

blocked the assembly of new T cell receptors on the T cell membrane, therefore blocking the 

activation as well as proliferation of T cells (Rodriguez et al., 2003). Consequently, the 

presence of pegylated recombinant Arg1 has proven efficacious in halting the proliferation of 

human and murine CD4+ and CD8+ T cells in vitro (Erens et al., 2022). 

Our previous in vivo studies showed that MDSCs exposed to an EP4 agonist showed an 

upregulation of Arg1. These had increased suppressive activity on T cells, establishing our 

hypothesis that Arg1 is one of the main pathways of dampened airway inflammation by 
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MDSCs (van Geffen et al., 2021). Our current findings show a rather selective reduction of 

pulmonal and splenic Th1 and activated T cells but only little effect on Th2 cells. Previous 

studies on amino acid metabolism of T cells, too, suggest that these subsets are more 

dependent on L-arginine: Production of IFN-γ or IL-10 by Th1 or Th17 cells was significantly 

decreased in the absence of L-arginine, compared to a smaller effect on IL-4, which is the key 

cytokine of Th2 cells (Choi et al., 2009). This effect could make Arg1 therapy a particularly 

interesting agent for steroid-resistant T2-low asthma.  

Still, the role of L-arginine and Arg1 is even more sophisticated than that. Arg1 plays a crucial 

role in L-arginine homeostasis by competing with NOS for its common substrate (Benson et 

al., 2011). Although NOS’ substrate affinity to L-arginine is superior, Arg1 has a 1000-fold 

higher metabolizing rate (Benson et al., 2011). NOS convert L-arginine into citrulline and NO, 

which plays a key role in regulation of both pulmonary vascular and bronchial smooth muscle 

tone via activation of the cyclic guanosine monophosphate (cGMP) pathways (Benson et al., 

2011). In the lungs, there are three main types of NOS. The constitutive endothelial and 

neuronal NOS produces basal levels of NO to maintain smooth muscle tone, whereas the 

expression of the inducible NOS (iNOS) is promoted mainly by inflammatory cytokines, and is 

therefore significantly upregulated in asthmatic airways (Loewenthal & Menzies-Gow, 2022).  

Interference with NO homeostasis comes with ambiguous effects. On the one hand, treatment 

of cardiovascular diseases and especially pulmonary hypertension seems inconceivable 

without modulation of NO-dependent modulation of cGMP pathways by drugs such as 

phosphodiesterase-5-inhibitors or glycerol nitrates. Furthermore, NO is sought after for its 

bronchodilator effects, which have long been implicated in critical care medicine (Lunn, 1995). 

Thus, despite its potential to modulate excessive T cell inflammation, Arg1 has mainly been 

targeted in inhibitory manner in lung diseases like asthma. Increasing L-arginine availability to 

NOS by inhibition of Arg1 and therefore increasing levels of bronchodilation NO has been 

shown to reduce airway hyperresponsiveness in guinea pig (Maarsingh et al., 2008) and 

murine models of asthma (Takahashi et al., 2010).  

On the other hand, NO has proinflammatory features, too. Its vasodilating function is essential 

for increased endothelial permeability, increasing the migration of inflammatory cells. As a 

substrate for reactive oxygen species production by iNOS, it directly affects cellular stress and 

inflammation. iNOS produces significantly higher amounts of NO than the constitutive NOS, 



18 

  

thus establishing the exhalative fraction of NO (FeNO) as a biomarker for type-2-inflammation 

to monitor asthma severity (Loewenthal & Menzies-Gow, 2022).  

Reduced L-arginine bioavailability to endothelial and neuronal (constitutive) NOS might be an 

explanation for adversely increased airway resistance parameters following intranasal Arg1-

administration. Maarsingh et al., (2006) described impaired NO-mediated smooth muscle 

relaxation in allergic airway disease to be reversed following inhibition of Arg1. However, 

increased airway resistance could not be observed in healthy Arg1-treated animals nor after 

systematic Arg1 application during our following experiments (Lange et al., 2025b). 

Furthermore, reduced perivascular inflammation and BALF inflammatory cell counts were also 

only notably decreased following systemic application. Hence, no distinct effect of potentially 

reduced NO production could be observed during our experiments. 

MDSCs have shown beneficial effects in asthma and other inflammatory lung diseases. Mainly, 

their effect was due to suppression of T cell-driven inflammation but also includes reduced 

production of IgE (Kolahian et al., 2016). PGE2 and EP4 have been found to increase the 

recruitment of MDSCs to the lungs of asthmatic mice and to enhance MDSC suppressive 

activity. Interestingly, induction of acute murine asthma by HDM also brought no alteration 

to MDSC numbers. Administration of Arg1, too, showed no increase in MDSCs recruited to the 

lungs. As for MDSCs, it is known that the available surface markers alone are not sufficient for 

their quantification (Akkari et al., 2024). Describing rather a state of monocytes and 

neutrophils, it remains challenging to distinguish MDSCs from other cells of myeloid origin. In 

humans, the expression of LOX1 or FATP2 promises to adequately differentiate between PMN-

MDSCs and mature neutrophils (Condamine et al., 2016). Such markers are yet to be 

discovered for murine MDSCs. Hence it is only possible to assess their properties by also 

analyzing the suppressive activity of that broad cell population.  

Minor increases in M-MDSC suppressive activity were apparent following intravenous and 

intranasal Arg1 treatment in the acute model of murine asthma. However, these results could 

not yet be reproduced in chronic asthma and asthma exacerbation. PMN-MDSC’s suppressive 

activity was not altered by Arg1 treatment throughout all experiments. In vitro experiments 

on the direct impact of Arg1 on MDSC generation and activation may confirm these findings 

in the future. 

A limiting factor to our findings may be the induction of a rather light phenotype of allergic 

airway disease by HDM. Airway eosinophilia following HDM-sensitization clearly indicates the 
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presence of type-2 inflammation. However, other parameters of asthma increased only 

marginally and were mostly nonsignificant. Airway hyperresponsiveness was lowest in 

parameters of airway resistance and elastance for sham-treated mice, yet no significant 

increase was observed for HDM-treated subjects. Histopathological inflammatory scores were 

increased in most asthmatic animals but not throughout all experiments, making the mean 

increase nonsignificant. FACS analysis of MDSCs and T cells showed no clear alterations 

between asthmatic and non-asthmatic control animals. We have addressed this observation 

and decided to increase the dose of HDM, achieving enhanced modelling of asthma in our 

subsequent studies (Vetter et al., 2024). 

 

In conclusion, we observed both favorable and adverse trends of intranasal Arg1 treatment in 

a two-week model of asthma. Although mice treated with Arg1 tended to have less T cells 

recruited to the lungs, we found slightly higher inflammatory scores in H&E and PAS-stained 

microscopic lung slides. To some extent, these effects may have contributed to increased 

airway resistance (Rrs and Rn) measurements for Arg1-treated mice. Contrary to our previous 

findings, in which intravenous administration of Arg1 decreased eosinophils in BALF, we did 

not observe any effect of intranasal treatment on differential WBC cell count.  

Further investigating the role of systemic Arg1 treatment in chronic and exacerbated asthma 

confirmed the positive effects of both prior studies. It might therefore be hypothesized that 

systemic treatment with Arg1 results in more favorable impact in murine asthma than 

intranasal treatment. Further studies are needed to confirm that observation. 
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Summary 

Asthma is a chronic inflammatory disease of the lower airways characterized by airway 

obstruction, hyperresponsiveness, and heterogeneous inflammatory endotypes. While Type-

2-high asthma is driven primarily by Th2-mediated allergic inflammation, Type-2-low asthma 

remains a clinically challenging endotype with poor response to inhaled corticosteroids and 

limited therapeutic options. Myeloid-derived suppressor cells have emerged as potent 

regulators of immune responses in a variety of inflammatory diseases. Their 

immunosuppressive function largely relies on L-arginine depletion via Arginase-1. Previous 

work from our group demonstrated that increasing myeloid-derived suppressor cell activity 

using a Prostaglandin E2 receptor 4 agonist or intravenous Arginase-1 ameliorates airway 

inflammation in murine models of asthma. Building on these findings, this project investigates 

whether local Arginase-1 delivery through intranasal administration can reproduce or even 

enhance the beneficial effects observed after systemic treatment. Using a validated two-week 

house dust mite extract exposure protocol, mice received intranasal Arginase-1 at two doses 

(10 or 20 mg/kg bodyweight) during the second week of sensitization. Three days after the 

final treatment, airway mechanics were assessed under increasing doses of methacholine, 

followed by detailed immunological and histopathological characterization. These included 

bronchoalveolar lavage fluid cytology, histological analysis of lung tissue, quantification of 

pulmonary and splenic CD4⁺ T-cell subsets, and ex vivo analysis of myeloid-derived suppressor 

cells’ activity.  

House dust mite extract exposure induced classical inflammatory changes and goblet cell 

hyperplasia, although the overall phenotype was mild. Intranasal administration of Arginase-

1 did not improve airway hyperresponsiveness. In fact, Arginase-1-treated asthmatic mice 

showed a slight, non-significant increase in airway resistance. Elastance-related parameters 

remained largely unchanged. The higher dose of Arg1 did not yield increased efficacy. 

Intranasal Arginase-1 therapy did not reduce inflammatory scores or eosinophilia in 

bronchoalveolar lavage fluid. Goblet cell numbers and perivascular inflammation were slightly 

elevated compared to healthy controls but comparable to untreated asthmatic mice. While 

exposure to house dust mite extract alone did not significantly alter T-cell populations in lungs 

or spleen, Arginase-1 treatment at 20 mg/kg produced a modest reduction in Th1, Th17, 

activated CD4⁺ T cells, and regulatory T cells. The effect was more pronounced in the lungs 
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and less marked in the spleen. Th2 cells were largely unaffected, consistent with known lower 

L-arginine dependence of Th2 cytokine production. Unlike intravenous Arginase-1, intranasal 

therapy did not increase Myeloid-derived suppressor cells numbers in lungs or spleen. Ex vivo 

assays revealed only a trend toward enhanced suppressive function of monocytic myeloid-

derived suppressor cells, failing to reach statistical significance. Polymorphnuclear myeloid 

suppressor cells remained unaffected. 

This thesis demonstrates that while Arginase-1 may have immunomodulatory potential, its 

effects depend on the route of administration and disease severity. Intranasal Arginase-1 was 

well tolerated but did not replicate the therapeutic benefits previously observed with 

intravenous treatment. Several mechanisms may explain this discrepancy: 

• The mild HDM model used in the intranasal experiments may have been insufficient to 

reveal clear therapeutic effects, as inflammatory and physiological changes were 

generally modest. 

• By affecting the L-arginine homeostasis in the lung and competing with other enzymes, 

mainly nitric oxide synthases, the beneficial effects of nitric oxide – mainly 

bronchodilation – may have been diminished by Arginase-1. 

• Arginase-1 was able to mimic the effects of myeloid-derived suppressor cells but did 

not further impact their generation and suppressive activity. 

Importantly, Arginase-1 preferentially reduced Th1-associated inflammation rather than 

classical Th2 pathways, suggesting potential relevance for treatment-resistant T2-low asthma. 

However, more robust models and refined delivery strategies are required to fully evaluate 

this therapeutic angle. 

The work presented here provides a comprehensive assessment of intranasal Arginase-1 

therapy in murine asthma. While the treatment proved safe and induced subtle 

immunological shifts, it did not significantly ameliorate airway physiology, inflammatory 

pathology, or myeloid-derived suppressor cell function in the acute house dust mite induced 

model. Follow-up experiments in chronic and exacerbation settings further underscored the 

limited efficacy of Arginase-1 when administered locally. These findings highlight the 

complexity of targeting L-arginine metabolism in asthma and emphasize the need for deeper 

mechanistic studies to optimize myeloid-derived suppressor cell-based or Arginase-1-driven 

therapeutic strategies. 
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Zusammenfassung 

Asthma ist eine chronisch-entzündliche Erkrankung der unteren Atemwege, die durch eine 

pathologische Überaktivierung der Immunantwort des Lungenepithels und darauffolgender 

Atemwegsobstruktion durch verschiedene Entzündungsmechanismen gekennzeichnet ist. 

Man unterscheidet zwischen den Type-2-high, basierend auf der überwiegenden Th2-

vermittelten allergischen Immunantwort, und den Type-2-low Asthma-Phenotypen. Letzteres 

stellt Patienten und Ärzte durch unzureichendes Ansprechen auf die verfügbaren 

Therapiemöglichkeiten vor besondere Herausforderungen.  

Myeloide Suppressorzellen haben sich in der näheren Vergangenheit in vielen chronisch-

entzündlichen Erkrankungen als vielversprechende Immunomodulatoren herausgestellt. Ihre 

immunsuppressiven Eigenschaften lassen sich besonders über das Eingreifen in den L-Arginin-

Stoffwechsel von T-Zellen durch Arginase-1 erklären. Unsere Arbeitsgruppe konnte bereits 

darlegen, dass die intravenöse Gabe einer Arginase-1 in einem murinen Asthmamodell zu 

einer gelinderten Entzündung der Atemwege führte. Hierauf aufbauend wurde in diesem 

Projekt die lokale Wirksamkeit von Arginase-1 durch intranasale Applikation erforscht. Zur 

bestmöglichen Übertragbarkeit wurde das gleiche Asthmamodell mit einer zweiwöchigen 

Sensibilisierung durch Hausstaubmilbenextrakt verwendet. Während der zweiten Woche 

erhielten die Mäuse zwei unterschiedliche Dosierungen (10 oder 20 mg/kg Körpergewicht) 

intranasaler Arginase-1. Drei Tage nach letztmaliger Gabe führten wir eine 

Lungenfunktionsuntersuchung mit Methacholin-Provokationstestung, histopathologische 

Untersuchungen des Lungengewebes und Zytologie der gewonnenen broncho-alveolären 

Lavage, FACS-Analyse von CD4-positiven T-Zellen aus Lunge und Milz und Aktivitätsanalyse 

myeloider Suppressorzellen durch. 

Insgesamt führte die Exposition durch Hausstaubmilbenextrakt über zwei Wochen zu einer 

recht milden Atemwegsentzündung. Die intranasale Therapie mit Arginase-1 zeigte keine 

Verbesserung der Lungenfunktion unter Methacholin-Provokation, vielmehr zeigten sich 

leicht erhöhte Atemwegswiderstände. Zytologische oder histopathologische Veränderungen 

waren ebenfalls nicht nachweisbar. Zwar zeigte sich bei allen asthmatischen Tieren kein 

signifikanter Anstieg von T-Zell-Subtypen, doch zeigten sich in der Gruppe der Arginase-1-

behandelten Mäuse leichtgradig verringerte Populationen von Th1-, Th17-, aktivierten und 

regulatorischen T-Zellen, welche vor allem im Lungengewebe nachweisbar waren. Th2-Zellen 
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zeigten sich hingegen nur wenig beeinflusst. Anders als zuvor nach intravenöser Gabe 

beobachtet, zeigte sich die Anzahl myeloider Suppressorzellen nach intranasaler Gabe von 

Arginase-1 nicht erhöht. In der Subgruppe der monozytischen myeloiden Suppressorzellen 

zeigte sich eine statistisch nicht signifikante Zunahme der suppressiven Aktivität, wohingegen 

die polymorphnukleäre Subgruppe nicht beeinflusst wurde. 

In dieser Experimentreihe konnte ein gewisses immunmodulatorisches Potenzial durch 

Arginase-1 dargelegt werden, welches jedoch stark abhängig von der Erkrankungsschwere 

und der Applikationsform zu sein scheint. Zwar war die intranasale Therapie gut verträglich, 

konnte jedoch nicht die zuvor beobachtete Wirksamkeit einer intravenösen Verabreichung 

reproduzieren. Verschiedene Gründe könnten hierfür ursächlich sein: 

- Die insgesamt milde Entzündungsreaktion könnte unzureichend gewesen sein, um 

klare therapeutische Effekte darstellen zu können. 

- Durch direktes Eingreifen in den L-Arginin-Stoffwechsel der Lunge und die damit 

verbundene kompetitive Hemmung anderer Enzyme (vor allem der Stickstoffmonoxid-

Synthasen) könnten die bronchodilatorischen Effekte von Stickstoffmonoxid durch 

Arginase-1 abgeschwächt worden sein und somit einer Verbesserung der 

Lungenfunktion entgegengewirkt haben. 

- Arginase-1 konnte die immunmodulatorischen Effekte myeloider Suppressorzellen 

nachahmen, diese selbst jedoch nicht positiv beeinflussen. 

Die vorwiegende Veränderung der Type-2-low Entzündungsantwort durch Reduktion der Th1- 

und Th17-Aktivität unterstreichen jedoch eine mögliche Rolle von Arginase-1 insbesondere in 

therapierefraktärem Asthma. 

Die hier skizzierte Studie bereitet einen umfassenden Einblick in die intranasale Therapie mit 

Arginase-1 in einem murinen Asthmamodell. Zwar stellte sich eine intranasale Therapie als 

sicher und mit leichtgradigen positiven Veränderungen heraus, konnte jedoch nur teilweise 

die erhofften Verbesserungen von Lungenfunktion, Atemwegsentzündung und der Aktivität 

myeloider Suppressorzellen erzielen. In den nachfolgenden Experimenten zu chronischem 

Asthma und Virus-induziertem exazerbiertem Asthma konnte die stärkere Wirksamkeit durch 

systemische Gabe von Arginase-1 bestätigt werden. Somit wurde verdeutlicht, dass die 

Komplexität des direkten Eingriffs in den L-Arginin-Stoffwechsel der Lunge weiterer 

Untersuchungen bedarf, um eine mögliche Therapie mit Arginase-1 optimieren zu können.  
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